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Carbon nanofibers (CNFs) have wide applications in various high-tech areas. The demand for CNFs can

exponentially increase due to the rapid development of advanced functional materials. Accordingly,

a transformational progress is being made in synthesizing CNFs, especially functionalized CNFs. A

dominant CNF synthesis pathway is catalytic chemical vapor deposition (CCVD). Therefore, the goal of

this work is to review the most recent progress in CCVD synthesis of functional CNFs and to understand

how the process conditions and catalysts, especially metal catalysts, affect the physical and chemical

properties of the produced CNFs.

1. Introduction

Carbon nanobers (CNFs) are ultra-ne bers with diameters

below 800 nm that cannot be obtained using conventional

approaches.1 In recent years, the production capacity for all

carbon nanoproducts has increased dramatically, from 390 tons

in 2008, �500 tons in 2009, and �710 tons in 2010, to over 9300

tons in 2015, representing a growth rate of 67% annually.2

Among these carbon nanomaterials, CNFs attracted great

attention and research interest due to their promising perfor-

mance and novel applications in electronic components and

energy storage, and as polymer additives and catalyst support

materials.3–13

Geometrically, the morphology of CNFs is controlled by the

nature of the catalysts used in synthesis and the interaction

between the catalyst particles and carbon precursors.3,14–16 In

earlier studies, the differences between nanotubes and nano-

bers were not strictly distinguished and both can be synthe-

sized by using the vapor deposition method.17,18 However,

compared to nanotubes, nanobers present a more delicate

structure with more complexity in their spatial structure. As

reported by Lakshmi et al.,18 by increasing the deposition time,

solid CNFs can be formed aer the formation of carbon nano-

tubes (CNTs), while Hofmann et al.19 reported that CNFs were

typically synthesized at a relatively higher temperature

compared to CNTs. Furthermore, from the perspective of the

nanober/nanotube growth mechanism, Oberlin et al.20

claimed that carbon diffuses over the surface of the metal

catalyst and forms a tubular structure from the circumference

of the catalyst, and Rodriguez et al.21 proposed that angled

graphene layers are precipitated from a faceted catalyst particle

to form a nanober. Since CNTs are not the key topic of this

review, more attention will be focused on CNFs associated with

their growth mechanism.

Unlike multi-walled CNTs that consist of seamless cylin-

drical graphene layers,22,23 CNFs consist of multiple layers of

graphene with various stacking manners. As is known, gra-

phene has excellent electronic, thermal, and mechanical

properties that can signicantly enhance the performance of

the carbon materials. Nowadays, graphene can be synthesized

using the chemical vapor deposition approach,24 emulsion

polymerization method25–27 cationic surfactant-assisted

chemical oxidative polymerization route,28 facile ultrasonic

approach,29 in situ self-organization process30 and casting from

the colloidal dispersion method.31 Moreover, attempts were

made to improve the characteristics and properties of gra-

phene. As reported by Son et al.,32 the compatibility of ther-

mally reduced graphene was enhanced with increasing

content of the PBT segment in the polyester. As shown in Fig. 1

Snoeck et al.33 reported that for units vapor-grown at high

temperatures, catalyst particles can affect the diffusion path

length and thus change the nucleation and excretion rates of

carbon layers between the interfaces of solid–gas and solid–

liquid. At the same time, the formation of carbon layers,

controlled by the adsorption and decomposition of carbon

sources, is dominated by the interaction between catalyst

particles and carbon precursors. Therefore, the diversity of the

structure of CNFs provides the potential for obtaining the

desired characteristics and properties of CNFs by modifying

the parameters of synthesis. Therefore, the catalyst structure

and reaction conditions tend to play a key role in designing

CNF properties.
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Generally, CNFs are obtained from two major carbon

resources: fossil hydrocarbons35 and biomass.36,37 The former

has been investigated for a long time, while the latter is a more

recent development still characterized by relatively low effi-

ciency and high costs38–43 Nonetheless, according to a recent

research report,44 the potential for using biomass feedstock in

synthesizing CNFs is seriously underestimated. The major

problem le in this area is that there is still no satisfactory

synthesis route for producing high performance CNFs on

a large scale and with a high yield.

Thus far, various technologies have been exploited for

producing desired CNFs worldwide.45–48 Arc discharge,49 laser

ablation,50 electrospinning,51,52 and catalytic chemical vapor

deposition53 (CCVD) are the major examples of synthesis

approaches to making CNFs. Moreover, other methods were

developed in order to improve the synthesis efficiency. Reddy

et al.54 reported a simple one-step synthesis route for coating

multi-walled CNTs on the basis of Fehling's reaction. As dis-

cussed in the book edited by Ebbesen,55 arc discharge and laser

ablation cause the elimination of xed carbons from the bers,

which results in their poor purity. By contrast, the CNFs fabri-

cated from electrospinning and CCVD methods are of higher

quality,56,57 but the ability of upscaling of CNFs produced from

electrospinning is relatively weaker compared to those

produced from CCVD,58 and the clogging of the Taylor cone59

and the low numbers of the Taylor cones60 are the main prob-

lems that limit the yield of CNFs. In addition, the electro-

spinning parameters in electrospinning that control the

properties of CNFs differ considerably from those of conven-

tional chemical operations, including the electric charges of the

jet, the stability of the jet path, themorphology of the jet and the

angle of placing the Taylor cone, which increases the complexity

of spinning thus restricting the capacity for the large-scale

production of CNFs.61–64 On the other hand, the yield of CNFs

using the CCVD method is higher and the operation of CCVD is

easier than that of the electrospinning method.65 The existence

of metallic catalyst particles contributed to the growth of bers

steadily and increased the CCVD selectivity process thus leading

to a high possibility of producing CNFs on a large scale with

relatively higher quality as reported by Liu et al.66 Therefore,

from the application point of view, this review will focus on the

catalytic vapor growth of nanobers.

2. Catalytic chemical vapor growth of
carbon nanofibers
2.1 Chemical vapor deposition

The history of chemical vapor deposition (CVD) can be traced

back to as early as the 19th century.67 Initially, this method was

intended to create diamond.68–70 The rst patent was issued in

1962 to Eversole71 for synthesizing diamond using the CVD

method. Unlike natural diamond formation, synthetic pure

diamond was obtained by atomic hydrogen reacting with highly

reactive hydrocarbon species.72

As for carbon nanobers, the rst patent was granted in 1889

for the synthesis of carbon nanobers in carbon containing

gases using metal catalysts,73 which is an early version of vapor

grown CNFs. Nowadays, CVD has evolved into the most popular

method for synthesizing CNFs.74,75 One of the advantages of

CVD is a higher purity of carbon products compared to other

methods.76,77 Fig. 2 shows a conceptual drawing of a CVD

process, where mixed-gas sources (e.g. CH4 and H2) are

Fig. 1 Structures of (a) a multi-walled CNT; (b) a graphene platelet; (c) a graphene fishbone; (d) a graphene ribbon and (e) a stacked-cup CNF23,34

[reproduced with permission from ELSEVIER. Copyright ELSEVIER 2006].

