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Abstract: Biomass is a type of low-cost, readily available, widely distributed,
environmentally friendly and renewable carbon sources. How to realize its reasonable
disposal is plaguing us especially as it acts as a by-product/bio-waste of agriculture,
industry and forestry. Carbon nanomaterials (CNMs), especially for carbon nanotubes
(CNTs), carbon nanofibers (CNFs), graphene, conventionally prepared from fossil fuel
are the most demanding carbon materials at present due to the outstanding
characteristics and extensive applications. The purpose of this review is to overview the
progress on the technologies for CNMs preparation from biomass in the latest few
decades. The production of these high value-added CNMs from biomass is intensively
investigated, together with the biomass serving as catalyst and catalyst support during
the preparation of CNMs. Finally, the advances in the application of biomass-based
CNMs in terms of ecological remediation, photocatalysis, electrode materials for
supercapacitor and battery, chemical catalysis and composites are briefly summarized
for developing the potential market of biomass-based CNMs.
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1 Introduction

It is well-established that carbon materials play an important role in promoting social
development and technological progress. Graphite, diamond, activated carbon (AC)
and carbon fibers, some of the typical carbon materials extensively employed in the last
century, had brought great development to human society in energy, environment and
technology. With the discovery of new-generation carbon materials (i.e., carbon
nanomaterials, CNMs) at the end of the last century, such as fullerenes (spherical carbon
cages built up of carbon atoms with sp? hybridization via Euler’s theorem), CNTs (one-
dimensional carbon nanostructures made of cylinders of sp>-hydbridized carbon atoms
with several nanometers in diameter and many microns in length) and graphene (two-
dimensional monolayer of sp>-hydbridized carbon atoms in a honey comb lattice),
carbon materials have once again been bringing rapid development to human
civilization 2. For instance, multi-walled CNTs discovered by Iijima in 1991 possess
unique structure and fascinating properties such as high tensile strengths, high moduli,
large aspect ratios, low densities, good chemical and environmental stabilities, and high
thermal and electrical conductivities. These unique properties of CNTs give rise to their
far-ranging applications in conductive and high-strength composites; energy storage
and energy conversion devices >*; sensors >; field emission displays ®° and radiation
sources; hydrogen storage media; and nanometer-sized semiconductor devices '°,
probes ' 12 and wind blades '*. Since then, researchers are in the ascendant of
developing CNMs and exploiting their applications. Up to date, numerous methods
including chemical vapor deposition (CVD) 4, arc discharge ', laser ablation '°,
pyrolysis ' 18 template methods '°, flame synthesis 2°?? and electrolysis 2> have been
successfully developed for preparing CNMs with individually special properties.
However, carbon sources for the preparation of CNMs mainly focus on non-renewable
petroleum and coal products, such as methane (CHa4), ethylene (C2H4) and benzene,
which have been giving rise to many serious social problems such as energy shortage
and environmental crisis. Therefore, to seek new, environmentally friendly, low-cost
and renewable carbon sources and explore corresponding preparation methods towards
CNMs are the key factors that constrain the CNMs in making contributions in the
development of human society.

Biomass originated from the photosynthesis of carbon dioxide, water and solar light is
the richest renewable carbon source in nature. According to statistics, the world’s
annual biomass production is about 146 billion tons, of which carbon accounts for 20
billion tons 2*. On the other hand, biomass as a by-product of industry, agriculture and
forestry such as bioethanol fermentation, pulp and paper manufacturing, grain planting,
and forest mining, also has a large production every year 2. It is estimated that as many
as 30 billion tons of biomass waste are produced each year along with agricultural
production and that from pulp and paper industry can reach 70 million tons as well 26,
To develop and utilize such a large amount of natural biomass and waste biomass is not
only a resource problem but also an urgent environmental problem.
3



The current research suggested that the preparation of bio-fuels and chemicals are two
of the most promising applications of biomass 2’. CHa, ethanol, hydrogen-rich syngas,
benzene, phenol as well as their derivatives can be readily obtained from biomass. At
the same time, biomass is an important raw material for the preparation of carbon
materials such as biochar (BC), coke and AC. In particular, BC contained limited
specific surface area and underdeveloped porous structure while AC possessed
uncontrollable pore size distribution and irregular three-dimensional structure, which
greatly limited their applications. Driven by the huge demand for new generation of
CNMs, researchers have made great efforts in the preparation of CNMs from biomass
with excellent properties such as high thermal and electrical conductivities and good
chemical and environmental stabilities. For example, graphene-like nanosheets with
large specific surface area and pore volume, and good electrical conductivity were
successfully prepared from waste coconut shell via a graphitization approach . Wang
et al. found that microwave plasma irradiation of rice husk can result in the formation
of graphenated CNT hybrids %.

It is worth noting that the utilization of biomass for the preparation of high performance
CNMs is still difficult due to biomass possesses complex three-dimensional structure,
strong chemical bonding and high oxygen content. However, due to biomass is the only
renewable carbon-containing source in the world and the development of biomass-
based CNMs will make great contributions to the progress of other renewable energies
such as wind power and solar energy '°. Therefore, the continuous efforts for the
preparation of CNMs from biomass in the future is of great significance.

Herein, the objective of the present work is to highlight the latest development in CNMs
synthesis (e.g. CNTs, CNFs, graphene) from biomass (Fig. 1). Various techniques with
biomass as a carbon source for the preparation of CNMs are extensively presented
including pyrolytic transformation (catalytic graphitization, thermo-chemical
activation, and catalytic graphitization coupled with thermo-chemical activation), CVD
(in situ CVD and two-stage CVD), cyclic oxidation, mechanical activation and
combustion. Attention is also paid to the studies using biomass as low-cost sustainable
catalyst and catalyst support to make contributions in CNMs production. Afterward, the
latest applications of the biomass-based CNMs (biomass acting as carbon source,
catalyst and catalyst support) are investigated as well. Finally, current challenges and
future strategies for the preparation of CNMs from biomass and their applications are
discussed.
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Fig. 1 Production of CNMs from biomass

2 Overview of biomass for CNMs preparation

Biomass is a sustainable and renewable carbon-rich material mainly composed of
hemicellulose, cellulose and lignin, which has been widely employed as feedstock for
the preparation of various high value-added carbon containing products like carbon
materials, chemicals and bio-fuels ***2. Nowadays, extensive attention is obtained in
the application of biomass acting as low cost and green carbon sources for the
production of CNMs such as graphene, fullerene, CNFs and CNTs ** 34, These high
value-added carbon materials (CNMs) predominantly consist of pure C element. By
comparison, biomass contains abundant H, O, N and S besides C. It thus appears that
the cleavage of chemical bonds, the removal of H, O, N and S and the retention of C
are the key for the preparation of CNMs from biomass. Thermal conversion involving
pyrolysis, incineration or gasification is considered as one of the most universal
methods for the removal of H, O, N and S from biomass. It is reported that the
aromaticity of pyrolysis product evaluated by means of the ratio of H/C and O/C
increased with the enhancement of pyrolysis temperature, indicating that H and O can
be detached from C-related structure *>. As demonstrated by Keiluweit et al., biomass
was suffered some physical-chemical transitions as charring temperature increased
from 100 to 700 ‘C 3¢, These changes suggested the existence of four distinct
categories of char consisting of a unique mixture of chemical phases and physical states:
1) in transition chars, the crystalline character of the precursor materials is preserved; ii)
in amorphous chars, the heat-altered molecules and incipient aromatic polycondensates
are randomly mixed; iii) composite chars consist of poorly ordered graphene stacks
embedded in amorphous phases; and iv) turbostratic chars are dominated by disordered
graphitic crystallites *°. Meanwhile, the involvement of metals such as rare earth (e.g.
La), Mg and Fe, was found favorable for the carbonization of biomass, producing high
aromatic carbon material *’-*°. On the other hand, chemicals and fuels derived from
5



biomass are mainly abundant in CO, hydrocarbon (CxHy), alcohol and phenol *!. It is
reported that these chemicals with high purity obtained from fossil fuel have been
widely used as carbon sources for the production of CNMs via a CVD process 443,
Consequently, the application of biomass as feedstock to prepare high-carbon-purity
CNMs possesses tremendous possibility.

Apart from C, H, O, biomass is also abundant in mineral elements including major
elements (macronutrients) of K, Na, Ca, Mg, Si and trace elements (micronutrents) of
Fe, Cu, Mn, Mo, Zn and other heavy metals *%. The amount of each mineral element
varies with the type of biomass and the ambient environment biomass growing. For
example, ash related elements in herbaceous plant are much higher than that in wood
plant *°. While biomass growing in saline-alkali land or tailing region possesses much
more mineral elements in relation to the soil circumstance where it grows. Furthermore,
the content of mineral elements in biomass also differs from biomass organs (e.g. stem,
leaf, root and shell). But in one organ, the distribution of each mineral is generally
homogeneous. The existence of these elements not only makes dramatically effect on
the growth of biomass but also the application of biomass *’. Recently, much attention
has been focused on the special catalytic function of mineral elements during thermal
conversion process regarding pyrolysis, gasification and incineration #’. It is reported
that Ca, Mg, Ca or Fe in a coconut shell and bamboo serving as catalyst played an
important role in the synthesis of SiC whiskers, SiO2 and SiC nanowires under high
temperature (1200-1400 “C) *%4°. Biomass can be used as an effective catalyst for the
preparation of functional materials since it contains many active catalytic mineral
elements, especially for transition metal such as Fe. Meanwhile, the distribution of each
active element is uniformly dispersed in individual organs and cells. As a result,
increasing interest has been attracted in the application of biomass as a low cost and
green catalyst for CNMs synthesis.

Biomass has the relatively stable three-dimensional structure, enabling it withstand a
certain degree of mechanical, biological and chemical attack. Its structure will become
much more stable after it subjects to a chemical, thermochemical or biological treatment
for the removal of readily degradable constituents (all of hemicellulose and most of
cellulose as well as partial lignin). As a result of the removal of those readily degradable
constituents, channels and pores are widely formed in resulting matrix. Based on its
abundant channels and pores structure, biomass without the easy degradable
constituents has been considered as an ideal catalyst support employing extensively in
catalytic reaction, such as hydrolysis, degradation and synthesis techniques *°. It is
worth mentioning that its ample functional groups inheriting from pristine biomass also
has an important impact on its property in immobilizing and dispersing catalyst, which
in turn plays a crucial role in catalytic reaction *'. For example, in the process of CNMs
preparation, especially for CVD method, it is essential to immobilize and disperse the
catalyst onto a porous substrate, otherwise the catalyst will easily aggregate and
agglomerate, which not only result in a low utilization efficiency and catalytic activity
of catalyst but also make negative influence on the properties of as-synthesized CNMs.
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It is reported that the aggregation and agglomeration of catalyst were either unable to
prepare CNMs or only little CNMs with large diameter and defect obtained 2.
Additionally, there are interactions existed between catalyst and support during the
immobilization and dispersion of catalyst onto the support. The intense of these
interactions is responsible for the properties and the growth mode of CNMs. In distance,
catalyst particles readily detach from support leading to the growth of CNTs following
“tip growth” mechanism as the catalyst and support gather in weak interactions >°.
Furthermore, the detached catalyst would aggregate together to form catalyst clusters
or lumps which make the diameter of CNTs significantly increased. On the contrary,
strong interactions occurred in catalyst and support cause a “base growth” mode for
CNTs growth and with small diameters **. In brief, catalyst support developed from
biomass with abundant pores and specific functional groups is found to be favorable
for the synthesis of CNMs via a CVD method.

