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A B S T R A C T

A family of layered double hydroxides (LDHs) with varied Fe contents were employed as

catalyst precursors for the controllable bulk growth of few-layer graphene/single-walled

carbon nanotube (G/SWCNT) hybrids in a fluidized-bed reactor through chemical vapor

deposition of methane at 950 �C. All the G/SWCNT hybrids exhibited the morphology of

SWCNTs interlinked with graphene layers. The purity, thermal stability, graphitization

degree, specific surface area, and total pore volume of the G/SWCNT hybrids decreased

with the increasing Fe contents in the LDH precursors. A high yield of 0.97 gG/SWCNTs/gcat

can be achieved by tuning the Fe content in the FeMgAl LDHs after a 15-min growth. After

the removal of the as-calcined FeMgAl layered double oxide flakes, a high carbon purity of

ca. 98.3% for G/SWCNT hybrids was achieved when the mole ratio of Fe–Al is 0.05:1. The size

and density of Fe nanoparticles decorated in the as-obtained G/SWCNT hybrids depend lar-

gely on Fe content in the FeMgAl LDH precursors. Furthermore, the mass ratio of graphene

materials to SWCNTs in the as-prepared G/SWCNT hybrids can be well controlled in a

range of 0.4–15.1.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The combination of one-dimensional carbon nanotubes

(CNTs) and two-dimensional graphene into three-dimensional

(3D) graphene/CNT (G/CNT) hybrids is considered as one of the

most effective strategies to fabricate advanced carbon nano-

structures. Both the theoretical and experimental studies have

demonstrated that the 3D G/CNT hybrids are with extraordi-

nary mechanical, electrical, and thermal properties due to

their ability to integrate the virtues and enhance the disper-

sion of both graphene and CNTs [1–3]. Consequently, many ef-

forts are devoted on the extensive applications of G/CNT

hybrids, including supercapacitors [4–10], Li-ion batteries
[11–13], Li–S batteries [14], electronic and optical devices

[3,12,15–18], and heterogeneous catalysis [19,20]. The G/CNT

hybrids afford excellent performance for energy storage,

chemical conversion, and information technology. The large

scale production of G/CNT hybrids with well controlled struc-

tures is the prerequisite for any of their bulk application.

Various methods have been explored for the fabrication of

G/CNT hybrids, among which the direct mixing of graphene

materials and CNTs is the most initially explored method

[1]. After that, other post-synthesis routes, including liquid

phase reaction routes [3], hydrothermal process [6], electro-

phoretic deposition [21], layer-by-layer self-assembly [22,23],

and liquid/air interface hybridization [24], are also
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demonstrated to be effective for the fabrication of G/CNT or

graphene oxide (GO)/CNT hybrids. However, these post-syn-

thesis methods are insufficient to construct effective connec-

tion especially for covalent C–C bonding between graphene

layers and CNTs in the hybrids, which significantly limits

their performance during the potential applications. Besides,

it is difficult to scale up the fabrication of G/CNT hybrids by

post-synthesis methods due to the tedious processes. In con-

trast, the direct growth of G/CNT hybrids through chemical

vapor deposition (CVD) is more attractive due to its possibility

to provide the covalent C–C bonding between graphene layers

and CNTs and the easiness to be scaled up. The most direct

and simple idea is to grow CNTs on the surface of GO or re-

duced GO coated by catalyst nanoparticles (NPs) [4,11,13].

However, the as-grown CNTs in such G/CNT hybrids were al-

ways with poor graphitization degree due to the high dissolu-

bility of catalyst NPs in GO or reduced GO [25]. Besides, the

graphene materials in the as-fabricated hybrids was also with

a low quality due to the high defect density in GO and reduced

GO. These facts dramatically hindered the performance of the

as-fabricated G/CNT hybrids during their applications. In or-

der to improve the quality of CNTs, the assistance of Al2O3

and SiO2 barriers were employed to stabilize the catalyst

NPs for CNT growth [5,12]. On the other aspect, in situ growth

of G/CNT hybrids on Fe catalyst layers coated Cu foil was ex-

plored to improve the quality of graphene materials in the hy-

brids [26,27]. It should be noted that the as-grown CNTs in the

previous mentioned publications were always multi-walled

CNTs (MWCNTs), which led to a low specific surface area

(SSA) of the as-fabricated G/CNT hybrids and thus limited

their performance related to the surface/interface of G/CNT

hybrids.