Fig. 2 Conceptual drawing of a CVD process using methane and

hydrogen as gas sources.80
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introduced into a vacuum chamber depositing a thin lm of

carbon materials on the substrate. Typically, a thin slice of

a semiconductor (usually silicon crystal78,79) substrate is

exposed to gas or liquid precursors, which react with catalysts

on the surface of the substrate to produce the desired

deposition.

Generally, a CVD process can be initiated or promoted by

heat81–83 (thermal CVD) and high frequency radiation (photo-

CVD or plasma-CVD).84–87 Catalyst-assisted CVD is another

specic type of CVD that utilizes metallic catalyst particles to

react with carbon precursors. Fig. 3 is a schematic illustration of

a CVD process for growing carbon materials, including carbon

precursor (usually hydrocarbon) decomposition and carbon

atom rearrangement into carbon species with the aid of metallic

catalyst particles. In this process, the carbon precursor is

pumped through a quartz tube that is located upstream of

a horizontal tube furnace,88 and a substrate is located at the

middle of the furnace in order to collect the nanobers. The

reaction between the carbon feedstock and catalyst particles

occurs on the surface of the substrate in an environment of Ar

and H2.

2.2 Carbon precursors

As discussed in the previous section, the decomposition of

carbon precursors and the diffusion of carbon atoms through

metal-catalyst particles are key processes in CCVD. Originally,

conventional fossil-based hydrocarbons, such as petroleum

coke, coal pitch and charcoal,89–93 were the most commonly

used raw materials, and the world beneted from these raw

materials because of their relatively high yield, low cost, and

abundant availability in nature. However, with decreasing

supply of fossil fuels and increasing need for energy, renewable

and natural substitutes are in short supply. As these substitutes

are inexpensive, renewable, and abundant, great attention has

been paid to this virgin territory, including the use of biomass

as the carbon precursor in the synthesis of CNFs and other

carbon materials. For example, lignocellulose, including lignin,

bacterial cellulose, and resin, has been successfully converted

into carbon precursors.94–98 As reported by Hiremath et al.99

a multi-step process for converting cellulose into carbon bers

was developed.

Generally, the selection of hydrocarbon sources in metal-free

processes has a relatively minor effect on the growth of CNTs/

CNFs.100 However, in the CCVD processes, the carbon source

can be the vital factor that may affect the structure of the CNFs/

CNTs. As reported by Muradov et al.,101 thermal decomposition

of methane as the precursor leads to amorphous carbon rather

than CNFs or CNTs at 800–900 �C. Zeng et al.100 reported that

bamboo-like CNTs were obtained through ethylene decompo-

sition and turbostratic CNFs were produced with the use of

acetylene as the precursor. Titirici et al.102 pointed out that

biomass hydrothermally transformed into carbonaceous struc-

tures is chemically and spectroscopically similar to peat or

lignite, depending on the time and temperature. The additional

components existing in the plant material can contribute to the

formation of nanostructures. As reported by Hu et al.,103 CNFs/

CNTs synthesized from biomass at high temperature displayed

a higher carbon content compared to CNFs/CNTs obtained at

low temperature. Moreover, metal ions can speed up the reac-

tion and produce hierarchical structures of CNFs and CNTs.

Cagnon et al.104 reported that the composition of biomass in

lignocellulose has a strong relationship with the nanostructure

of generated products. Kadla et al.105 indicated that increasing

the carbon content in the precursor would increase the lengths

of bers generated. The ratios of carbon to hydrogen for

hemicellulose, cellulose, and lignin are 6.4, 6.5 and 10.3,

respectively. Fig. 4 shows the weight fractions of the biomass

composition in lignocellulose. From the data provided in Fig. 4

and the ratio of carbon to hydrogen obtained from the experi-

ment conducted, it is clear that lignin and cellulose contributed

the most to the formation of CNFs. Lately, Koziol et al.106

proposed a method to chemically modify lignin in order to

improve its ber spinning performance using polyethylene

oxide, and the results indicated that the spinning temperature

for a single ber could be reduced by up to 45 �C. Other studies

included carbonization,107,108 char activation109,110 (char is

generated from the conversion of biomass), and precursor

preparation.111,112 These studies demonstrate that no matter

which kind of raw material is selected, it will eventually convert

into a gaseous carbon-containing precursor for CCVD, despite

some differences in dealing with different kinds of raw mate-

rials. These studies also tell us that it is the catalytic reactions

during the ber growth that determine the properties of the

bers produced, rather than the precursor preparation

methods.

Next, we shall discuss the factors that affect the formation of

CNFs, mechanisms of catalysts reacting with carbon precursors,

and characteristics of catalysts applied.

3. Catalysts used in catalytic chemical
vapor deposition of carbon nanofibers
3.1 Mechanisms of catalytic chemical vapor deposition

Metal catalyst particles play a signicant role in catalyzing the

growth of CNFs. Transition metals such as iron, cobalt and

nickel are the most commonly used catalysts in synthesizing

CNFs, though vanadium, molybdenum, chromium and ruthe-

nium have also been studied.33,123–127 There is some controversy

about the mechanisms of the catalytic growth of CNFs. Initial

studies128 indicated that the formation of CNFs starts from the

detachment of catalyst particles, aer which carbon precursors

Fig. 3 Schematic of a typical thermal CCVD process.

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 13863–13881 | 13865
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decompose and distribute on the surface of the detached cata-

lyst particles where the growth occurs. By contrast, Kock et al.129

claimed that in the progress of CCVD, unstable carbide is

formed that causes the reconstruction of the catalyst particles,

and then the carbide decomposes into very few nanobers and

metal particles. However, Alstrup et al.130 reported that no major

reconstruction could be observed in an experiment using Ni–Cu

alloy catalysts for synthesizing CNFs, which suggests that bulk

carbide formation is not likely. The efforts to determine the

formation mechanism of CNFs lasted for years,131–133 and are

likely to continue.