3 Biomass as feedstock for CNMs synthesis

3.1 Pyrolytic transformation

Conventional pyrolysis performed under an inert atmosphere at moderate temperature
(~500 °C)is a well-developed method for the conversion of biomass into carbonaceous
materials such as BC and AC. While the as-obtained carbonaceous materials are mainly
made of anomalous amorphous carbon with low crystallinity, porosity and specific
surface area due to biomass contains complex three-dimensional matrix, abundant
heteroatoms besides C and strong interlinkages such as f-O-4 which can be hardly cut
off and rearranged in an orderly and regular arrangement (CNMs). Only a few studies
have shown the feasibility of using pyrolysis to prepare CNMs from biomass. For
example, Liu and co-workers reported that flat and wrinkled carbon nanosheets with a
thickness of 30-40nm and 120nm, respectively, as well as carbon nanorods could be
collected from Perilla frutescens leaves after pyrolysis under 600-800 °C 3. And the
pyrolysis of Camphor leaves at 1200 ‘C can result in the formation of few layer
graphene with a thickness of 2.37 nm 3¢, Actually, most studies consistently showed
that CNMs can hardly be obtained from the pyrolysis of biomass unless catalyst was
added or the pyrolysis was combined with another process (a developed pyrolysis).
Barin and co-workers found that highly curved graphitic nanostructured carbons with
high degree of crystallinity can be easily derived from the pyrolysis of coconut coir dust
after the involvement of a hydrothermal carbonization process in pretreating the dust
prior to pyrolysis °’. The existence of nickel salt (a type of graphitic catalyst) was
regarded to play an important role in the formation of graphitic carbon nanostructures
from cellulose via pyrolysis . Herein, the preparation of CNMs from the developed
pyrolysis is summarized, which is schematically presented in Fig. 2.
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Fig. 2 Synthesis of CNMs from biomass via pyrolysis

3.1.1 Catalytic graphitization

Graphitization can be considered as a type of pyrolysis conducting at high temperature,
which has been confirmed as an effective process to transform amorphous and
turbostratic carbon materials into three-dimensional graphitic carbon materials such as
CNTs, CNFs, nanocapsules . While the temperature requested in conventional
graphitization is rather high, usually above 2000 °C. It results in an expensive cost and
safety hazard, which has greatly limited its industrial application. The involvement of
catalyst mainly consisted of group 4-7 metals could decrease the activation energy
during the conversion of amorphous carbon to graphitic carbons hence decreasing the
cost of preparation graphitic carbons. Group 4-7 metals (Fe, cobalt (Co), nickel (Ni),
Mn, etc.) are considered as ideal graphitization catalysts because they have 2-—5
electrons in the d-shell orbital, making them capable of forming strong bonds between
metal carbides and carbon-based materials °. Much interest therefore has focused on
the development of catalytic graphitization for the preparation of CNMs. In addition to
decreasing the activation energy during graphitic carbon formed, -catalytic
graphitization also can transform both graphitizable and non-graphitizable carbons into
crystalline materials at moderate temperatures (below 1000 ‘C) ¢!, The following
procedure is usually involved: 1) impregnation of the precursor with catalyst like Fe or
Ni, ii) carbonization of the impregnated material at a certain temperature > 2.

Recently, catalytic graphitization has also been widely applied to the preparation of
graphitic CNMs using biomass precursor. Sevilla et al. > provided a research about the
fabrication of graphitic CNMs from pine wood sawdust via this method. In detail,
sawdust was impregnated into a solution of metal nitrate (Fe or Ni) in ethanol (2.5 or 5
mmol metal/ g) through grinding and washing treatment. The precursor was heat-

treated under N2 at 900-1000 °C for 3 h. Afterward, the material was washed with 20%
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HCl in order to remove the metals. The carbon samples obtained consisted of a mixture
of amorphous carbon and graphitic nanostructures. In order to extract pure graphitic
CNMs, the as-prepared carbons were oxidized in an acid solution with a molar
composition of H20:H2SO4:KMnOs= 1:0.02:0.006. In brief, samples were firstly
treated with certain ratio of the acid solution then separated, followed by washing with
10% HCI. At last, the residue was collected and characterized by TEM/SAED, XRD
and Raman analysis. The results indicated that the obtained materials were composed
of graphitic carbon nanocapsules, nanocoils and nanoribbons with high crystallinity.
This method was further verified in other studies ®, where a variety of saccharides
regarding to glucose, sucrose and potato starch and nitrate metallic salts including Ni
and Fe were used as precursors and graphitization catalyst, respectively. As a result,
bamboo-like nanopipes, nanocoils and nanocapsules were obtained, depending on the
type of catalyst used. A research from Thompson et al.  used Fe(NO3)s as
graphitization catalyst to prepare graphitic CNMs from softwood sawdust at 800 C. It
was revealed that straight or bamboo-like graphitic CNTs were obtained which were
different from that reported by Sevilla et al., though the same catalyst and similar
graphitization temperature were applied. The detailed comparison of CNMs production
from catalytic graphitization of biomass is presented in Table 1. Additionally, a
treatment of oxidation in the liquid phase to selectively remove amorphous carbons was
avoided in the work of Thompson et al. 4. Petala et al. found that the carbon materials
derived from the pyrolysis of pine resin loaded with Fe(NOs); under 1000 C were
mainly made of magnetic carbon nanocages .

Table 1 Characteristics of CNMs prepared through pyrolysis

Feedstock Graphitic Activating Preparation process  Products Reference
catalyst catalyst
Perilla - - Directly pyrolyzed -O/N-co-doped porous 3
frutescens under 600-800 C carbon nanosheets with
leaves thickness in the range of
30-120 nm
-Carbon nanorods
Camphor - - Directly pyrolyzed -Few layer graphene 3¢
leaves under 1200 C with a thickness of 2.37
nm
Coconut coir - - Hydrothermal -Highly curved ¥’
dust carbonized at graphitic carbon
250 C then nanostructures
pyrolyzed at
1500 C
Pine  wood Ni(NOs), - Pyrolyzed the Ni or -Graphitic carbon ¥
sawdust or Fe-loaded sawdust nanocapsules,
Fe(NOs)3 at 900~1000 C nanocoils, nanoribbons
Softwood Fe(NO;); - Pyrolyzed the Fe- Straight and bamboo- ¢
sawdust loaded sawdust at like graphitic nanotubes

9



Pine resin

Dry elm

samaras

Willow

catkin

Sugarcane

bagasse

Reed

Spruce bark

Wheat stalk

Wheat straw

Fe(N03)3

KOH

KOH

KOH

KOH

KOH

KOH

KOH

800 C

Pyrolyzed the Fe-
loaded sawdust at
1000 C

Pyrolyzed the
KOH/elem samaras
mixture at 1000 C
Pyrolyzed the
KOH/willow catkin
mixture at 850 C

Sugarcane bagasse

was firstly
carbonized  under
700 ‘C and then

pyrolyzed at 600-
900 C after mixed
with a  KOH
solution

Reed was subjected
to a hydrothermal
treatment and then
pyrolyzed at 700-

900 ‘C after mixed

with a KOH
solution
Spruce bark was

subjected to a
hydrothermal

treatment and then
pyrolyzed at 800-
1000 C after
mixed with KOH

via grinding

KOH immersed
wheat straw was
hydrothermally

treated and then
pyrolyzed at
800 C, followed
by  treating  at
2600 C

KOH immersed
wheat straw was
hydrothermally

Magnetic carbon

nanocages

Highly porous carbon

nanosheets

Interconnected porous

carbon nanosheets

Larger size graphene-
like porous carbon

nanosheets

Interconnected porous

carbon nanosheets

Vertically aligned
graphene  nanosheet
arrays

Interconnected highly
graphitic carbon

nanosheets

Few-layer graphene

65

66

67

68

69

70

71

72

10



treated and then
pyrolyzed at
800 °C, followed
by  treating  at

2600 C
Bagasse Cu(C.H;O0 KOH Pyrolyzed the Fe Three-dimensional 7
powder 2)2 and KOH-loaded highly porous graphene
sawdust at 700-
1000 C
Coconut FeCls ZnCl, Pyrolyzed the Fe Porous graphene-like 28
shells and Zn-loaded nanosheets
sawdust at 900 C
Moringa FeCls ZnCl, Pyrolyzed the Fe Hierarchically porous 7
oleifera stems and Zn-loaded carbon nanosheets
sawdust at 800 C
Poplar catkin ~ Ni(NO3),  KOH Poplar catkin was Hollow carbon 7

pyrolyzed with Ni nanomesh
catalyst at 600 C

and then further

pyrolyzed at 800 ‘C

with KOH

Two mechanisms have been proposed to explain the process of catalytic graphitization:
i) the dissolution—precipitation mechanism, whereby amorphous carbons are first
dissolved into the metal particles, then precipitate to graphitic carbons and ii) the
formation—decomposition of carbide intermediates, whereby the carbons form carbides
with the metal, then are decomposed at a certain temperature, leaving behind graphitic
carbons °* 76, In Sevilla et al. °* % study, they are inclined to dissolution-precipitation
mechanism. They considered that when biomass impregnated with a metallic salt were
heat-treated under an inert atmosphere, the salt decomposed into corresponding
metallic oxides, which were subsequently reduced by the carbon into metal
nanoparticles (i.e., Ni, Fe). Graphitic CNMs were then formed around the metallic
nanoparticles through a catalytic mechanism that involved the dissolution of amorphous
carbon into catalyst particles followed by the precipitation of graphitic carbons. Apart
from reduced metal particle (Fe), Fe carbide (Fe3C) also had been proposed as the active
catalyst in graphitic CNMs formation ®. Fe and FesC resulted in the formation of
straight and bamboo-like nanotubes, respectively. Sun et al. proposed that the porous
graphene-like nanosheets derived from the coconut shell by the catalytic graphitization
of Fe are mainly dominated by the formation-decomposition mechanism involving the
formation of FesC and their subsequent transformation to Fe 2%, Active carbon atoms in
the FesC layers could diffuse out from the dense FesC layer to form the dense two-
dimensional carbon atom layers on both surfaces of the self-generating Fe template. In
addition, the excess amount of carbon atoms would precipitate on the formed
nanosheets.
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3.1.2 Thermo-chemical activation

Pyrolysis process using a chemical activation agent such as KOH, ZnClz, and H3PO4
(thermo-chemical activation) is a well-developed approach for the preparation of AC
from biomass with high specific surface area and developed porosity. Additionally,
chemical activation agent plays a vital role in the evolution of carbon matrix and the
formation of porous structure. Recently, some studies revealed that CNMs could be
obtained through a thermo-chemical activation treatment of biomass (Table 1). For
example, Chen et al. reported that the pyrolysis of elm samaras after treated with a KOH
aqueous solution based on a mass ration of 1:1 resulted in the formation of three-
dimensional scaffolding frameworks of highly porous carbon nanosheets with a
thickness down to 1-2 nm ®°. An interconnected porous carbon nanosheets was obtained
as willow catkin was employed as biomass feedstock in the same preparation method
87 It was believed that willow catkin with a unique hollow and multilayered structure
could readily interact with KOH which was favorable for CNMs synthesis. However,
Niu et al. considered that in addition to the introduction of chemical activation agent
(KOH), a pre-carbonization treatment at 700 ‘C was also necessary to produce the
carbon nanosheets with large-size multiscale wrinkled nanosheets architecture and high
surface area from sugarcane bagasse pith . Meanwhile, a hydrothermal carbonization
of spruce bark at 180 °C in a stainless steel autoclave was conducted prior to the
thermo-chemical activation 7. A three-dimensional interconnected structure was
observed with ultrahigh specific surface area (2385 m?/g), large volume of hierarchical
pore volume and easily accessible open surfaces of graphene nanosheets. Interestingly,
Zhou group introduced KOH during the hydrothermal carbonization of wheat stalk and
inferred that high concentrated hot KOH solution can gradually saponify the wax and
dissolve hemicellulose and linin. After the removal of hemicellulose and lignin,
cellulose microfibrils with weak linkage were collected. When the as-derived cellulose
microfibrils were subjected to a pyrolysis and graphitization process (see Fig. 3),
interconnected highly graphitic carbon nanosheets with 2-10 atomic layers were readily
obtained "'

Hydrothermal Calcination

Fig. 3 Schematic diagram for the preparation of CNMs from wheat stalk proposed by Zhou group 7!