Compared with MWCNTs, single-walled CNTs (SWCNTs)

are with much better intrinsic properties due to their smaller

diameter, larger SSA, and lower defect density [28]. Therefore,

G/SWCNT hybrids are expected to be with much improved

performance compared to G/MWCNT hybrids. Recently, a

mixed catalyst of MgO and Fe/MgO was used to achieve the

one-step synthesis of G/SWCNT hybrids through CVD, in

which MgO served as the template for the growth of graphene

materials and Fe/MgO served as the catalyst for the growth of

SWCNTs [29]. Similarly, a mixture of NiO and Y2O3 was

adopted to achieve the one-step synthesis of G/SWCNT hy-

brids by arc-discharge method, in which the oversaturated

metal carbon liquid alloy catalyzed the growth of SWCNTs

and the evaporation of graphite under H2 atmosphere led to

the formation of graphene materials [7]. These in situ mixing

methods can effectively enhance the dispersion of both

graphene materials and SWCNTs, and the as-fabricated G/

SWCNT hybrids were demonstrated to be with a high SSA

and exhibited excellent performance for supercapacitors.

However, the covalent C–C bonding between graphene layers

and SWCNTs, which is of paramount importance for G/

SWCNT hybrids, is impossible to be achieved by such in situ

mixing methods. The key issue for the in situ growth of G/

SWCNT hybrids lies in the stability of catalyst NPs during

the deposition of graphene materials and SWCNTs. With

the assistance of Al2O3 layer, the Tour group reported the fab-

rication of G/SWCNT hybrids on Fe catalyst layer coated Cu

foil [10]. The covalent C–C bonding between graphene layers
and SWCNTs in the as-fabricated G/SWCNT hybrids was

demonstrated and a high surface area of over 2000 m2/g was

achieved, which led to the excellent performance of such G/

SWCNT hybrids as electrode materials for supercapacitors.

However, the complicated synthesis process hinders the mass

production of this kind of G/SWCNT hybrids. On the other

hand, considering the extraordinary thermal stability of

metal NPs derived from layered double hydroxides (LDHs)

[30–32], we reported the successful in situ growth of G/SWCNT

hybrids through high-temperature CVD using LDHs as the

catalyst precursors [8,14] and suggested the covalent C–C

bonding between graphene layers and SWCNTs [14]. Both

FeMgAl and CoMgAl LDHs were demonstrated to be effective

for the fabrication of such G/SWCNT hybrids, which can serve

as excellent electrode materials for supercapacitors and Li–S

batteries. Furthermore, the LDHs are also considered promis-

ing catalysts for the large scale production of G/SWCNT hy-

brids due to their easiness in scale up.

Up to now, the fluidized-bed catalytic CVD has been dem-

onstrated to be the most efficient way for the mass produc-

tion of carbon nanomaterials [33–36]. Large scale production

of MWCNTs [37,38], SWCNTs [39], aligned CNTs [40,41], and

graphene materials [42] have all been successfully achieved

in a fluidized-bed reactor. In our previous reports, we have

demonstrated the good fluidization behavior of LDHs due to

the formation of aggregates originated from the strong inter-

action between LDH flakes [43]. This renders the large scale

production of high-quality SWCNTs in a fluidized-bed reactor

using LDHs as the catalyst precursors. In this contribution, we

reported the controllable bulk growth of G/SWCNT hybrids

with FeMgAl LDH precursors through high-temperature CVD

in a fluidized-bed reactor. The yield and structure of the as-

produced G/SWCNT hybrids were well controlled by tuning

the Fe content in the LDH precursors.

2. Experimental sections

2.1. Catalyst preparation

A typical urea assisted co-precipitation reaction was

employed to prepare the FeMgAl LDH catalyst precursors.

Fe(NO3)3Æ9H2O, Mg(NO3)2Æ6H2O, Al(NO3)3Æ9H2O, and urea

were dissolved in 250.0 mL of deionized water with

[Fe3+] + [Mg2+] + [Al3+] = 0.15 mol/L, n(Mg):n(Al) = 2:1, [urea] =

3.0 mol/L. The molar ratios of Fe–Al were controlled at 0.05,

0.1, 0.2, 0.4, and 0.8. The solution was kept at 100 �C under

continuous magnetic stirring for 9 h in a flask (equipped with

a reflux condenser) of 500.0 mL under ambient atmosphere.

Subsequently, the suspension was maintained at 94 �C for

14 h without stirring. FeMgAl LDHs can be available after fil-

tering, washing, and freeze-drying of the as-obtained suspen-

sion. The FeMgAl LDH flakes were recorded as LDH-X, where

X is the mole ratio of Fe–Al.