The chemical states of the metal catalyst particles and their

movement paths have also been studied extensively. Yu et al.88

reported that the chemical states of nickel catalysts inuence

the growth of CNFs. The chemical states of catalysts may greatly

affect the structure and characteristics of the products too.134,135

Typically, the chemical states of nickel catalysts includemetallic

nickel (Ni), nickel sub-carbide (Ni3C1�X), nickel carbide (Ni3C),

NiO, Ni(OH)2 and NiOOH.136 Bowen's group investigated Ni,

Ni3C1�X and Ni3C during CNF growth, including Ni3C at 300 �C,

composite Ni–Ni3C1�X between 400 and 500 �C and metallic Ni

at 600 �C. The results show that with increasing temperature,

the Ni catalyst changes its chemical state from a single element

to a metal containing carbide. Subsequently, the metal con-

taining carbide eventually controls the structure of the

produced CNFs.

In order to calculate a metal's capability of forming and

breaking bonds at its surface, the thermodynamics of the

carbonization equation137 is used:

Mz þ CxHy/MzCx þ
1

2
yH2 (1)

where M denotes a metal, CxHy a carbon source and MzCx the

corresponding metal carbide. The Gibbs free energy of the

reaction can be written as

DG ¼ DH � TrDS (2)

DH ¼ DfH
�

M2Cx
� DfH

�

CxHy
(3)

where DH is the enthalpy, Tr is the temperature, DS is the

entropy, DfH
�

M2Cx
is the standard enthalpy of formation of the

metal carbide, and DfH
�

CxHy
is the standard enthalpy of forma-

tion of the carbon source. Generally, the complex metal types

containing carbides can vary widely along with the operating

conditions. The mechanisms of carbon atoms reacting with the

metal particles and the carbide decomposition are poorly

understood. Blank et al.138 reported that Fe-carbides that

contain a high amount of carbon were observed below 1000 �C

in the growth of bers using TEM. Hagg carbides (x-Fe5C2) and

cementite (q-Fe3C) have been obtained. Only x-Fe5C2 was

observed to decay into cementite and y-Fe, while the other Fe-

carbides (q-Fe3C) were not affected at all.

Fe5C2 / Fe3C + g-Fe (4)

The movement of catalyst particles starts from the sharp

edges of the metal, and then the particles begin to split into two

parts (Fe-carbides). With the increase of irradiation, the two

fragments of catalyst particles start to move along the ber in

the opposite direction. At the end of this motion, the particles

stop changing their ber shape, volume, and location. These

processes are shown in Fig. 5.

The catalyst efficiency is measured by its ability to decom-

pose the hydrocarbon precursors and to contribute to carbon

Fig. 4 Weight fractions of lignocellulose composition biomass113–122 [reproduced with permission from ELSEVIER. Copyright ELSEVIER 2010].
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diffusion. Abild et al.139 performed Density Functional Theory

(DFT) modeling and found that there exists a preference for

carbon precursor decomposition and adsorption at different

sites of the catalyst (nickel (111) and (211)), as shown in Fig. 6.

Compared to structures (a) and (d), structures (b) and (c) have

the lowest adsorption energies, �0.45 eV and 0 eV, respectively,

which means that with increasing adsorption energy, the

nucleation of graphene preferentially occurs at the step edge

sites.

Other particle sites investigated by Hofmann et al.140 showed

that the energy barrier of C diffusion on the Ni (100) site is

around 1.9 eV, which is much higher than those on the Ni (111)

andNi (211) sites. An energy barrier of 0.5 eV for the free Co (111)

surface and a similar barrier for Ni (110) (0.4 eV) was calculated

by DFTmodeling. Saadi et al.141 reported the adsorption energies

of a carbon atom at different metal sites, which are shown in

Table 1. The adsorption energies of catalysts Ni, Ru, Rh and Co

are the lowest at half coverage, which means that the carbon

atoms stick together tighter on the step-edge sites than on the

terrace. Only Ni, Fe and Co managed to form stable graphene

layers showing that there exists an energetic driving force for the

formation of graphene layers,142 which demonstrated that the

carbon atoms tend to decompose and diffuse on the step-edge

sites of the metal particles. Moreover, the Co catalyst displayed

even lowered carbon adsorption energy upon incorporation of

carbon into a nite-graphene layer adsorbed at the step edge,

which matches the adsorption energy for Ni indicating that the

step edges on both metal surfaces may act as the preferential

nucleation sites for graphene. Since the graphene layers formed

by strained Ni, Ru and Rh are not stable because the formation

of a nucleus of this nite size is energetically unfavorable, the

growth of graphene is hindered on these surfaces. The instability

indicates that 3d group metals such as Co and Ni are more

favorable for the formation of graphene layers. It should be

noted that the graphene layers formed by Fe are not stable

throughout this process. Even though Fe is one of the 3d group

metals, in contrast to hcp and fcc metals, Fe displays close-

packed surface sites. Based on DFT calculations, C is more

stable at the 5-fold coordinated step site on the Fe (310) surface

than at the 4-fold coordinated step sites on the Fe(321) surface.

In the middle of the process of formation of graphene layers,

a carbide was formed temporarily, and then the metal-

containing carbide decomposed and let the carbon atoms

diffuse onto different sites of the metal particles. Thus, the Fe

step site cannot be considered as an ideal nucleating center for

the formation of graphene.

Fig. 5 (a) CNF containing catalyst particles in the middle; (b) catalyst

particles split into two Fe-carbides (Fe5C2 and Fe3C); (c) the two Fe-

carbides move along the opposite direction of the nanofibers; (d)

Fe5C2 splits into Fe3C and g-Fe.

Fig. 6 (a) Ni (111) hcp site withqC ¼
1

4
ML and Eads¼ 0.55 eV; (b) Ni (211) step-edge site with q

st
C ¼

1

2
and Eads¼�0.45 eV; (c) Ni (211) step-edge site

with q
st
C ¼ 1 and Eads¼ 0; (d) interface hcp site on Ni (111) with qC ¼

1

4
ML and Eads¼ 0.92 eV.139 *The coverage q

st
C is theN/Ntot ratio, whereN is the

number of carbon atoms adsorbed and Ntot is the total number of step-edge atoms. qC is the surface coverage in the monolayer [reproduced

with permission from American Physical Society. Copyright American Physical Society 2006].

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 13863–13881 | 13867
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Esconjauregui et al.143 calculated the Gibbs free energy for

the reaction of nickel with different carbon sources and the

Gibbs free energy of a single carbon source with different metal

catalysts and the results are presented in Fig. 7. The nickel

catalyst had the highest change of the Gibbs energy. This is

because the ability of a transition metal to react with carbon

increases with its number of electron vacancies in the d orbital,

and frictional force can increase the number of d vacancies.144

Typically, the frictional force is the source of heat that increases

the temperature. Ni is expected to form at a wide range of

temperatures in the reaction with carbon sources.137 At the same

time, since the carbides formed with Fe are unstable, at the end

of the reaction, these carbides will decompose and form

nanomaterials.