Reproduced from 7! with permission from the Royal Society of Chemistry
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3.1.3 Catalytic graphitization coupled with thermo-chemical

activation

As mentioned above, a catalytic graphitization was in favor of the formation of high
graphited CNMs while layered porous CNMs can be readily derived after a thermo-
chemical activation. Naturally, much attention is attracted to the combination of these
two methods for the preparation of carbon materials. Su and co-workers presented a
study on the production of carbon materials from poplar catkin through a combination
of graphitization with chemical activation process, in which Ni(NO3)2 and KOH were
employed as a catalyst, respectively. It was confirmed from SEM and TEM images that
hollow carbon nanomesh was successfully obtained and their further investigation
revealed that the as-synthesized CNMs possessed a large specific surface area
(1893m?/g) and a high total pore volume (1.495 cm®/g) . Both Ni(NO3)2 and KOH
were considered playing important roles in chemical etching of raw material, resulting
in the formation of nanomesh morphology. Instead of Ni(NO3)2, Cu(C2H302)2 was
employed coupling with KOH to simultaneously activate bagasse powder under 700-
1000 ‘C in Mahmoudian et al. research 7>. It was found that three-dimensional highly
porous graphene was prepared with a specific surface area of almost 3000 m?/g. Typical
graphitization and activation catalyst of FeCl3 and ZnClz were also investigated for the
preparation of carbon materials via the combination of graphitization and activation
process . Sun et al. ?® reported that Fe components can catalyze graphitization of the
carbon source, and meanwhile, chemical activation of ZnCl> can make the carbon
source have a porous structure. As a result, porous graphene-like nanosheets were
obtained with a specific surface area of 1281-1874 m?/g corresponding to the
graphitization temperature range of 700-1000 °C. Therefore, it can be concluded that
the combination of catalytic graphitization and thermos-chemical activation procedure
is an effective and promising way to prepare graphitic porous CNMs. According to the
aforementioned summary, the morphology and properties of CNMs are greatly
dependent on the type of raw material, pretreatment (such as the introduction of catalyst
and pre-hydrothermal carbonization) and operating parameters (especially for
temperature) (Table 1). For example, Chen et al. revealed that the thickness was greatly
reduced by increasing the KOH concentration applied. The thickness of the CNMs was
1-2 nm when a KOH concentration of 6 mol/L was used. The layer of the CNMs became
too thin to hold the three-dimensional frameworks when the KOH concentration was
higher than 8 mol/L resulting in a collapse morphology . This observation suggested
that the dosage of the activation agent made important influences on the properties of
CNMs. Accordingly, it is necessary to take all factors concerning the type of raw
material, pretreatment and operating parameters into account as intend to design a well-
organized CNMs from pyrolysis.
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3.2 CVD conversion

CVD method is one of the most typical and well-developed technique for CNMs
synthesis, where carbon source, catalyst and catalyst support are generally needed 7”7,
Carbon source offers carbon atom for the formation of CNMs after a decomposition
process. Catalyst provides active sites to prompt the decomposition of a carbon source
to generate carbon atom and acts as a template for CNMs growth. And catalyst support
would support and disperse catalyst to maintain its high activation and efficiency. Up
to date, the most commonly used carbon sources for the preparation of CNMs are
purified CO, CO2 and hydrocarbons (such as CH4, C2Ha, benzene, naphthalene) 4% 42 8¢
81 On the other hand, biomass can be converted to various C-containing products such
as CO, COg, light hydrocarbons (e.g. CHa, C2H4), aromatic hydrocarbons (e.g. benzene,
toluene) and their corresponding derivatives (e.g. CH3OH, phenol) by means of
pyrolysis, incineration or gasification 3! %> 83, Hence, biomass can be considered as a
potential starting material for the preparation of CNMs via CVD method. It was found
that considerable achievements have been attained for the preparation of CNMs from
CNMs, which can be generally divided into in situ CVD and two-stage CVD in terms
of the location of the catalyst employed during the CNMs preparation procedure. The
relationships of conventional CVD, in situ CVD and two-stage CVD are presented in
Fig. 4.
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Fig. 4 Relationships of conventional CVD, in situ CVD and Two-step CVD

3.2.1 In situ CVD conversion

In an in situ CVD process for the preparation of CNMs from biomass, the conversion
of biomass into carbon sources, the decomposition of carbon sources into carbon atoms
and the fabrication of CNMs from the decomposed carbon atoms were occured at the
same interface. One of the most critical points of the process is to prepare the
homogeneous system of biomass-catalyst (or biomass-catalyst precursor). A
homogeneous system can ensure the adequate supply of carbon sources and sufficient
active catalytic sites, which is beneficial to the effective conversion of biomass into
desired CNMs. For example, Liu et al. mixed fir sawdust with Fe-containing precursor
14



by an impregnation method. Briefly, sawdust was immersed into a FeCls solution and
kept shaking in an oscillator for 5 h. After that, the suspension was evaporated under
reduced pressure and the solid residue was collected. High-yield harvest of CNFs
consequently can be obtained after a fast pyrolysis of the oven-dried solid residue in a
vertical fixed bed 34. Liu et al. considered that during the pyrolysis, the fir sawdust was
firstly decomposed into abundant small-molecular hydrocarbons such as CH4, C2H4 and
C2Hz. These compounds were further decomposed into carbon atoms on the surface of
Fe-containing catalyst, then the as-decomposed carbon atoms deposited on the surface
of the catalyst and precipitated to form CNFs. Different from the impregnation method
of Liu et al., Debalina et al. employed commercial Fe and Co powder as catalysts and
mixed them with sugarcane bagasse through grinding. A homogeneous system was
obtained as well as the CNTs as the products of microwave assisted pyrolysis *°. It is
well known that impregnation method is a process to take the advantage of biomass
bio-sorption. Due to the presence of abundant homogeneous-distributed O-containing
functional groups and porous structures, biomass can efficiently adsorb and
homogeneously fix catalyst to obtain a homogeneous biomass-catalyst system to avoid
the sintering and agglomeration of catalyst *°. On the other hand, grinding also is a
conventional way to mix biomass and catalyst into a homogenous sample through a
mechanical force. It is worthwhile to note that there are various intrinsic minerals in
natural biomass which are homogeneously distributed in every cell 3¢. Natural biomass
with homogeneous targeted intrinsic minerals may be a better catalyst than the
homogeneous biomass-catalyst system derived from impregnation or grinding. This
assumption was evident in the research from Shi et al., where multi-walled CNTs were
obtained from microwave-induced processing of minerals-rich gumwood *’. Shi et al.
assumed that the Si and Ca related nanoparticles in gumwood played key roles in CNTs
formation during microwave treatment. Interestingly, a home-made nickel case was
employed to load rice husks and then acted as catalyst sources during the preparation
of graphene and CNTs composites from microwave plasma irradiation 2°. This result
indicated that in addition to the homogeneous biomass-catalyst system, there are other
factors affecting the synthesis of CNMs via in situ CVD.

It is well-established that the preparation of CNMs from conventional CVD process is
significantly affected by carbon sources, catalyst, support and operating parameters
(such as atmosphere, operating temperature) 7% 8. Similarly, these factors also play
important roles in in situ CVD technique ¥ °. The type and amount of carbon sources
employed in the production of CNMs in conventional CVD can be controlled accurately
77 However, it is difficult to verify the carbon sources involved in an in situ CVD
process of the preparation of CNMs from biomass due to the composition of the
volatiles (a mixture of bio-oil and non-condensable gases) from the pyrolysis of
biomass is extremely complex. For example, the major components of the bio-oil
originated from the pyrolysis of wheat straw were phenols, methoxyphenols, and
substituted methoxyphenols while the non-condensable gases mainly consisted of CO,
H>, CO2, CH4, C2H4, C2Hs, and CsHio °!. Most studies for the preparation of CNMs
from biomass via in situ CVD considered that light hydrocarbons such as CHs4, C2H4
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and C:2Hz, played crucial roles in the formation of CNMs % 3!, In addition to

hydrocarbons, Shi et al. considered hydrocarbon derivatives like phenol in bio-oil
originated from gumwood also were responsible for the CNTs synthesis during
microwave induced pyrolysis 8. Zhang et al. believed that CO and CO: in bio-gas
originated from the microwave pyrolysis of pine nut shell made partly contributions in
the formation of hollow CNFs °2. Apart from volatiles mainly concerning hydrocarbons
and their derivatives, Wang et al. considered that carbon radicals of char made an
important contribution to the synthesis of shape-edge graphene during microwave
plasma irradiation pyrolysis of rich husk %. More details about the carbon sources of
CNMs in an in situ CVD process and other parameters as well as the characteristics of
as-prepared CNMs are presented in Table 2.

Table 2 Biomass-based CNMs obtained from in situ CVD process.

Biomass Carbon source Substrate Catalyst Method Products and characteristics Reference
Fir Small-molecular  Fir FeCl3 Fast pyrolysis Magnetic CNFs/mesoporous %
sawdust hydrocarbons sawdust carbon composites

from the char

decomposition of

fir sawdust

Fir Small-molecular Fir FeCls plus  Fast pyrolysis  Ni-NiFe,O4/CNFs 0
sawdust hydrocarbons sawdust NiCl,
from the char

decomposition of
fir sawdust
Ricehusk CHs; from the Rice husk Ni from Microwave Graphene, CNTs and 2
decomposition of char nickel plasma graphenated CNTs
rice husk and case irradiation
carbon  radicals
from rice husk-

derived char

Gumwood CHy, naphthalene Gumwood Mineral Microwave- CNTs with a diameter of 50- %7
and benzene based char matters in  induced 100 nm, a length ranging from
derivatives from char pyrolysis 600 to 1600 nm and a wall
the decomposition thickness around 5 nm
of gumwood

Wood 2 - Ferrocene CNTs with a thickness of 25- %3

sawdust or 50 nm

Fe/Mo/M
g0

Sugarcane - Sugarcane Commerc  Microwave CNTs and graphitic flakes 85

bagasse bagasse ial Fe and assisted

char Co metal pyrolysis
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Bamboo

Reed

bristles

Palm
kernel
shell

Pine nut

shell

Light
hydrocarbons
such  as
C,Hs, C:Hs
CsHs obtained

from the

CH.,

and

thermoconversion
of bamboo

Volatiles from the
thermolysis of the

reed bristles

Volatiles and bio-
liquid release from
microwave
pyrolysis of palm
kernel shell

Hydrocarbons
(benzene and
alkenes) in bio-oil
and CO, CO,,
methane and

ethane in bio-gas

Bamboo

char

Palm
kernel
shell-
derived

char

Pine nut
shell-
derived

char

powders
Fe(NOs);

Oxides
originated
from
biomass
Fe,
CaSiOg,
CaCO;,
KO,

originated

from palm

kernel
shell

K, Si, Ca,
Mg and Al

related

minerals

Pyrolysis-
gasification-

carbonization

Carbonizatio

n

Microvave

pyrolysis

-Carbon nanoribbons

-CNFs

-hollow carbon nanospheres
(HCs)

-bamboo/herringbone

shaped (BCNTs/ HCNTs)

CMTs and CNTs

Hollow CNFs with a diameter
around 50-100nm and a length
of 600-1600 nm

Hollow CNFs with a diameter
of about 400 nm and a length
of 1400-5000 nm

51

94

95

92

a- not stated in reference
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The catalyst employed is considered as an important factor affecting CNMs synthesis
from biomass via an in situ CVD technique. It was found that not all ferric salts and
chloride can catalyze the formation of magnetic CNFs/mesoporous carbon composites
84 The results of carbonaceous materials produced by fast pyrolysis of the biomass
loaded with different metal salts were exhibited in Fig. 5 3. CNFs were not formed by
the pyrolysis of biomass preloaded with Fe(NO3)3 (Fig. 5b) and Fe2(SOa4)s3 (Fig. 5c) or
CuClz (Fig. 5d) and NiCl: (Fig. 5e). Further investigation revealed that the formation
of the CNFs structure was the combined catalytic effects of both Fe and CI. In detail,
for Fe(NO3)3 and Fe2(SOa4)3, despite their catalysis on the CNFs growth, they could not
catalyze the formation of small-molecular-weight hydrocarbons, which were the carbon
source for the growth of CNFs. While for CuClz and NiClz, they had the similar effects
on the catalytic formation of the small-molecular-weight hydrocarbons in biomass
pyrolysis process, but could not catalyze the deposition and growth of the CNFs 34,
Debalina et al. found that the composition of bio-oil and the evolution of the
concentration of non-condensable gases were apparently affected by the type and
amount of catalysts during the microwave assisted pyrolysis of sugarcane bagasse,
which directly resulted in the formation of different CNMs in terms of types and
characteristics %. The catalysts employed in the preparation of CNMs from biomass via
in situ CVD are summarized in Table 2.
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Fig. 5 SEM images of carbonaceous materials produced by pyrolysis of the biomass loaded with
different metal salts: a) FeCls, b) Fe(NO3)3, c)Fex(SO4)3, d) CuCl,, €)NiCl, reported by Liu group .

Reproduced from 3 with permission from the American Chemical Society.