Meanwhile, one of the challenges facing the formation of

CNFs is the unsteady-state nature of diffusion and formation

processes.145 Since the diffusion of carbon molecules and

formation of CNFs are rate-determining processes, when the

diffusion rate is lower than the formation rate, the catalyst is not

fully utilized. Conversely, the excess carbon molecules clogging

the surface of metal particles prevent the other carbon mole-

cules from reacting with the catalyst, which lowers the yield of

CNFs. Another challenge is that the graphite nucleation is

inhibited by the extremely small size of catalyst particles.146 For

example, Park et al.147 claimed that the diameter of nickel

particles could be as small as 1.5 nm. Such small particle sizes

of catalysts can destroy the basic unit during the graphite

nucleation process. To determine the efficiency of catalysts

utilized in synthesizing CNFs, multiple factors should be taken

into consideration. How to relate the catalyst properties to the

properties of the produced CNFs has been a subject of extensive

research.139,148,149

3.2 Factors affecting the performance of catalysts

3.2.1 Composition effect

3.2.1.1 Limitations of single-metal catalysts. Both single-

metal catalysts and multi-metal catalysts have been used in

the CCVD of CNFs. Catalyst particles can greatly improve the

efficiency of carbon yields, and thus increase the yield of the

produced nanobers.150,151 Ermakova et al.152 reported that the

yield of carbon reached as high as 384 g per 1 g of nickel cata-

lyst. They also found that the carbon yield increased with

increasing concentration of Ni in the catalyst, while the carbon

precursor decomposition reached a maximum of 96%. Lately,

Takenaka et al.145 demonstrated that Ni was the most effective

catalyst among other metal catalysts (Mg, Al, Si, Ti, and Zr) and

the CNF yield was 491 g per 1 g of Ni. Table 2 lists the structures

of carbon species produced by different catalysts. Martin-

Gullon et al.153 reported iron-derived CNFs obtained at 1350 K,

which is slightly higher than the spreading temperature in

Table 2. Soot-like nanoballs and non-uniformity of the amor-

phous carbon were observed on the surface of the bers. This

observation was attributed to the fact that metal particles

Table 1 Adsorption energies of a carbon atom at different metal sites141a

Surface Ni (eV) Ru (eV) Rh (eV) Nistrained(9%) (eV) Fe (eV) Co (eV)

Terrace 1.25 0.80 0.64 1.00 0.40 1.20

q
st
C ¼ 1/2 0.25 0.10 0.28 0.26 (310) �0.23 0.42

(321) 0.50

q
st
C ¼ 1 0.70 0.38 0.28 0.28 (310) �0.02 0.71

(321) 0.95

Graphene 0.15 Unstable Unstable Unstable 0.41 0.33

a The coverage q
st
C is the N/Ntot ratio, where N is the number of carbon atoms adsorbed and Ntot is the total number of step-edge atoms.

Fig. 7 Calculated changes in the Gibbs free energy for the reaction of Ni with (a) C2H2, (b) C2H4, (c) CH4, and (d) CO; for comparison, the

calculated changes in the Gibbs free energy for the reaction of C2H2 with (e) Ni, (f) Co, (g) Fe, (h) W, and (i) Mo are also provided143 [reproduced

with permission from ELSEVIER. Copyright ELSEVIER 2009].
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seeded over already formed bers. These irregular metallic

particles and amorphous carbon cause the growth of new bers

with smaller sizes and encapsulate the existing CNFs. This

process can repeat several times in the reaction and lead to the

amorphous nature of carbon species or graphene layers.

Moreover, Rodriguez et al.154 reported that Cu–Ni presented

a high activity toward the synthesis of CNFs at around 750 �C,

while with the increase of temperature, the activity decreased

signicantly and when the temperature was lowered to 750 �C,

the alloy catalyst reacquired its activity. It should be noted that

by mixing Ni and iron, the spreading temperature dropped

sharply, and the quality of the produced carbon species

changed from an irregular morphology to highly graphitic,

which means that the structure and properties can be improved

by adjusting the ratio of the alloy constituent. Among these

metal catalysts, pure cobalt forms highly graphitic CNFs at the

lowest spreading temperature. Meanwhile, iron, nickel, and

other catalysts show weaker interactions with graphite, and

thus produce CNFs that contain a large fraction of amorphous

carbon. Besides, whenmixed with nickel, copper or iron catalyst

particles, highly ordered CNFs tend to be generated. Therefore,

the spreading temperature can not only indicate the chemical

state change of the metallic catalyst, but can also predict the

highest activity of the catalyst in the reaction. As such, it is

possible to lower the operation temperature and thus lower the

energy consumption and improve the degree of carbon

nanostructure.

Initially, single metal catalysts were applied in the CCVD

synthesis of CNFs. Singh et al.161 reported a novel method to

synthesize herringbone-stacked CNFs using cobaltocene as

a catalyst precursor below 110 �C. According to their initial

tests, they concluded that using cobaltocene as the catalyst

precursor at 140 �C gives the best performance and herringbone

CNFs can be obtained with diameters of about 15 nm. They

believed that the feedstock rst reached the metal surface

forming atomic carbon species, then dissolved into catalyst

particles, and eventually precipitated forming graphite layers

whose arrangement mainly depends on the location of catalyst

particles.

However, single metal catalysts have their limitations. With

relatively poor controllability in ber growth, the length, diameter,

and shape of carbon products cannot be manually controlled.

This challenge not only affects the growth of carbon bers, but

also remains in the early stage of carbon nanotube synthesis. Ding

et al.162 did DFT calculation of the adhesion between single-walled

CNTs (SWCNTs) and catalyst particles, and concluded that

Table 2 Correlation between the wetting properties of metal catalyst particles on graphite and crystallinity of CNFs produced137,153,155–160

Metal catalyst Spreading temperaturea (�C) Type of carbon species Diameter (nm)

Iron 1000 Amorphous �25

Nickel 975 Amorphous �25–140

Cobalt 400 Highly graphitic 30–200

Platinum 755 Partially graphitic �80
Copper–nickel (3 : 7) 675 Moderately graphitic �100–200

Nickel–iron (1 : 1) 530 Highly graphitic �20

Ruthenium 535 Highly graphitic �7

Iridium 965 Amorphous �40
Platinum–iridium (1 : 1) 850 Amorphous —

a Spreading temperature is dened as the point where metal particles undergo transition from wetting to spreading.

Fig. 8 Schematic illustration of the dissociation of a SWCNT from a metal catalyst particle162 [reproduced with permission from American

Chemical Society. Copyright American Chemical Society 2008].
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nanotube growth needs strong adhesion, for example, as shown

in Fig. 8. In order to maintain the constant and stable growth of

CNTs in this reaction, the free energy (DE) must be positive.

Otherwise, a cap can be formed spontaneously and stop the

growth of CNTs. At the end of the reaction, the metal with a high

binding strength will prevent the spontaneous cap formation (DE

< 0), whereas the metal with a low binding strength will fail to

prevent the cap formation (DE < 0).

This example clearly shows that some metals can improve

the efficiency of CNF formation, but may fail to dissociate from

the formed CNFs at the end of the reaction. To overcome this

problem, multi-metal catalyst systems were explored toward

increasing the binding strength between alloy particles and

carbon atoms, and thus promoting the controllability of the

produced CNFs.

3.2.1.2 Advantages of multi-metal catalysts. In order to

manually control the properties of the produced CNFs, and to

improve their yields, bi-metal and multi-metal catalysts have

been investigated to synthesize carbon nanomaterials.163–168

Iron-group elements (Fe, Co and Ni) and their corresponding

alloys are the most common examples. However, extending the

range of metals and their combinations is another approach to

develop enhanced catalysts.

Carneiro et al.169 reported a low-temperature (500–650 �C) CNF

synthesis method using Fe–Cu catalysts. Their optimal reactant

gas ratios are given in Table 3. They demonstrated that when the

ratio of CO/C2H4/H2 was 1 : 3 : 1, maximum solid carbon yields

were obtained. At 600 �C, the ber grew as a “platelet” struc-

ture.170,171 When the ratio of Fe–Cu reached 9 : 1, the structure

changed fromplatelet to tubular, and when the ratio became 7 : 3,

the structure changed to shbone. It is believed that CO activates

the metal particles, which in turn causes the decomposition of

C2H4 by inducing surface reconstruction,172 and the p of CO

becomes the electron acceptor resulting in electronic perturba-

tions that break the C]C bond.169

Bimetallic catalyst systems show the potential to control the

structure of CNFs. This is because the second metal in bime-

tallic catalysts enhances the geometric and electronic effects

Table 3 Solid carbon yield as a function of reactant composition over

Fe–Cu (7 : 3) when reacted for 3 h at 600 �C (ref. 169)

Reactant gas ratio
CO/C2H4/H2

Solid carbon yield
(g of C per g of cat)

Surface area
(m2 g�1) Structure

4 : 0 : 1 16.2 56 Spirals and coils

1 : 0 : 4 3.9 — Spirals and coils
3 : 1 : 1 39.2 77 Platelet

1 : 1 : 3 30.9 109 Herringbone

1 : 3 : 1 78.3 81 —

0 : 1 : 4 25.6 — —

0 : 4 : 1 1.6 23 —

Fig. 9 Interaction between Fe/Cu catalysts and the solid carbon interface.

Fig. 10 Highly magnified HR-SEM images of Fe catalysts on the top of (a) platelet and (b) tubular CNFs174 [reproduced with permission from

ELSEVIER. Copyright ELSEVIER 2004].
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induced by the presence of iron.173 Fe was observed to have

a strong interaction, whereas Cu has a weak interaction with

graphite. Therefore, Fe will tend to segregate towards the solid

carbon interface, as shown in Fig. 9. Besides Fe, non-iron group

metal catalysts were also examined; Takenaka et al.145 reported

that adding palladium into Ni/SiO2 signicantly improved the

degree of precursor decomposition, because the bimetallic

catalyst of Ni and Pd increased the catalytic life during the

reactions.

Another bimetallic catalyst system, Fe–Ni, reported by

Tananka et al.,174 showed that highly crystalline nanobers with

a controlled structure can be prepared. The structure of align-

ment and degree of graphitization of graphene sheets can be

governed by the nature of the catalyst particles.175 In the Fe–Ni

bimetallic system,174 the shape of the catalysts can greatly affect

the structure of CNFs. SEM photographs illustrate that Fe–Ni is

on the top of the CNFs, and in the end the CNF's structure

reects the shape of the catalysts, as shown in Fig. 10. In Fig. 10,

the catalyst particles can be observed on top of highly graphi-

tized CNFs, and the diameter of the catalyst particles is a little

larger than that of the ber. Upon increasing the temperature,

the hexagonal alignment changes from platelet to tubular. In

this bimetallic system, the shape of the catalyst particles can

greatly affect the structure of the CNFs. However, the mecha-

nism of how the shape changes (from platelet to tubular) is still

unknown. Questions such as why the nal shape of these bers

is tubular and how the chemical bonds inside them break and

reconnect during the shape change remain unanswered and

thus call for future research.

Besides these bimetallic catalyst systems, some groups

studied multi-metallic catalysts. For example, Wang et al.176

reported a multi-metallic catalyst system to produce CNFs. In

their report, as shown in Table 4, Ni, Cu, and MgO were re-

ported to maintain their high activity for the decomposition of

methane for a long time. CNFs with a platelet structure were

observed by TEM. Typically, the formation of CNFs with Ni–Cu–

MgO, with CH4 as the carbon precursor, always led to the

“herringbone” structure, while the formation of the “platelet”

structure was generally observed when using CO/H2 as the

precursor with an Fe-containing catalyst. As reported by Baker

et al.,177 the hydrocarbon is rst adsorbed on a metal crystallo-

graphic face that favors C]C bond rupture, and then the

surface carbon species dissolve and diffuse through the bulk

and form the graphene layers. Under the operating conditions

of CO/H2 and an Fe-containing catalyst, these processes tend to

proceed in a symmetrical fashion, thus leading to the formation

of CNFs in a relatively straight structure, while with Ni–Cu–

MgO, as reported by Haiyou's group, metal particles with

specic crystallographic orientations were generated in the

reaction between CO/H2 and the Ni–Cu–MgO system, thus

leading to the formation of graphite sheets that are aligned in

a direction perpendicular to the longitudinal axis of the bers.

Compared with bimetallic catalyst systems, multi-metallic

catalysts are active much longer at high temperatures, and the

yields are much higher than those of bimetallic catalyst

systems. The width of ‘platelet’ CNFs produced by the multi-

metallic catalyst is much smaller than that produced by the

bimetallic catalyst system, and the inside structure of the new

CNFs is much closer to that of conventional ones, which could

also explain the larger surface area of the new CNFs. Moreover,

the van der Waals forces decrease as the width of the structures

decreases, thus leading to the increase of spacing between

adjacent graphite layers.