On the other hand, pyrolysis temperature not only remarkably affected catalyst species
such as Fe(OH)3, FeO(OH), Fe203, Fe3Oa, Fe3C but also determined the composition
of small-molecular hydrocarbons released during pyrolysis, which hence played key
roles in the preparation of CNMs 4. It was reported by Liu et al. that no CNFs could be
formed at low pyrolysis temperature (350-400 °C) while as the temperature was
increased to 500 C, some small CNFs were observed. When the temperature was
further increased to 600-800 °C, the CNFs continuously grew to several micrometers
long. Zhang et al. found that the yield of hollow CNFs prepared from pine nut shell at
microwave pyrolysis temperatures of 400, 500, 600 and 700 C was calculated to be
1.72%, 3.76%, 4.69% and 3.21%, respectively, according to isothermal oxidation 2. A
study from Shi et al. 87 demonstrated that the heating method also made an influence
on the preparation of CNMs. For example, conventional pyrolysis and microwave-
induced pyrolysis were comparatively investigated by Wang et al. ?°. It was found that
no CNMs were formed on the surface of the conventional pyrolyzed char while there
were a number of nanowire materials grown on the surface of the microwave-induced
pyrolyzed char with a diameter ranging of 50-100 nm. They attributed this observation
to the difference in components of the bio-oil and bio-gas derived from two heating
methods. Comparing with conventional pyrolytic bio-oil, microwave induced pyrolysis
oil contained less phenol and corresponding derivatives and more naphthalene, benzene,
alkene, and corresponding derivatives. In other words, the microwave-induced
processing of gumwood produced more favorable carbon sources for the formation of
CNMs compared to the conventional pyrolysis.

3.2.2 Two-step CVD conversion

A two-step CVD technique for the production of CNMs from biomass generally
includes two processes, i.e., thermal conversion of biomass into vapors and catalytic
conversion of the vapors into CNMs in the presence of a catalyst. These two steps are

normally performed in two reactors separately. As shown in Table 2 and discussed in to
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3.2.1 In situ CVD, the vapors of biomass consist of abundant carbon-containing
compounds such as CO, CHs, C2H4, benzene and their derivatives which have been
identified as desirable and efficient carbon sources for CNMs fabrication *% %, When
these carbon-rich vapors pass through a catalyst bed, they would be decomposed into
carbon atoms to form CNMs with similar mechanisms of conventional CVD. For
example, Alves et al. employed a two-section quartz laminar-flow muffle furnace
consisting of a pyrolyzer and a catalyzer to prepare CNMs from sugarcane bagasse. A
schematic diagram of the experimental system used is presented in Fig. 6a . Sugarcane
bagasse was placed in the first section of the furnace to generate vapors via a pyrolysis
process. The pyrolyzed vapors subsequently passed through the stainless steel screen
bed which was acted as a catalyst. As a result, CNMs in the form of long, straight,
tubular structures with smooth walls and axially-uniform diameters (CNTs) eventually
were collected on the surface of stainless steel screen, which possessed a typical length
of 50 um and a diameter in the range of 20-50 nm.

It is worthwhile to note that the synthesis of CNMs from biomass in terms of a two-
step CVD technique is quite similar to the production of syngas from biomass via
pyrolysis-gasification process . The key difference is that the carbon product called
coke is unpopular in syngas preparation due to the formation of coke would poison the
catalyst and promote the polycondensation of intermediates, resulting in the reduction
of syngas yield . However, Wu et al. found that the coke from the pyrolysis-
gasification of toluene was composed of amorphous carbons and filamentous carbons
100 Pparticularly, the formation of amorphous carbons during pyrolysis-gasification
process could be partly inhibited and the formed amorphous carbon in coke could be
significantly eliminated via controlling the catalyst and operating conditions such as
modifying the catalyst component and injecting suitable water. Afterward, the as-
obtained filamentous carbons without amorphous carbons were identified as well-
structured CNTs. In this way, the pyrolysis-gasification process can realize the co-
production of syngas and CNTs. Subsequently, Wu et al. group conducted a series of
study on the preparation of CNMs and hydrogen-rich syngas based on this method using
a two-stage vertical fixed-bed reaction system, which is shown in Fig. 6b 33 101-103 A
typical CNTs in Wu et al. group was in a diameter of 10-20 nm derived from the
pyrolysis-gasification of wood sawdust '%2. Another study from Wu et al. group
employed a two-stage continuous screw-kiln reactor (see Fig. 6¢) for the production of
syngas from the pyrolysis of waste wood coupling with catalytic reforming of the
pyrolysis vapours, where CNM:s also can be obtained on the catalyst bed %4,
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Fig. 6 Schematic diagram of an experimental system employed in Alves et al. '%° (a), Wu et al. 1% (b),

and Efika et al. ' (c) study. Reproduced from 0% 196104 with permission from the Elsevier.

Similar to in situ CVD, the preparation of CNMs from biomass via two-step CVD is
also determined by several factors, such as the composition of carbon source, type of
catalyst, operating temperature. The type of biomass feedstock and the pyrolysis
conditions in the first stage made important influences on the composition of the
pyrolysis vapors which are the carbon source during CNMs synthesis at the next stage.
Different catalysts have been used at the second stage for the formation of CNMs. For
example, stainless steel screen °’, nickel oxide with or without support and assistant ',
multi-metal catalysts '°! 1 were referred. On the other hand, the component and the
preparation method of catalyst also played important roles in the growth of CNMs. In
Efika et al. research, NiO/Al203 catalyst was more favorable for the growth of CNMs
during pyrolysis-gasification of wood sawdust compared to NiO/CeO2/Al203 catalyst,
because the addition of CeO: to catalyst would suppress the formation of coke !4,
CNMs were also observed on the surface of a Ni-Ca-Al catalyst rather than Ni-Mg-Al
after the pyrolysis-gasification of lignin °8. In addition to the influence of catalyst, the
injection of water was identified as an important factor affecting the fabrication of
CNMs. It was found that the amount of coke (the mixture of amorphous carbon and
CNMs) deposited on the catalyst presented a decreasing trend from 33.8% to 2.6 wt%
with the increase of water injection rate from 1.90 to 1.42 g/h. SEM results further
confirmed that fewer CNMs were observed on the catalyst surface at the water injection
rate of 14.20 g/h '%7. Furthermore, a research on investigating the influence of the
temperature of the second stage on the preparation of CNMs revealed that a smaller
fraction of straighter CNTs was obtained at 1000 ‘C than that at 600 C, suggesting
that the formation of CNMs was affected by pyrolysis temperature as well *7

3.3 Cyclic oxidation

Cyclic oxidation method for the preparation of CNMs from biomass mainly refers to a

technique that involves reduplicative oxidation processes to convert three-dimensional
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biomass into tubular CNMs (such as CNTs). Kang et al. '% firstly reported the use of
cyclic oxidation technique to prepare CNMs. Detailed steps are as follows. Grass, the
biomass feedstock for preparation of CNMs, was heated at about 250 C in air after
dried and crumbled. The resulting residue then was subjected to rapid heating at about
600 ‘C and hold 20 min with a controlled amount of oxygen. After that, the heated
system was cooled to room temperature and equivalent oxygen was re-injected. The
heat treatment at about 600 ‘C was repeated in about 50 times and the product was
collected. TEM images revealed that the as-prepared product exhibiting a middle-
hollow structure was multi-walled CNTs with the inner and outer diameters range of
10-30 and 30-50 nm, respectively. In this technique, there are three critical factors, 1)
the feedstock with three integrated dimensional structure directly originated from
biomass, ii) the preheating of biomass in air at low temperature prior to the cyclic
oxidation process, iii) reduplicative oxidation of as-preheated biomass in many times
via the involvement of suitable oxygen. CNMs were hardly observed as carbonhydrates
powders such as glucose, saccharose, faecula and cellulose were employed as feedstock
in the cyclic oxidation. Apart from vascular bundles, grass contains many protein and
grease in the stem and nervation. The heat pretreatment at about 250 ‘C was in favor
of the removal of those unrelated components (protein and grease) to expose vascular
bundles. The following reduplicative treatment by involving suitable amount of oxygen
to rapidly heat at about 600 ‘C was helpful to the dehydration of cellulose, so that
resulting in the formation of CNMs. According to Kang et al. research, Goodell et al.
199 investigated the fabrication of CNMs using six different carbon feedstock including
wood fiber, organosolv lignin, ashless filter paper, avicel, alpha-cellulose and bamboo
through similar method. The samples were preheated and cyclic oxidation temperature
at 240 °C and 400 C, respectively. Results indicated that tubular CNMs were hardly
obtained from lignin, delignified filter paper, and two purified cellulose samples while
that can be confirmedly observed in the samples made from wood fiber, with inside and
outside diameter range of 4-5 nm and 10-20 nm, respectively. This further verified that
original biomass feedstock structure played an important material base role in the
preparation of CNMs from biomass via cyclic oxidation method. Goodell and co-
workers considered that the carbonization at low temperature was a stepwise process,
which was responsible for the formation of nanoscale channels. And then the nano-
channels acted as a template to mediate the production of CNTs. At the same time, an
environment of low pressure combined with air as a result of the formation of nano-
channels to greatly facilitate cellulose ablation, also make contributes to the synthesis
of CNTs '%°,

In another work reported by Goodell group ''°, the effect of heat pretreatment on the
preparation of CNMs was investigated. The result demonstrated that heat pretreatment
was favorable for the retention of the nano-architecture of the cell wall which was
responsible for the formation of tubular CNMs after cyclic heat treatment. The low
temperature pretreatment promoted i) the dehydration of cellulose resulting in increased
carbon yield through gradual carbonization, ii) the stabilization of lignin limiting the
flow of lignin in the later higher temperature processing. Additionally, cyclic oxidation
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affecting the formation of CNMs was studied and the result revealed that the cyclic
oxidation procedure was effective for the ablation of cellulose microfibril in plant cell
walls. A series of researches derived from Qu group revealed that cyclic oxidation
method has been successfully developed in the synthesis of tubular CNMs from
absorbent cotton, poplar leaves and hyperaccumulators "3 Apart from tubular
CNMs, graphene sheets and carbon nanospheres can also be obtained from biomass
using cyclic oxidation method in Qu et al. studies as well %115,

Although cyclic oxidation has been widely applied in the synthesis of CNMs from
biomass, the potential mechanism dominating the formation of CNMs is still under
debate. Kang et al. '% considered that the involvement of a suitable amount of oxygen
during cyclic oxidation procedure was helpful for the dehydration of the vascular
bundles in biomass structure, which caused the formation of carbon skeleton. In other
words, the formation of tubular CNMs was ascribed to the contraction or shrinkage of
vascular bundles. However, this hypothesis then suffered a question from Goodell
group 0% 110116 and a new mechanism was proposed. Goodell group proposed that
cyclic oxidation process was in favor of the formation of nanoscale channels via the
ablation of cell wall microfibrils, which located and oriented in a pattern corresponding
to the location of the cellulose microfibrils originally located with the cell wall. The as-
formed nano-channels and the carbon vapors from the ablation of cellulose microfibrils
would separately acted as a template and a gas phase carbon source to mediate the
synthesis of tubular CNMs !!7. It should be noted that the natural three dimensional
structure of biomass concerning the presence of vascular bundles played a crucial role
in both Kang et al. and Goodell group studies. Tubular CNTs could not be observed as
a purified lignocellulosic component of biomass such as lignin or cellulose was used.
It was reported that the minerals like Fe particle and silicates in biomass were crucial
for CNMs synthesis from biomass, which acted as catalysts 87 ¥, According to Qu et
al. "2 report, the poplar derived CNMs contained not only C but also O, Na, Zn, Cu,
Ca, K, Cl and S. It is therefore unclear that whether minerals in biomass feedstock also
made some contributions to the preparation of CNMs via cyclic oxidation method. In
spite of Qu group has successfully synthesized different kinds of CNMs from biomass,
the mechanisms of CNMs formation were not reported. It would be interesting and
urgent to further explore the potential mechanism controlling the formation of CNMs
from biomass via cyclic oxidation method.

3.4 Mechanical activation

Mechanical activation partly introduced into the preparation of CNMs was firstly
conducted by Chen et al., where they found that aligned CNTs were readily obtained
by pyrolysis of iron phthalocyanine after ball milling treatment ''°. The key of the as-
employed mechanical activation in Chen group was to prepare a homogeneous mixture
of carbon source and catalyst via ball milling '?°. After that, various methods of ball

millings were directly developed in the preparation CNMs 2! 122, Typically, biomass
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sample was mixed with steel balls and placed in a ball mill. After a period of grinding,
the biomass was totally converted to CNMs which can be readily collected from the
ball mill. Apart from the grinding time, other parameters such as atmosphere, reaction
temperature could be generally neglected. It was reported that Onishchenko group has
successfully produced CNTs from a large amount of natural biomass such as sphagnum
moss and agricultural wastes based on this technique '?*!2. Differently, the biomass
was first subjected to carbonize at 950 °C to produce amorphous carbon, followed by
washing to remove mineral impurities using a mixed acid solution, then the precursors
were ground in a planetary mill in many times to produce CNMs with different
diameters and textural morphologies '?%. It seems that the type of biomass feedstock
remarkably determines the products and their corresponding properties via this method.
For example, oat, millet and buckwheat wastes were unsuitable as sources for CNMs
synthesis. On the other hand, the CNMs derived from corn wastes with bamboo and
embedded nanocones structures were more defective than those from sphagnum moss
126 In addition, the duration of mechanical treatment in the planetary mill plays a vital
role in the properties of CNMs, which was found to exhibit a linear relationship with
the volume of the formed CNMs '?°, It was found that the pristine amorphous carbons
were represented in the form of fractal structure in a broad range of particle dispersion.
Sample with 6 h of mechanical activation preserved its lamellar shape. Upon 8 h of
processing, a nanofiber structure with a diameter of 10-20nm was observed inside
carbon particles. Increasing the mechanical activation up to 10 h, all the bulk material
composed of CNTs with a diameter of 10-70 nm. The CNTs formed after mechanical
activation for 36 h were abundant. The sample after mechanical activation for 46 h
looked like aggregates consisting of CNTs and amorphous carbons. The aggregates
were evidently formed on account of the electrostatic interaction of the CNMs !27- 128,
Corn CNMs content in the carbon composite prepared at a mechanical duration of 7,
10, 16 and 27 were 11.52 wt%, 24.45 wt%, 34.06 wt% and 42.75 wt%, respectively '%°.

It should be noted that no catalyst was involved in the preparation of CNMs from
biomass via mechanical activation. Mineral particles which were considered as the
effective catalyst in the CVD method have been rinsed with acidic solution '3°,
suggesting that the preparation process was independent on the catalyst. On the other
hand, the amorphous carbons acting as the precursor of CNMs before mechanical
activation were readily obtained from biomass. In other words, the use of mechanical
activation may be considered as a promising technique for CNMs preparation due to
the low cost of feedstock (biomass) and technology (pyrolysis and grinding), and it is

catalyst-free.

3.5 Combustion

Combustion is a high-temperature exothermic redox chemical reaction between a fuel
and an oxidant, usually atmospheric oxygen, which produces oxidized, often gaseous
products. Apart from application in producing heat, it has been involved in the

preparation of well refined materials such as carbon nanoparticles *!"!33. Raju group
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134135 fyrther promoted this method to produce graphitic-carbon nanoparticles from
camphor, a natural eco-friendly hydrocarbon obtained from the tree Cinnamomum
camphora 3613 Afterward, the successful production of CNMs from grass
Desmostachya bipinnata via this method was also reported in their recent research '*°,
In detail, sun-dried Desmostachya bipinnata grass was directly subjected to a complete
incineration in atmospheric oxygen. During the burning process, burning parameters
such as temperature, pressure, time, were not controlled except camphor powder was
added as a fuel to realize the complete combustion of grass. After the burning reaction,
a variety of CNMs concerning CNTs, micro-rod and CNFs could be collected from the
resulting residue ash as confirmed by field emission scanning electron microscopy. The
as-synthesized CNMs characterized a large amount of O-containing surface functional
groups like carboxyl (-COOH) and hydroxyl (-OH) which were related to the abundant
presence of oxygen in preparation process (burning under an air atmosphere). In
addition to combustion, Muramastu et al. introduced a chemical activation using solid
KOH as activation agent to treat the burnt rice husk residue at 850 ‘C in air '“°. At last,
nano-sized crystalline graphene and corrugated graphene with a yield of ca. 10 wt %
was obtained. TEM and XRD analyses revealed that the nano-sized crystalline
graphene contained a monolayer or multilayer structure with clean edges and the
corrugated graphene composed of domains with a few nanometers in size. The authors
considered that the chemical activation by KOH after combustion was a key factor for
the formation of high-quality graphene, where KOH efficiently etched amorphous
carbon and penetrated the amorphous carbon into crystalline graphene. Afterward,
some research works provided by Muramastu group further confirmed that the
combination of chemical activation with combustion was an efficient and scalable
technique to produce graphene-based materials from low-cost wastes '*! 42 The
authors found that KOH dosage and the combustion temperature played vital roles in
the fabrication of corrugated paper-like graphene with large specific surface area '4*. A
graphene with a maximum specific surface area of 2274 m?/g can be collected as the
KOH dosage and combustion temperature were controlled as 12.5 g and 550 C,
respectively. On the other hand, using the same method and the same feedstock, the
combustion temperature and chemical activation temperature were individually set as
500 and 700 °C, respectively, resulting in the formation of crumpled silk-veil-wave
graphene nanosheets with a specific surface area of 1225 m*/g. It appears that the
combustion technique is a simple and available technique to produce valuable CNMs.
While the potential mechanism for CNMs growth was not stated which may obtain
dramatically interest for researchers in future work.

4 Biomass as catalyst for CNMs synthesis

4.1 Intrinsic Fe-related component in biomass

It 1s well-established that Fe and Fe-containing composites are effective catalysts in
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preparing CNMs 44145 At the same time, Fe is ubiquitous in biomass matrix due to it
is one of the essential trace elements for plant growth. Fe is also an important
component of cytochrome and non heme ferritin which play important roles in
photosynthesis, biological nitrogen fixation and respiration 4. Therefore, it is feasible
to develop Fe-containing biomass as a catalyst source for CNMs preparation. Chen et
al. '"® employed ACs produced from palm kernel shell, coconut and wheat straw with a
certain Fe content (Fig. 7a-b) as catalysts to decompose C2Hs at 700 C for the
fabrication of CNMs. It was found that tangled CNFs were obtained on the surface of
the AC (Fig. 7c). Further high resolution transmission electron microscopy (HRTEM)
image presented that the tip of a CNF containing a Fe particle with a diameter about
100 nm (Fig. 7d). Consequently, Fe particles originated from the AC precursor hence
were considered to play a catalyst role in the CNFs preparation and a tip-growing model
was proposed to explain the growth mechanism of CNFs. It was inferred that the iron
particles of the AC were firstly reduced by Hz then melted to form a liquid droplet at
high temperature. Carbon source (C2H4) consequently was dissociated on the surface
of the reduced iron, dissolved and diffused into it and last precipitated to create CNFs.
It is worth mentioning that during the CVD processing, the weight of the kernel shell,
coconut and wheat straw derived ACs increased from 200 to 270, 271 and 296 mg,
respectively, while the iron content in corresponding ACs were 2.91%, 0.17% and
1.79%, respectively. In other words, the yield of CNFs was found not to be proportional
to the amount of iron in the starting activated carbons.

Fe also existed in black jew’s-ear fungus and black sesame seeds which were conducted
to fabricate CNMs based on a CVD process of liquefaction petroleum gas at 800 C
147. 198 Due to the homogenous content of Fe in a single cell of the precursor, the
distribution of catalyst particles was uniform and their size and composition were
almost identical. As a result, CNTs with uniform diameters were attained when black
sesame seeds were used as catalyst precursor. An adsorption-diffusion-deposition
model was employed to describe the growth mechanism of CNTs: i) Liquefaction
petroleum gas was adsorbed on the active crystal surface of the Fe catalyst, ii) Chemical
reactions occurred between Fe and liquification petroleum gas at high temperature to
form carbides, iii) Extra supply of liquification petroleum gas led to over-saturation of
carbon atoms in the carbide and then the over-saturated carbon atoms diffused through
Fe particles to the other side of the active crystal surface, depositing to form CNTs. The
diameter of black jew’s-ear fungus and black sesame seeds derived CNTs were 80 and
100 nm, respectively, which are negatively related to the iron content, indicating that
higher content of iron was responsible for the large size of CNTs, whereas the lower
content of iron led to small sizes of CNTs.
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Fig.7 a) Scanning electron microscopy (SEM) image of coconut AC after calcination at 400 C, b)

Elementary analysis of a selected area of a) using energy dispersive X-ray detector, c) SEM image of
as-synthesized CNFs supported on the surface of coconut activated carbon, d) HRTEM image of a CNF

with an iron particle on the tip ''®. Reproduced from ''® with permission from the Elsevier.

4.2 Silicates mineral in biomass

Apart from Fe, other mineral elements in biomass also have been found to possess
catalytic capability for the preparation of CNMs. It is reported that mineral matters
composed of Si and Ca in gumwood were regarded as catalysts for the synthesis of
CNTs in a microwave-induced pyrolysis process ¥’. During this process, these Si and
Ca related minerals can decompose the volatiles derived from the microwave-induced
pyrolysis of gumwood mainly involving CHas, naphthalene and benzene-based
derivatives, leading to the formation of CNTs with a diameter between 50 and 100 nm
and a length ranging from 600 to 1600 nm. Further analysis according to EDX revealed
that the catalyst neither existed on the tip nor fill inside of CNTs but embedded in CNTs
structure. Zhu et al. *° found that silicates in bamboo derived charcoal, especially for
Mg and Ca-related silicates, played a crucial role to synthesize CNTs via a CVD process.
And catalytic performance of the silicates in the preparation of CNTs were significantly
determined by their composition and phase, which were greatly depended on the

employed temperature in turn. For example, silicates identified as Mg2SiO4 were
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presented the plate-like crystal on the charcoal as treated at 1200 °‘C resulting in the
formation of cluster-like CNTs (Fig. 8a). The enhancement of treated temperature to
1300-1400 ‘C gave rise to the transformation of main component of minerals to
calcium silicates and occurred a sphere appearance (Fig. 8b-c). As a result, CNTs with
length ranging from several nanometers up to micrometers and a wall of 100 layers
were obtained. By increasing temperature to 1500 ‘C, whiskers were formed on the
charcoal and made up of SiC doped with Al, Ca and K (Fig. 8d). No CNTs were
observed in this regard, indicating that the whiskers were not in favor of CNTs
formation. It can be concluded that the yield of CNTs was associated with the carbon
solubility of silicates, which were subjected to the order of Mg:SiO4 nanocrystal<
calcium silicate spheres. In addition, CNTs formed on the charcoal at 1200 'C and
1400 ‘C had no droplet tips while those at 1300 ‘C possessed droplet tips. This
observation further demonstrated that the employed temperature affected not only the
composition and phase of silicates but also the growth model of CNTs. Nersisyan et al.
reported that spherical particles originated from spherical seeds of Andropogon
virginicus reed bristles were also found to act as catalysts for generating carbon
microtubes and CNTs via a novel method °*. The spherical particles were mainly
composed of the oxide form of Si, Mg, P and O, regarding to MgO, SiO2, Si0, and P20s.
These oxides were effective in the catalytic decomposition of gaseous hydrocarbons
formed by thermolysis of the reed bristles. As a result, CNTs with an outer diameter of
about 10-15 nm were collected.

C
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Fig. 8 SEM images of bamboo samples treated at different temperature reported by Zhu et al. '3: a)
1200 C,b) 1300 C,c) 1400 ‘C,d) 1500 °C. Top right insets are magnified images and Left bottom

28



insets are EDX spectra. Reproduced from '*° with permission from the Elsevier.

In Zhu et al. '** work, they considered that the growth of CNTs was followed vapor-
liquid-solid mechanism due to silicates exhibited a catalytic activity which was similar
to that of transition metals for the nucleation of nanotubes. During the pyrolysis at high
temperature, minerals in the bamboo derived charcoal melted initially and formed
droplets on the surface of the charcoal. The melt mainly consisted of calcium silicate
but also contained other elements, such as S, P, and K. Subsequently, carbon feedstock
decomposed on the silicate droplet surfaces, dissolved inside and formed CNTs when
the carbon supersaturation was reached. The growth mechanism of CNTs in Shi et al.
$7work was found to subject to a vapor-solid phase growth model instead of a liquid
phase growth model, which included three key steps: i) the microwave-induced
pyrolysis of biomass to generate biogas, bio-oil and char products, ii) the decomposition
of the carbon sources (biogas and bio-oil) on the char surface to form carbon
nanospheres, iii) the growth of multi-walled CNTs via self-assembling of these carbon
nanospheres in the electromagnetic field. It is well known that catalyst-prepared CNTs
would have at least one particle at each end of the nanotube (top or bottom). In the work
from Nersisyan et al., CNTs were formed around spherical particles, but no liquid
droplets could be found on the tubes **. Therefore, the authors assumed that the
formation of CNTs occurred through a new mechanism.