To conclude, the advantages of multi-metallic catalyst

systems can be summarized as follows: (i) the degree of

precursor decomposition and the yield of carbon materials

produced are greatly improved, (ii) the structure of CNFs can be

affected by the catalysts applied in the reactions; in some cases,

the shape of catalyst particles can lead to the growth of CNFs in

certain shapes, (iii) the stability of multi-metallic catalysts is

improved thus leading to a higher yield of carbon products

generated, and (iv) the morphology of CNFs can be adjusted by

manipulating the catalyst particle size and composition, and

the substrates used to support the catalysts.

3.2.2 Particle size effect. The characteristics of CNFs and

CNTs can be affected by the catalyst particle size as well.178,179 As

discussed previously, if the catalyst particle size is extremely

small, it may affect the nucleation of graphite, and thus produce

amorphous carbon species. Initially, this issue was discovered

in the synthesis of carbon nanotubes using the CCVD method.

Yiming et al.178 studied the growth of single-walled CNTs

(SWCNTs) using various sizes of particles and reported that the

catalyst particle size can play a critical role in its catalytic activity

in the production of CNTs. For example, the smaller particles

(less than 1.8 nm) tended to be more active than larger catalyst

particles (more than 7 nm) in producing SWCNTs, and SWCNTs

could not be produced by the catalyst when its particle size was

around 5 to 6 nm. Another paper180 reported that the optimal

size of catalyst particles is in the range 20 to 80 nm. If the

particle size is below 10 nm, the catalyst particles may become

encapsulated in the carbon shells.

There still exist some controversies about the catalyst

particle size and its effect on the diameters of produced CNTs,

which is attributed to different synthesis conditions. However,

it is certain that if the particle size of a catalyst is below a certain

size, the growth of CNTs will be blocked, and in an optimal

Table 4 Comparison of the physical and structural characteristics of “platelet” carbon nanofibers produced from different catalytic reactions176

Catalyst Feedstock

Space velocity

(mL h�1 g�1)

CNF yield

(g of C per g of catalyst)

Average width

(nm)

D-Spacing

(nm)

Surface area

(m2 g�1)

NixCuyMgzO CH4 72 000 381 38 0.3389 216

Cu–Fe CO/H2 (4 : 1) 240 000 42 110 0.3359 76

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 13863–13881 | 13871
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range of the particle size, the growth of CNTs will be accelerated

with decreasing particle size. This might be because as the

particle size decreases, the ber curvature increases, which

leads to an increase of strain on the basal planes of the graphite

layers181 and, eventually, the formed CNTs.

More recently, it has been found that the particle size and

distribution of a catalyst has an even greater inuence on CNFs

compared to CNTs,131,182 because the stacking patterns of gra-

phene layers in CNFs vary widely. Their spatial structures can be

rolling, twisting, wounding, and stacking, whereas the spatial

structure of CNTs is much simpler – most CNTs are formed by

rolling graphene layers. Thus, this complexity of spatial struc-

tures leads to a more diverse relationship between the catalyst

particle size and the structure of CNFs. Toebes et al.183 working

with CO/H2 as the carbon-containing gas and SiO2-supported Ni

catalysts, obtained uniform and small diameter (25 nm) CNFs,

as shown in Fig. 11(a). For C2H4/H2 as the carbon-containing

gas and unsupported Ni catalysts, they obtained large-

diameter (50–500 nm) CNFs, as shown in Fig. 11(b). From

SEM, no large metal particles could be found. This is because

the growth of bers continued along with the formation of

a fresh metal surface. This process was terminated when no

fresh metal surface was formed.

Marjolein's group also compared the effect of the catalyst

particle size on nucleation and ber formation. With small

nickel particles, the nucleation and ber formation could not be

correlated with the rate of hydrocarbon decomposition, for

which encapsulation happens. In contrast, with large-size

particles, the growth process remains at a high level for

a comparatively long time, suggesting that the ber formation

rate may remain the same as that of the hydrocarbon decom-

position, and the diffusion path of the carbon units is the

shortest.

The morphology of CNFs produced also depends on the

concentration of catalyst particles. Tzeng et al.184 reported, for

a widely distributed catalyst in high concentration, that the

diameter of the produced CNFs was large and their diameter

distribution was wide, as shown in Fig. 12. The CNFs generated

over an activated-carbon-ber (ACF) substrate had diameters

ranging from 20 to 30 nm. With the increased concentration of

catalyst particles, the CNFs had diameters ranging from 50 to

70 nm over the ACF substrate and the CNFs had diameters

ranging from 40 to 50 nm over the ACF*A substrate. In addition,

Ermakova et al.152 indicated that the concentration change of

a certain catalyst in a multi-metallic catalyst system may affect

the carbon yield in the reaction. Ermakova's group measured

the relationship between the concentration of Ni in the Ni/SiO2

catalyst and the carbon yield, and found that the highest carbon

yield was 145 g per gram of catalyst when the Ni catalyst

concentration reached 90% of a designed bimetallic catalyst

Fig. 11 (a) SEM image of CNFs grown using Ni/SiO2 catalysts (b) SEM image of CNFs grown using unsupported Ni catalysts183 [reproduced with

permission from ELSEVIER. Copyright ELSEVIER 2002].

Fig. 12 Diameter distributions of carbon nanofibers grown on acti-

vated carbon fiber fabrics: (a) catalyst concentration 0.1 M, as-grown,

(b) catalyst concentration 1 M, as-grown, (c) catalyst concentration

0.1 M, after acid treatment, and (d) catalyst concentration 1 M, after

acid treatment184 [reproduced with permission from ELSEVIER.

Copyright ELSEVIER 2006].
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system (90%Ni–10% Al2O3). As the concentration of Ni added to

the bimetallic catalyst increased, the carbon yield constantly

increased until the Ni concentration reached about 90% of the

alloy catalyst. When the Ni concentration reached 100% (now

the catalyst becomes a single Ni catalyst), the carbon yield

showed a sharp decrease to less than 10%.

Typically, small-diameter CNFs have high surface areas and

high mesopore volumes. As reported by Toebes et al.183 small-

diameter CNFs can be produced when the particle size of

a catalyst is small. Their group also found that CNFs with larger

diameters are very heterogeneous and form shbone structures

in highly graphitic ordering, or less ordered platelet and some

helical structures.185,186 Thus, we can conclude that the catalyst

particle size and its concentration can affect not only the yield of

carbon products but also the structure of CNFs produced.

3.2.3 Catalyst stability. The catalyst stability is another key

factor.187,188 A good catalyst should extend its lifetime as long as

possible so that it can lower the cost and enhance the carbon

feedstock conversion as much as possible. Previous studies

indicated that various parameters can affect the stability of

catalysts.189,190 Most research was focused on the temperature

effects and the quality score change of catalysts, a major index

that reects the stability and the lifetime of a catalyst, precursor

conversion, and carbon yield. Avdeeva et al.191 studied Co cata-

lysts and observed different impacts on methane conversion,

lifetime of catalysts, and carbon yield. Their results are shown

in Table 5. It is clearly shown that when the quality score of the

Co catalysts increased from 50% to 75%, the highest precursor

conversion rate decreased from 12% to 7%, the longest catalyst

lifetime of the catalysts increased from 9 hours to 15 hours, and

the largest carbon yield increased from 42 to 63 g per g of

catalyst.

Two factors were observed. For different substrates, the

impact of the Co-based catalysts on precursor decomposition

was different. For example, under the same quality score (50

wt% Co), the methane conversion rate of Co–Al2O3 was more

than twice that of Co–MgO. Another factor is that when the

reaction temperature was relatively low, in some cases, the

catalyst was not even activated, which explained the low activity

of 75 wt% Co–MgO in the reaction.

Chai et al.192 reached a different conclusion. In their inves-

tigation, the methane conversion decreased when the quality

score increased. Under the same quality score, the conversion of

methane on aluminium oxides was higher than those on the

other oxides; below 70 wt%, the aluminium oxide-based cata-

lysts showed the longest lifetime. The methane conversion

decreased with increasing temperature. Another detailed study

was conducted by Avdeeva et al.193 for the lifetime of 85% Fe–

5%-Al2O3 in the relatively moderate temperature range from 600

to 675 �C at intervals of 25 �C. Their results indicated that when

the temperature was increased to 625 �C, the catalyst lifetime

reached its peak (16.5 hours) and the carbon yield reached its

peak (16 g per 1 g of catalyst). Meanwhile, when the temperature

was continuously increased, the lifetime of the catalyst and the

carbon yield began to decrease. Eventually, the lifetime of the

catalyst remained almost the same as that at the initial

temperature (600 �C) when temperature reached its peak (675
�C), while the precursor conversion increased with temperature.

In some cases, mixtures of metal catalysts showed a better

stability than a single catalyst. The reason for this could be that,

at the early stage of the reaction, the basic sites are relatively few

at the particle surface. As the reaction continues, a balance

between the generation of carbon and its bulk diffusion

through the particle can be reached. However, when it comes to

bimetallic catalyst systems, the active metal was exposed

rapidly, and the rate of generation of carbon was much slower

than the diffusion rate, which made carbon encapsulate the

particle and deactivate the catalyst.176 Dussault et al.194 reported

that a small amount of Cu (less than 10 wt%) promoted the

activity and the stability of Ni–Mg–Al catalysts in the CCVD

reaction, but the addition of a large amount of Cu signicantly

reduced the activity of the catalyst and thus the CNF yields. This

is mainly because the small amount of Cu contributes to the

diffusion of hydrogen thus inhibiting the formation of encap-

sulating coke.195 Monzon et al.196 pointed out that, from the

perspective of kinetics, the Ni–Mg–Al catalyst system suffered

deactivation by coke formation at low temperatures while that

with a small amount of Cu (less than 20 wt%) could promote the

stability and activity of the Al–Ni based multi-metallic catalyst

system. While the quality score of Cu increased, the carbon

yield showed a sharp decrease, as shown in Fig. 13.

Table 5 Catalytic properties of Co-based catalysts on methane

decomposition (reaction temperature: 500 �C)191

Catalysts

Methane

conversion (%)

Lifetime

(h)

Carbon yield

(gC gCo
�1)

50 wt% Co–MgO 5.5 3 7.3

50 wt% Co–SiO2 7 9 22

50 wt% Co–Al2O3 12 8 42
75 wt% Co–MgO 0 0 0

75 wt% Co–SiO2 7 4 11

75 wt% Co–Al2O3 7 15 63

Fig. 13 Evolution with time of the carbon content for different Ni–Cu

catalysts. Reaction temperature, 700 �C; feed composition, 5% CH4/

95% N2 (ref. 196) [reproduced with permission from ELSEVIER.

Copyright ELSEVIER 2006].
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Bayat et al.197 reported a new synthesis route with simulta-

neous production of COx-free hydrogen and CNFs using Ni-

based alloy catalysts. They innovatively added palladium to

nickel catalysts (Ni–Pd catalyst) that enhanced the carbon

precursor dissociation and increased the catalytic activity. In

the experiment, they found that 50% Ni–15% Pd/Al2O3 catalysts

showed a promising catalyst lifetime, as shown in Fig. 14.

Fig. 14(a) clearly shows that with a little addition of palladium

(5%), the catalyst lifetime increased signicantly. This can be

attributed to the relatively higher ability of palladium to transfer

carbon, compared to a single Ni catalyst.145 Moreover, as re-

ported by Takenaka et al.,198 CNFs grew from several facets in

a Pd-containing catalyst system and formed branched

structures during methane decomposition. Nishiyama et al.195

also evidenced this fact that Pd alloy particles formed CNFs

from several facets, at the initial stage of the reaction, compared

to the single Pd catalyst, which formed CNFs from only one

facet. This multi-faceted growth of CNFs increases the rate of

carbon migration and prevents the coverage of active sites, thus

leading to Pd-containing catalysts displaying a higher activity

and longer life for methane decomposition. When the

percentage of palladium reached 15%, however, the catalyst

lifetime did not show an obvious enhancement. Increasing the

palladium concentration decreased the surface area and thus

limited the carbon diffusion.199

Fig. 14 (a) Stability of the 50% Ni/Al2O3 and 50% Ni–Pd/Al2O3 catalysts with various palladium loadings at 750 �C (b) stability of the 50% Ni–15%

Pd/Al2O3 catalyst at different reaction temperatures197 [reproduced with permission from ELSEVIER. Copyright ELSEVIER 2016].

Fig. 15 (a) Fourier transforms of Co K-edge EXAFS of the Co/SiO2 catalyst before and after methane decomposition at 773 K and of Co foil.

Loading of Co¼ 5 wt% (b) Fourier transforms of Co K-edge EXAFS of the Co/Al2O3 catalyst before and after methane decomposition at 773 K and

of Co foil. Loading of Co ¼ 5 wt% (ref. 205) [reproduced with permission from ELSEVIER. Copyright ELSEVIER 2004].
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As can be seen from Fig. 14(b), temperature also plays an

important role in the catalytic process. Since this process is an

endothermic reaction, higher temperatures can accelerate

carbon diffusion through the bulk, thus leading to a higher rate

of carbon graphene layer formation. Therefore, the methane

conversion is much higher at higher temperatures at an early

stage of the reaction. This is because higher temperatures

generate quasi-liquid and fragmented nickel particles that are

encapsulated within the carbon bers.200 However, as the reac-

tion proceeds, the methane higher-temperature conversion

decreases while lower-temperature conversion increases. This is

because a higher temperature transforms the Pd–Ni catalyst

into its quasi-liquid state, and catalysts in this state tend to be

smaller in size than in their metallic state. A small-size catalyst

can be encapsulated by carbon layers, thus decreasing the rate

of CNF formation and causing lower methane conversion. As

reported by Chen et al.,205 the quasi-liquid state of catalyst

particles can be vulnerable to splitting into small pieces and

thus become encapsulated in the carbon layers. Furthermore,

this process causes the rate of carbon diffusion to be higher

than the rate of ber formation, and carbon starts to accumu-

late on the metal surfaces, thus leading to catalyst deactivation.