4.3 Other components of biomass

As discussed above, the intrinsic Fe-related components and silicates of biomass were
generally considered as efficient catalytic components during CVD-involved
preparation of CNMs. In terms of the abundant mineral components of biomass, the
roles of the other components except for Fe and silicates during the production of
CNMs were also aroused extensive interest. For example, it was reported that the
minerals of palm kernel shell played a catalytic role in the formation of hollow CNFs
from palm kernel shell via microwave pyrolysis *°. Further investigation of XRD results
indicated that the minerals were mainly composed of Fe, CaSi04, CaCO3 and K20. The
authors hence deduced that in addition to Fe and silicates, other minerals (CaCO3 and
K20) were also in favor of the synthesis of CNMs, acting as catalysts. For the
preparation of multi-walled CNTs via a plasma enhanced CVD, minerals of coconut
shell including Al, Ca, Na, K and Mg were found to be serving as catalyst except Fe '#°.
In the study from Zhang et al., K in pine nut shell (account for 0.37% of the shell) was
inferred to act as a catalytic role during the formation and growth of hollow CNFs partly
because it could vaporize as volatile content and hence possess highly migration ability
at high temperature °2. Interestingly, Lin et al. considered that the fullerene-like
positions and nanoscale curvatures of biomass-derived char also could act as efficient
catalysts to decompose carbon sources into carbon atoms and hydrogen, and provide
stack-up sites for the self-assembling of the carbon atoms to form CNMs 3% 151,
Consequently, it appears that the preparation of CNMs using biomass as catalyst is a

complicated process, more works are urgently needed to make it clear.
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S Biomass as catalyst support for CNMs synthesis

5.1 Biomass-derived BC

Biomass served as a catalyst support for the preparation of CNMs via a CVD method
has been successfully developed, when it was pretreated through a thermal conversion
process such as pyrolysis, carbonization sintering or hydrothermal carbonization '8 152,
The thermally converted biomass is usually referred to as charcoal, black carbon or BC.
The derived BC can be impregnated with catalyst and used in a CVD process to
generate CNMs in a variety of morphologies depending on such factors as the type of
catalyst, the properties of BC and the growth temperature employed. In detail, the
following processes for the application of biomass as catalyst support in CNMs
synthesis are generally involved: 1) Convert biomass into a carbon material (BC) by a
thermal treatment, ii) Remove the impurities on the surface of BC using an acidic
solution, iii) Load catalyst by means of wet-impregnation or adsorption, iv) Reduce
catalyst by Haz, v) Introduce carbon source gas in certain concentration and ambient
temperature. For example, in the study from Zhou et al., biomass was first sintered in a
vacuum atmosphere to obtain a BC and then the as-prepared BC was subjected to a
treatment with a concentrated HNOs to eliminate inorganic impurities '°2. Afterwards,
Ni catalyst was supported on the washed BC by means of a wet-impregnation method,
obtaining a composite of Ni/BC catalyst precursor. The composite was placed in a
single quartz tubular reactor and a mixture of Ar/H2 was introduced in the apparatus to
reduce the catalyst. At last, the CNTs growth was carried out under a gas mixture of Hz
and CHa (1:1) at 850 °C. It is well-known that the support employed for CNMs
production predominantly depends on the porous texture '>3. However, the pore
structure of BC generally seems not developed well in comparison with other
conventional porous supports such as AC, as shown in Table 3. For instance, the specific
surface area of a bamboo-derived BC reported in Zhou et al. work '>? was moderate as
491 m*/g (Table 3). While, another bamboo-derived BC with a very low specific surface
area of 7.0 m?/g was also conducted as a catalyst support for the preparation of CNTs
154155 1t was believed that BC with poor porosity was hardly favorable for the
homogeneous distribution of catalyst, which resulted in the aggregation and
agglomeration of the excess catalyst. Huang et al. !> investigated moso bamboo derived
BC supported with different amount of catalyst (2, 3, and 5 wt% Fe) for CNTs synthesis
using xylene as a carbon source. A large number of CNTs grew uniformly and tightly
on the surface of the BC when 3 wt% Fe was loaded. However, the loading of 2 wt%
Fe led to sparse CNTs growth and the grown CNTs were longer than that of 3 wt%
loading. No CNTs can be observed on the BC surface as the Fe loading was increased
to 5 wt%, mainly attributing to the agglomeration of Fe into large particles. In addition
to specific surface area, the source of biomass and the condition of CNMs growth were
also found to play important roles in the preparation of CNMs from biomass-based BC.
Zhou et al. investigated the application of four kinds of BCs originated from coconut
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shell, bamboo, hemp straw and lauan as catalyst support for CNMs synthesis,
respectively '°2. Results showed that among these BCs, the bamboo derived BC showed
the most uniform pore size and relative regular pore distribution. As a result of this
property, it resulted in a uniform catalyst distribution while a hierarchical pore structure
of the other three kinds of BCs resulted in a partly aggregation of the catalyst. After
CVD of CHg, it was found that only the bamboo derived BC was observed to be
uniformly covered by a CNTs layer which is 5~10 um in length and around 85 nm in
diameter. In comparison, only a few CNTs were dispersed on the coconut shell derived
BC and no CNTs but carbon aggregations in a state of chunks or clusters were observed
on hemp straw and lauan derived BCs. Zhang et al. employed BCs derived from the

pyrolysis of bamboo under 700-900 C to support ferrocene for the synthesis of CNMs.

The result indicated that smaller quantities of CNTs with shorter length were obtained
at 700 C. The density of CNTs increased when the temperature increased to 800 or
900 °C. This observation may be related to carbonization degree of BCs determined by
the pyrolysis temperature '3*. Moreover, the pore size distribution, particles size and the
content of catalyst may play key roles in the preparation of CNMs as BC was employed
as the catalyst support ',

Table 3 Porosity characteristics of biomass derived carbon material before and after being employed as

catalyst support for the preparation of CNMs

Substrate SSA® (m?%/g) TPV¢ (cm¥/g) MiPV® (cm’/g) MePV! (cm¥/g) References
Before®  After*  Before After Before After Before After
Bamboo derived
BC 491 92 0.233 0.094 0.199 0.008 0.034 0.085 152
(850 C)
Bamboo derived
BC 7.0 3.2 -8 - - - - - 154
(800 C)
Bamboo derived
BC 7.0 4.0 - - - - - - 155
(800 C)
Palm kernel
shells derived 1490 305 0.551 0.289 - - - - 153
AC
Palm kernel 1490 324 - - - - - - 157
shells derived
AC 20.5 - - - - - -
Palm kernel 17.7 0.009 - - - -
shells derived 1237 91.5 0.547 0.078 - - - - 158
AC 56.0 0.080 - - - -
Palm kernel
shells derived 1273 15 0.601 0.035 0.522 0.013 - -
AC
Coconut derived 1189 32 0.495 0.055 0.422 0.025 - - 18
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AC

Wheat straw 1221 102 0.641 0.105 0.587 0.071 - -
derived AC
673 0.43 0.32 0.11
1204 0.59 0.37 0.22
Bamboo derived 2057 1726 1.25 0.83 0.72 0.39 0.53 0.44
AC 2278 2.39 0.52 0.87
2139 2.39 0.39 0.90

Petroleum coke
derived AC 1869 359 1.04 0.31 - - - -

156

159

a- specific surface area;

b- corresponding property of biomass-based carbon support before CNMs preparation;

c- corresponding property of biomass-based carbon support after CNMs preparation;

d- total pore volume;

e- micropore volume obtained from the Barrett-Joyner-Halenda equation;

f- mesopore volume calculated form the substraction of the micropore volume from the total pore volume;

g- not available.

5.2 Biomass-derived AC

As discussed-above, it seems that the pore characteristics is a crucial parameter for the
synthesis of CNMs using biomass-derived carbon material as a catalyst support.
Chemical and physical activation is normally used to enhance the porosity of the
biomass-derived carbon materials. As shown in Table 3, all of the biomass-derived AC
show much higher specific surface areas and pore volumes than biomass-derived BC
153,160 'Sy and his co-workers reported that palm kernel shell could be employed as an
outstanding catalyst support precursor in CNMs synthesis as it was converted into AC
by carbonizing in N2 at 350 ‘C and subsequently activating in steam at 600 ‘C '3,
The as-derived palm kernel shell-based AC had well-developed pore structures with a
specific surface area and pore volume of 1081 m?/g and 0.365 cm?®/g, respectively. After
Fe impregnation, the specific surface area of the AC was still over 1000 m?/g, which
indicated that Fe-related catalyst particle was highly dispersed on the surface of the AC.
Afterward, the Fe-impregnated AC was suffered from a C2H2 CVD process at 700 C.
According to SEM analysis, it was found that entangled CNFs with a diameter of 20-
300 nm was luxuriantly covered on the surface of the AC (Fig. 9a). Further study shown
in Fig. 9b revealed that CNFs not only immobilized onto the surface of the AC but also
nested inside the pores of the AC. The growth of CNFs on the surface or in the pore of
the AC gave rise to a significant decrease of its specific surface area from 1490 to 305
m?/g. A similar result was reported in Chen et al. work, where CNTs were obtained both
on the surface and inside the pores of a coconut and wheat straw-derived support '8,
As a result, the specific surface area of the coconut and wheat straw-derived AC
decreased from 1189 to 32 m?/g and 1121 to 102 m?/g, respectively, after CNTs growth.
It is notable that the activation method applied in Su et al. work was steam activation
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which was corresponded to a physical activation method. By comparison, chemical
activation-derived AC also has been extensively used as support for CNMs preparation.
In Zhou et al. study, they found that the specific surface area and total pore volume of
a bamboo-derived BC were considerably increased by 4 folds to 2057 m?/g and 1.25
cm’/g, respectively as an activation process using KOH was employed '*¢. After the
introduction of Co as catalyst and a carbon monoxide CVD process, intertwined CNTs
possessed a diameter and length in the range of 5-12 and <100 nm, respectively, can be
observed on the bamboo-derived AC surface. It is worth noting that after the growth of
CNTs, the specific surface area and total pore volume of the bamboo-derived AC did
not sharply decrease as general biomass-based AC performed (as mentioned above) but
further enhanced to 2278 m?/g and 1.39 cm’/g. A possible explanation is that the
formation of CNTs can provide abundant mesoporous channels.

Fig. 9 SEM images of CNFs on AC reported by Su et al. '3, a) CNFs covered the surface of AC; b)
CNFs nested inside AC pore. Reproduced from !*3 with permission from the Wiley.

5.3 Roles of surface functional groups of biomass-derived carbon

material on CNMs growth and corresponding growth mechanism

In addition to pore characteristics, biomass source and growth condition, the surface
chemical property of catalyst support was also found to have a significant influence on
the dispersion of catalyst and the interaction between support and catalyst, hence
remarkably affecting the preparation of CNMs '!- 162 The surface chemical property of
biomass-derived support (BC or AC) mainly was dominated by the abundant surface
functional groups, such as -C=0, -OH, C=C, -COOH, on its surface '>* %3, Some of
them, especially for O-containing functional groups, can act as anchoring sites for
catalyst incorporation, contributing to the immobilization and dispersion of catalyst '®4,
To fulfil the controllable immobilization and the dispersion of catalyst, some
researchers paid attention to deliberately modify the surface property of the biomass-
derived support by oxidation process. For example, Zhou et al. '*® employed
concentrated HNO3 (68%) to introduce a large amount of O-containing functional
groups on the surface of a bamboo-derived AC (Fig. 10). Combining this process with

a microwave-assisted homogeneous deposition-precipitation method, Co catalyst was
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found to be well-dispersed on its surface with a uniform size distribution of 3-9 nm.
The uniformly dispersed catalyst was subsequently responsible for the production of
CNTs with a uniform and narrow diameter distribution.

HOOC- -COOH Codt Cobs Co{OH),-00C- -CO0-Co{OH),
HOOC- -COOH \ / on ColoH)-00C -CO0-Co{OH),
Hooc- g-COOH _ .. | Ac-coo Co{OH)-00C Sl -CO0-Co(OH),
HOOC- =&l -COOH 7 N\ Co{OH),-00C- B8l -CO0-Co{OH),
HOOC- -COOH Co Co® Co{OH),-00C -CO0-Co{OH),
HOOC- -COOH Co(OH),-00C- -C00-Co{OH),
Carbonization

Activation
— {a)
HNO; modification

H, reduction

Meso/ macropore
surface

BC, BAC

e Cobalt hydroxide
Co

W CNTs

Fig. 10 Illustration of the synthesis of CNTs on bamboo derived AC reported by Zhou et al. '*%: a) The
pore structure of bamboo derived AC, b) Homogeneous nucleation of cobalt hydroxide on the bamboo
derived AC support via a homogeneous deposition—precipitation method, ¢) Co nanoparticles were
fixed on the surface of the bamboo derived AC, d) CNTs were bonded onto the bamboo derived AC
with Co nanoparticles as the joint points. Reproduced from '*® with permission from the Royal Society

of Chemistry

Su et al. '3 inferred that the growth of CNFs on AC followed the “tip-growing” model
due to most of the Fe catalyst particles were observed on the tips of the CNFs,
suggesting that the interactions between AC surface and Fe catalyst were weak ”°.
During the synthesis process, Fe catalyst particles dispersed on the surface of AC firstly
were reduced by hydrogen, then dissociated from AC surface, acting as a catalyst to
decompose carbon source, dissolve carbon atom and precipitate carbon for the growth
of CNFs. On the contrary, open-tipped CNTs can be observed in the work from Zhou
et al., indicating that CNTs were formed in terms of base growth mechanism which can
be briefly stated as follows: at the initial stage, carbon monoxide molecules were
pyrolyzed on the surface of fine Co nanoparticles to produce carbon atoms, which
simultaneously were dissolved in the Co catalysts '°°. As the carbon was oversaturated,
CNTs began to grow out from the surface of the Co catalysts and grew longer until
reaching a dynamic equilibrium. The formation of large amounts of CNTs containing
catalyst particles on the bottom could be ascribed to the strong binding force between
catalyst particles and the support surface.
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6 Applications of biomass-based CNMs

It is well-established that conventional CNMs produced from petrochemical
hydrocarbons can be applied in various fields such as adsorption, energy storage and
catalysis, which have been well reviewed by other studies 7 . As fore-mentioned in
this review, biomass-based CNMs (biomass providing carbon source, catalyst or
catalyst support for CNMs preparation) also presented similar characteristics with the
conventional ones, such as diameter, length, morphology and graphitic degree *°. It is
supposed that biomass-based CNMs could be used in the fields where conventional
CNMs involved. In addition, as a result of low-cost, eco-friendly and renewable nature
of feedstock (biomass) and unique properties such as abundant surface functional
groups and minerals, biomass-based CNMs seems to possess more promising potential
applications in comparison with conventional CNMs !4 165,

6.1 Adsorbents

It is reported that the effective removal of contaminants such as heavy metal ions (i.e.,
Pb%*, Cd*", Cu?', CrOs*), dyes, organics and nutrient substances (i.e., PO4>", NH4",
NO3) from aqueous solution mainly depended on pore-filling, complexation,
electrostatic interaction, ion exchange and precipitation which were greatly attributed
to high specific surface area, well-developed porosity, abundant surface functional
groups and minerals of the adsorbents '%1%°. Biomass-based CNMs present high
specific surface area, abundant surface functional groups and minerals, and have been
developed as high-efficient adsorbents !> 7%, For example, Bigdeli and Fatemi
considered that the enhancement of specific surface area of CNMs after the formation
of CNFs on AC played a vital role in the removal of thiophene and dibenzothiophene
from aqueous solution '7!. Multi-walled-CNTs derived from cotton via mechanical
activation in a planetary mill for 7-27 h showed a specific surface area of 378-793 m%/g,
which was found to be important for the effective removal of Ag" Pb**, Cd**, Cu**,
methylene blue, methyl orange, gelatin and white '’°. Zhang et al. found that a
CNTs/AC with a specific surface area of 3.2 m?/g presented a maximum Cu?"
adsorption capacity of 16.34 mg/g which was over twice as much as a commercial AC
having a specific surface area of 1120 m%*/g '**. This result may indicate that the
adsorption capability of CNMs was not determined by the specific surface area only.
FT-IR and Boehm titration analysis revealed that O-containing surface functional
groups such as -OH, -CO-O- and -COOH were extensively existed on the surface of
the CNTs/AC. The abundant O-containing surface functional groups provided a large
amount of ion-exchange sites and decreased the pHpzc, which were in favor of the ion-
exchange interactions between Cu** and H* of the O-containing surface functional
groups and electrostatic attraction, respectively. Therefore, a high uptake of Cu®" was
obtained. Carbon nanospheres prepared from willow leaves showed an excellent
adsorption performance toward Cu?’, Zn*" and Cr®" with the adsorption capacity of
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12.07 mg/g at pH 2, 30.48 mg/g at pH 4 and 372.46 mg/g at pH 3, respectively. The
main reason for this is attributed to the abundant -OH and -CO- surface functional
groups as well ', The FT-IR spectra of the willow leaves-derived carbon nanospheres
before and after rhodamine B adsorption showed that the peaks expected at 1115, 1444,
1797 and 3433 cm! shifted to lower wavenumbers after the adsorption process,
revealing that in addition to O-containing surface functional groups (-OH, -CO-O- and
-COOH), aromatic rings played important roles in rhodamine B adsorption
(wavenumber around 1444 cm™) as well ''>. Moreover, the presence of minerals in
CNMs was considered to be positive in adsorption procedure ¢, It is reported by Petala
group that in addition to surface functional groups, iron particles (iron carbide and
metallic iron with sizes of 20-100 nm) buried in the internal carbon matrix of pine tree
resin-derived magnetic carbon nanocages can also serve as Fe-oxide layer surface sites
(=Fe3C and=FeOH:) to make contribution to AsO>*" adsorption, especially at a pH
higher than 6 based on the mechanism in Eq. 1-2. The maximum adsorption capacity
of AsO2*" at pH 7 was estimated to be 263.9 mg/g which is believed to be the highest
in the literature. Furthermore, Su et al. reported that the considerable roughness of the
outer surface of the CNFs/AC was responsible for the effective adsorption of
heteropolymolybdate (H3(PMo12040)) from aqueous solution, while the specific surface
area and surface functional groups were less important '3, They proposed that the
highly rough surface of the adsorbent was beneficial for the hydrodynamics of
adsorption processes in the liquid phase and provided mechanical and chemical
anchoring sites.

= Fe,C + H,AsO, <»= Fe,C —[H,AsO,](logK =0.3) (1)

= FeOH, + H,AsO, <> FeOH, —[H,AsO,](log K =3.0) )

6.2 Photocatalytic materials

As a result of favorable conductivity, effective electron accepting and transporting
properties, biomass-based CNMs have been widely applied in the domain of
photocatalysis '72. It is reported by Qu et al. that adsorbent cotton-derived CNTs showed
about 34% degradation efficiency toward rhodamine B after a UV light irradiation for
2 h (initial rhodamine B concentration: 15 mg/L, rhodamine B solution volume: 100
mL, CNTs dosage: 20 mg) '''. Brassica juncea L. shoots-derived CNTs were employed
to degrade a bisphenol A solution (15 mg/L) under a UV light irradiation for 90 min ''*.
The efficiency of photocatalytic degradation reached 48.3%. It is suggested that
biomass-based CNMs can be directly applied as effective photocatalysis materials in
the degradation of organic pollutants. On the other hand, biomass-based CNMs acted
as favorable supports for nanoparticles (semiconductor) to prepare high-efficient
photocatalytic materials (biomass-based CNMs/nanoparticle composites) also has been
investigated, where were believed to possess many advantages over those derived from
typical oxides '”2. For example, the presence of biomass-based CNMs can act as

macromolecule photosensitizers to enhance the capability of visible light adsorption,
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resulting in the formation of superoxide radicals. At the same time, biomass-based
CNMs provided a new carbon energy level to the band gap of photocatalysis material
composites, extending the light adsorption to longer wavelengths. The dispersion of
nanoparticles in the photocatalysis material composites was greatly improved due to
the large specific surface area of biomass-based CNMs. As a result, corresponding
photocatalytic degradation performance of the biomass-based CNMs and nanoparticles
composites was enhanced. Qu et al. found that the efficiency of the degradation of
rhodamine B by CNTs/ZnO nanocomposites was up to 98% after a 2 h UV light
irradiation, which was higher than that of adsorbent cotton-derived CNTs and nano ZnO
alone !''. SEM and XRD analysis indicated that ZnO nanoparticles presented on the
surface of CNTs have a diameter around 35.9 nm. CNTs and ZnO nanoparticles were
considered to be good electron acceptors and electron donors, respectively. During the
photocatalytic degradation process these nanoparticles can effectively impede the
recombination of the photo-induced electron and hole, giving rise to the improvement
of the photocatalytic degradation performance ''>. As mentioned above, the abundant
minerals in biomass played important roles in the formation of CNMs. As a result, the
presence of minerals in the as-synthesized biomass-based CNMs also made great
influence on the application of the CNMs. It was reported that poplar leaves with
abundant minerals such as K, Na, Ca, Zn, Cu were directly employed to fabricate metal
oxides/CNTs. The formed composites possessed about 74.8% photocatalytic
degradation efficiency for bisphenol A under a solar light irradiation for 180 min 2. In
the above report, not only an effective photocatalytic degradation material under visible
light irradiation was readily obtained, but also the introduction of exogenetic metal
oxides as catalytic active sites was avoided. The potential mechanisms of photocatalytic
degradation of bisphenol A by the metal oxide/poplar leaves-derived CNTs was
proposed as shown in Fig. 11.
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Fig. 11 Proposed photocatalytic degradation mechanism of bisphenol A by metal oxide/poplar leaves-
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derived CNTs reported by Qu group !'2. Reproduced from ''? with permission from the Royal Society

of Chemistry

6.3 Electrode materials

Biomass-based CNMs have good potential to be used in the field of electrochemical