3.2.4 Catalyst support effect. Support substrates can phys-

ically and chemically affect the catalyst particle size and its

distribution.202,203 Physically, substrates with different

morphologies, such as power, liquid, or small solid particles,

may hold the catalysts in place and control the size of metal

catalyst particles during the synthesis and reaction. Chemically,

Fig. 16 SEM images of catalytically synthesized carbon nanofibers. The metal–support systems used are (a) Ni on TiO2; (b) Fe on CaO; (c) Cu on

CaO; and (d) Cu on SiO2 (ref. 204) [reproduced with permission from American Chemical Society. Copyright American Chemical Society 2004].

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 13863–13881 | 13875
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the substrates may act as a source that assists metal catalyst

particles gaining negative charge, which could, to a certain

degree, enhance the metal-catalyst activity.204

Takenaka et al.201,204 investigated the catalytic performance of

Co supported on different oxide supports (MgO, Al2O3, SiO2 and

TiO2) for the decomposition of methane at 773 K in synthesizing

CNFs. They concluded that the catalytic performance of Co/

Al2O3 and Co/MgO was superior to those of Co/TiO2 and Co/

SiO2. From the Fourier transforms of Co K-edge EXAFS of Co/

Al2O3 and Co/SiO2, shown in Fig. 15, the group concluded that

the average crystallite size of Co/Al2O3 is smaller than that of Co/

SiO2, and, with smaller particle size, the methane decomposi-

tion is more effective. This is mainly because the deactivation

rate of Co on the SiO2 substrate is much smaller than that on

the Al2O3 substrate.

VanderWal et al.203 compared the CNF growth on Al2O3, CaO,

SiO2, and TiO2 substrates using iron-group catalysts. Assuming

CNTs to be one type of CNFs, they found that Ni over TiO2

displayed the highest ber yield among all substrates, as illus-

trated in Fig. 16(a). Ni over CaO showed the lowest catalytic

activities, while Cu was the most active on CaO and SiO2, as

illustrated in Fig. 16(c) and (d). Fe showed high activity over the

CaO substrate, as illustrated in Fig. 16(b). Even though, in most

cases, the catalyst particle sizes are roughly the same, there are

huge differences in the ber yields and structures of CNFs. de

Los Arcos et al.206 and Kanzow et al.207 reported that, in a diffu-

sion-based model of growth, the surface area between the

catalyst particles and substrates provided a region for the

precipitation of carbon atoms to take place, and the growth rate

would be slower when the contact area was reduced.

Zhao et al.208 studied the interaction between metal catalyst

particles and substrates from the perspective of classical

molecular dynamics. In their study, a catalyst/substrate system

was simulated by xing one layer of metal clusters on a hard

wall (substrate), as shown in Fig. 17. Their results indicated that

the interaction reduced the cluster melting point, thus reducing

the solubility of carbon atoms inside the metal particles. In

favor of the model proposed by Zhao et al., Homma et al.209 also

found that Fe and Co exhibited a melting point drop on the SiO2

substrate during the CCVD reaction. They also found that the

reaction between the metallic particles and the substrate

favored the growth of CNFs or CNTs and, in some cases, the

substrate may have caused catalyst poisoning, in which silicide

formation deactivated the Fe and Co catalysis.

In the following years, Mattevi et al. strengthened this

‘metal–support’ theory.210 In their study, in situ X-ray photo-

electron spectroscopy was used to observe the interaction

between an Fe catalyst and Al2O3, and the Fe catalyst and SiO2.

Their results suggest that the Al2O3 support promotes CNT yield

in the CCVD reaction because the formation of Fe2+ and Fe3+ on

Al2O3 restricts the Fe surface mobility, reduces the range of

catalyst particle size distribution, and thus contributes to the

nucleation of CNTs.

All in all, the supporting substrate can signicantly impact

the catalyst performance.211,212 The characteristics of catalyst

supports can determine the properties of the CNFs or other

carbonmaterials produced by the reaction withmetallic catalyst

particles. The experimental data and theories aimed at

explaining them can be controversial, and thus call for more

research.

Fig. 17 Molecular dynamics simulations of nanotube growth from a precursor gas (light blue spheres) at 1023 K on a Ni48 nanocluster: 11 Ni

atoms are fixed to the hard wall (yellow), 37 are free. After the reaction, the precursor gas is transformed into C atoms (grey spheres)208

[reproduced with permission from IOP Publishing Ltd. Copyright IOP Publishing Ltd 2005].

13876 | J. Mater. Chem. A, 2017, 5, 13863–13881 This journal is © The Royal Society of Chemistry 2017

Journal of Materials Chemistry A Review

P
u
b
li

sh
ed

 o
n
 1

7
 M

ay
 2

0
1
7
. 
D

o
w

n
lo

ad
ed

 b
y
 U

n
iv

er
si

ty
 o

f 
W

y
o
m

in
g
 L

ib
ra

ri
es

 o
n
 4

/1
/2

0
1
9
 5

:4
6
:2

2
 P

M
. 

View Article Online



4. Summary and outlook

The most recent progress made in the catalytic synthesis of

CNFs is reviewed from the perspective of catalyst characteristics

and their interactions with the supporting substrate and carbon

precursors. The characteristics of catalysts, including their

composition, particle sizes, and stabilities, the type of catalyst

support, and the type of carbon precursor all contribute

signicantly to the quality of the produced CNFs. As for the

mechanism of the catalytic growth of CNFs, the decomposition

of the carbon precursor and the diffusion of carbon atoms into

metal particle clusters are considered to be the key processes

determining the growth of CNFs.

However, much more work is needed to produce CNFs

catalytically. For example, the challenge is how to scale up the

lab-demonstrated CNF synthesis. Furthermore, better precur-

sors for synthesizing functionalized CNFs need to be engi-

neered. Also, high-performance and high-stability catalysts are

needed for the synthesis of cost-effective CNFs. Finally, far more

advanced theoretical work, including molecular simulation, is

needed to understand the properties of new CNFs, and how they

are related to the synthesis conditions.
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