industrial, as they have unique three-dimensional structure and abundant surface
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functional groups, high specific surface area and abundant porosity. They have been
largely employed as electrode materials in energy storage such as supercapacitors (i.e.,
electronic double layer capacitors and pseudo-capacitance based supercapacitors), Li-
ion batteries and fuel cells "> 7> 1%, Generally, high specific surface area and well-
developed porosity are favorable for the efficient adsorption, storage, transportation and
transmission of electrolyte !”3. Surface functional groups such as O-containing surface
functional groups and N-containing surface functional groups could: i) greatly enhance
the pseudo-capacitance capability and elevate the amount of energy stored of the
supercapacitor; ii) improve the wettability of the CNMs-based electrode, resulting in
the enhancement of the specific capacitance; iii) prevent further oxidation of the CNM:s-
based electrode to ensure a strong cycling stability '**. Sun et al. investigated the
electrochemical properties of spruce bark-based three-dimensional vertically aligned
graphene nanosheet arrays prepared via a combined hydrothermal carbonization and
KOH activation approach at 800-1000 ‘C (VAGNAs) in a three-electrode system with
6 M KOH aqueous electrolyte. The results are presented in Fig. 12 7°. The cycling
voltammetry (CV) and galvanostatic charge/discharge (GCD) analyses (Fig. 12a-d)
revealed that the as-synthesized CNMs presented both favorable electric double-layer
capacitor and pseudo-capacitance behaviors. Particularly, the CNM sample prepared
from 900 C (VAGNA-900) showed a high specific capacitance of 398 F/g at current
density of 0.5 A/g, which was much higher than most of the reported biomass-based
CNMs (Fig. 12¢e). The VAGNA-900 even retained a high specific capacitance of 275
F/g at an ultrahigh current density of 50 A/g. The cycle tests conducting at 10 A/g (Fig.
12f) demonstrated that the VAGNA-900 maintained 93.3% of its initial capacitance
after 10000 cycles. It is inferred that the outstanding electrochemical performance of
VAGNA-900 was related to its high specific surface area (2385 m*/g) and open pores
which were formed by the nanosheets and three-dimensional graphene structure. In
particular, the high specific surface area could supply high accessible surface for
adsorbing ions to obtain a high specific capacitance, act as ion buffering reservoirs and
provide a short diffusion distance to accelerate the electron transfer and decrease the
electric resistance. While the open pores could enhance electric conductivity and
electrochemical stability. The unique structure of biomass-based CNMs contributed to
the exceptional electrochemical performance in the study from Su et al. >, It was
proposed that the hollow activated carbon nanomesh derived from poplar catkins
presented a large specific surface area (1893.0 m?/), high total pore volume (1.495
cm’/g) and developed meso-macoporous structure (with a uniform pore size
distribution of about 4.53 nm) giving rise to its high specific capacitance. The poplar
catkins-derived carbon nanomesh was practically used in symmetric supercapacitor in
a 1.0 M Na2SOs4 aqueous electrolyte. The results showed that a high energy density of
20.86 Wh/kg was obtained at a power density of 180.13 W/kg within a wide voltage
rage of 0-1.8 V. An electrochemical stability with 87.6% capacitance retention after
10000 cycles at 1.0 A/g and the coulombic efficiency nearly 100% of the nanomesh
were obtained according to the cycling stability and coulombic efficiency analyses. In
addition to the unique structure, surface functional groups were also believed to be
responsible for the favorable electrochemical performance of biomass-based CNMs .
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Liu et al. found that carbon nanosheets prepared from Perilla frutescens leaves
contained 18.76% O and 1.70% N as determined by X-ray photoelectron spectroscopy.
These elements mainly existed as corresponding O/N-containing functional groups
such as phenol, carboxylic, carbonyl/quinone, pyrrolic, hydroxypyridine and oxidized
pyridine N-O moieties . The presence of these abundant O/N-containing functional
groups on the as-prepared CNMs were responsible for its high gravimetric capacitance
(270 F/g at 0.5 A/g) and high volumetric capacitance (287 F/cm® at 0.5 A/g). In detail,
the abundant O/N-containing surface functional groups can 1) directly produce pseudo-
capacitance via redox reaction, ii) endow the as-synthesized CNMs with high affinity
to aqueous electrolyte to enhance its wettability, iii) endow the as-synthesized CNMs
with acid/base characteristics in aqueous electrolytes, iv) enhance the electrical
conductivity of the as-synthesized CNMs. In addition to the N-containing surface
functional groups originated from the biomass precursor, surface modification were
also beneficial to improve the electrochemical performance of the biomass-based
CNMs ®. Large-size graphene-like porous carbon nanosheets were prepared from
combined pyrolysis and activation of sugarcane bagasse pith and chitosan. The obtained
CNMs possessed large-size multiscale wrinkled nanosheets architecture, high surface
area and appropriate controllable surface N doping state . The doping of N on the
CNMs enhanced the electrical conductivity and pseudo-capacitance. As a result, the
largest specific capacitance of the as-synthesized CNMs was about 339 F/g at 0.25 A/g
which was still as high as 280 F/g as the current density increased to 100 A/g. At the
same time, the as-synthesized CNMs also displayed high energy density, power density
and excellent cycling stability.
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Fig. 12 Electrochemical performance of spruce bark-based three-dimensional vertically aligned
graphene nanosheet arrays determined in a three-electrode system with 6.0 M KOH electrolyte from
Sun et al. °. a) CV curves at a scan rate of 50 mV/s, b) CV curves of the spruce bark-based CNM
prepared at 900 C (VAGNA-900) at different scan rates, ¢) GCD curves of VAGNAS at a surrent
density of 1 A/g, d) GCD curves of VAGNA-900 at different current densities, e) Specific capacitance
of VAGNA:Ss at different current densities, f) Cycling stability of VAGNA-900 at a charge/discharge
current density of 10 A/g for 10000 cycles in a 6.0 M KOH electrolyte. Inset is the comparison of GCD

curves before and after cycling test. Reproduced from ™ with permission from the Elsevier.

6.4 Other applications

Conventional CNMs were considered as effective energy materials for the storage of
H> and CHs4 due to the high specific surface area '7*. In order to enhance the capacity
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of gas storage, metal or metal oxide of noble metals, alkaline-earth metals, rare-earth
metals and metalloids were introduced into conventional CNMs 75177 Tt seems to that
high pressure was essential to promote the diffusion of the targeted gas into the inner
structure of conventional CNMs for most of the adsorption/storage processes '’%.
However, Onishchenko et al. reported that biomass-based CNTs derived from
mechanical activation of rusty peat moss, katerina SV corn, priozernyi-4 cotton and
thorny bamboo presented excellent H2 adsorption capability even at a low pressure (0.5
MPa) and at room temperature (24 °C) 718! Tt was found that the adsorption capacity
of H2 were greatly affected by the type of feedstock, the mechanical activation time,
the adsorption pressure and the adsorption temperature. The adsorption capacity of H
on the CNTs from rusty peat moss, katerina SV corn, priozernyi-4 cotton and thorny
bamboo at 0.5 MPa and 24 C were 4.7wt%, 4.6wt%, 4.1wt% and 3.9wt%,
respectively '7°. At the same time, three-dimensional highly porous graphene derived
from bagasse powder through the combination of catalytic graphitization and chemical
activation were employed as adsorbents for CHs adsorption 7. It was found that the
bagasse powder-based porous graphene with a specific surface area of 2720 m*/gand a
total pore volume of 1.45 cm?/g showed a CH4 adsorption capacity up to 193 mg/g at
298 K and 35 bar which was superior to most of the reports using conventional CNMs.
According to a linear fitting, CH4 adsorption capacity exhibited a well linear relation
with the total volume, suggesting that hierarchical pore structure and narrow pore size
distribution of the bagasse powder-based porous graphene played important roles in the
adsorption process. On the other hand, CNMs were extensively applied as catalyst
supports in catalysis for the preparation of chemicals %% 83, It was reported by Zuo et
al. that Pd-involved pemole peel-based nitrogen-doping porous graphene had favorable
conversion efficiency for nitrobenzene hydrogenation toward aniline '®%. The Pd-
involved porous graphene fabricated from a mixture of pomelo peel and melamine (1:1)
at 800 C (PP-1:1-800-Pd) displayed a 100% convention of nitrobenzene at 50 ‘C for
1 h and high catalytic stability after 10 cycles , which was believed to be related to its
high specific surface area (563 m?/g) and N-content. In detail, high specific surface area
of PP-1:1-800-Pd led to the uniform distribution of Pd particles (less than 2 nm). Also,
the dispersion of Pd particles was improved and the aggregation was reduced as a result
of the high specific surface area. Nitrogen element of the PP-1:1-800-Pd mainly
occurred as graphitic N and pyrrolic N which were in favor of improving the electronic
properties of Pb, thus promoting the conversion of PP-1:1-800-Pd. Liu et al. found that
fir sawdust-based Ni-NiFe2O4/CNF composite had not only high catalytic conversion
activity (100%) and stability after 7 cycles for the nitrobenzene hydrogenation but high
selectivity °°. No detectable azoxybenzene or azobenzene by-products were determined.
These compounds were often observed in other hydrogenation reaction '*°. The Ni-
NiFe204/CNF composite also possessed a favorable separability by an external
magnetic field after reaction due to the existence of NiFe2O4 which endowed a
saturation magnetization of 26 emu/g at 5000 Oe toward the catalyst composite. The
above authors considered that high specific surface area of the fir sawdust-derived
CNFs was favorable for the dispersion of the Ni nanoparticles, leading to the presence
of a large amount of active catalytic sites. High degree of graphitization of the as-
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fabricated CNFs also played an active role in the nitrobenzene hydrogenation due to it
was beneficial to electron transport. A proposed potential mechanism for the highly
efficient nitrobenzene hydrogenation reaction with the Ni-NiFe2O4/CNF composite is
described in Fig. 13.

.\““"""‘wi"m 't A
@ & A A Jct:‘alll Jl_w‘*;\"'

Fig. 13 The proposed possible catalytic mechanism of the Ni-NiFe204/CNFs for the hydrogenation of
nitrobenzene reported by Liu et al. *°. Reproduced from >° with permission from the Royal Society of

Chemistry

In addition, CNMs were widely developed as additives to incorporate into polymer,
concrete and mortar to prepare enhanced composite materials because of their unique
structure and outstanding thermal and mechanical properties ** '*!. Gaddam et al.
found that the thermal and mechanical properties of polyurethane composites were
significantly improved after the addition of Desmostachya bipinnata grass-derived
CNMs (0.1-1%), resulting from the formation of amide linkages between the carboxyl
groups of the grass-based CNMs and diisocyanate '*°. Rhee et al. reported that rice
husk-derived graphene possessed an extremely high specific surface area of 2274 m%/g
which was responsible for the improvement of the cementitious mortar compressive
strength as they were incorporated '#% 14,

7 Challenges and way forward

Biomass has been identified as an alternative, abundant, low cost and renewable carbon

source for CNMs preparation, mainly depending on two routes presented in Scheme. 1.

One of them is to first convert biomass into amorphous carbons through pyrolysis or

combustion and then the amorphous carbons were further converted into CNMs by

means of catalytic graphitization, mechanical activation or chemical activation,

subjecting to a solid-solid-solid process (Route 1). It is reported that the resulting
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CNMs and their individual characteristics varied from the types of biomass, indicating
that biomass and the corresponding amorphous carbons played important roles in the
formation of CNMs. Therefore, selecting a suitable biomass and regulating the
characteristics of corresponding amorphous carbons to produce more favorable
amorphous carbon precursors for the formation of CNMs is the key point. On the other
hand, CNMs could be obtained from biomass through a solid-vapor-solid process, in
which hydrocarbons and their derivatives (such as CH4, C2H4, C2H2, naphthalene and
benzene) were the precursors of CNMs produced from biomass via pyrolysis (Route 2).
It is well-known that the volatiles in gaseous and liquid phase products were composed
of water, non-condensable gas, water soluble and insoluble tars. Regulating the
generation of effective components (hydrocarbons and their derivatives) and reducing
the effects of unrelated components such as O-containing components have a
significant effect on the growth of CNMs. This may be achieved by controlling catalyst
and the component of biomass.

Route 1

Amorphous carbon
(Solid)

Biomass CNMs
(Solid) \ / (Solid)
Hydrocarbons
(Vapour)
Route 2

Scheme. 1 The route of biomass towards CNMs

Though biomass can provide minerals as catalysts for CNMs fabrication, it is noted that
the concentration of active catalytic components in biomass is very low, and these
active sites are usually accompanied with other components or imprisoned in an organic
matrix, reducing the availability of active components for CNMs production. It is hence
necessary to make sense of the elemental composition as well as the state of individual
element in biomass before its utilization.

The thermal conversion of biomass would result in the occurrence of pore structure
with varied size distribution. The distribution of BC pores is closely related to the kind
of biomass feedstock and the preparation conditions (e.g., temperature, activation
treatment). As used as a substrate to support catalyst, mesopores play a key role in
liquid-phase adsorption, which are favorable for the impregnation and dispersion of
catalyst. Therefore, it seems that the conversion of biomass into carbon-rich material
with homogeneous and uniform mesopore distribution is a crucial strategy to enhance
the application value of biomass as a catalyst support. In addition to hierarchical pore
structure, biomass derived carbon material possesses surface functional groups in rich
variety and huge quality. Some of these functional groups, especially for O-containing
functional groups, have a great impact on the uptake, dispersion and immobilization of
catalyst. Further study hence is to focus on the preparation of biomass derived carbon
materials with a large amount of desirable surface functional groups or taking the
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advantage of the surface functional groups of biomass-based carbon material to fulfill
the quantitative immobilization and the dispersion of catalyst.

It is well-established that conventional CNMs would present more favorable
application after functionalization due to the functionalization process endowed or
improved their properties in some special aspects, such as introducing heteroatom
surface functional groups and metal/metal oxide active sites, enhancing specific surface
area and making structure defects ' 187 As fore-mentioned in this review, biomass
based CNMs possessed a large amount of structure defects, abundant O/N/S-containing
surface functional groups, high surface area and developed porosity 3> 7> 8%, From this
point of view, biomass-based CNMs can be considered as functionalized-conventional
CNMs. At the same time, due to the low cost, renewable and abundant raw material
involved, biomass based-CNMs have been drawing increasing attention. It is worth
noting that there are still a great deal of challenge in preparation biomass based-CNMs
with tunable physicochemical properties because of the complex structure and
composition of biomass precursor. On the other hand, it is also necessary to explore
more application fields applicable to biomass based-CNMs.
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