2.2. Preparation of the G/SWCNT hybrids

The apparatus used for the preparation of G/SWCNT hybrids

in this research is similar with that described in our previous

publication [40]. The main body is a fluidized bed reactor

made of quartz with an inner diameter of 20 mm and a height
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of 500 mm. A sintered porous plate is used as the gas distrib-

utor and support for solids at the middle of the reactor. The

gas mixture entered the bottom vessel of the reactor and then

passed through the gas distributor, the fluidized bed units,

and finally flowed out during the reaction. Typically, about

1.0 g FeMgAl LDH flakes was fed into the reactor before the

reaction. Then, the quartz fluidized bed reactor was mounted

in an electrical tube furnace and heated to 950 �C in Ar atmo-

sphere at a flow rate of 500 mL/min. The LDHs were pushed

apart from one another due to the up-flow gas at a sufficient

velocity. Once reaching the reaction temperature, the flow

rate of Ar was turned down to 100 mL/min and CH4 (400 mL/

min) was introduced into the fluidized bed, starting the

growth of G/SWCNT hybrids on the surface of the LDH flakes.

Both the LDH catalysts and the products can be smoothly flu-

idized in the reactor during the whole reaction. After the reac-

tion, the fluidized bed reactor was cooled down to room

temperature under Ar atmosphere. The as-grown black pow-

ders were then collected and characterized.

The as-grown products were treated by HCl (5.0 mol/L)

aqueous solution at 80 �C for 3 h and NaOH (15.0 mol/L) aque-

ous solution at 150 �C for 6 h subsequently to removed the as-

calcined FeMgAl layered double oxide (LDO) flakes. G/SWCNT

hybrids with different Fe contents were available after filter-

ing, washing, and freeze-drying. The as-obtained G/SWCNT

hybrids were recorded as G/S-X, where X is the mole ratio of

Fe–Al in the initial FeMgAl LDH catalyst precursors.

2.3. Characterizations

The morphology of the G/SWCNT hybrid samples was charac-

terized using a JSM 7401F scanning electron microscope (SEM)

operated at 3.0 kV, and a JEM 2010 high resolution transmis-

sion electron microscope (TEM) operated at 120.0 kV. The

TEM samples were prepared by dropping several drops of

the sample suspension obtained by the sonication of about

5 mg of the as-grown products in ethanol onto TEM grids.

X-ray diffraction (XRD) patterns were recorded on a Bruker

D8 Advance diffractometer at 40.0 kV and 120 mA with

Cu-Ka radiation. The thermogravimetric analysis (TGA) was

carried out using TGA/DSC STAR system under O2 or CO2

atmosphere. The Brunauer–Emmett–Teller (BET) SSA of the

samples were measured by N2 adsorption/desorption at li-

quid-N2 temperature using Autosorb-IQ2-MP-C system. Before

measurements, the sample was degassed at 300 �C until a

manifold pressure of 2 mmHg was reached. Energy-dispersive
Table 1 – Growth of G/SWCNT hybrids on LDH derived catalysts

LDHs Composition
a(n(Fe):n(Mg):n(Al))

Formula

LDH-0.05 0.06:1.9:1 [Mg0.64Al0.34Fe0.02(OH)2][(CO3)0
LDH-0.1 0.11:1.8:1 [Mg0.62Al0.34Fe0.04(OH)2][(CO3)0
LDH-0.2 0.19:1.9:1 [Mg0.61Al0.32Fe0.06(OH)2][(CO3)0
LDH-0.4 0.35:1.9:1 [Mg0.58Al0.31Fe0.11(OH)2][(CO3)0
LDH-0.8 0.83:1.6:1 [Mg0.47Al0.29Fe0.24(OH)2][(CO3)0
a The composition was determined by EDXS analysis.
b The Fe content in the LDOs was calculated based on the formula of LD
c The yield was determined by TGA results of the G/SWCNT/LDO compo
X-ray spectroscopy (EDXS) analysis was performed using a

JEM 2010 apparatus equipped with an Oxford Instrument

EDXS with the analytical software INCA. Raman spectra were

recorded with He–Ne laser excitation at 633 nm using Horiba

Jobin Yvon LabRAM HR800 Raman Spectrometer.

3. Results and discussion

A family of FeMgAl LDHs with different Fe contents were pre-

pared to serve as the catalyst precursors for the CVD produc-

tion of G/SWCNT hybrids, which were named as LDH-X,

where X is the designed mole ratio of Fe to Al. The chemical

compositions of the as-prepared FeMgAl LDHs were confirmed

by EDXS analysis and demonstrated to be in good agreement

with their designed value (Table 1). All the as-prepared FeMgAl

LDHs exhibit the typical hexagonal flake morphology of LDH

flakes with a lateral size of ca. 1 lm (Fig. 1a). Powder XRD pat-

terns for the as-synthesized FeMgAl LDHs are shown in Fig. 1b.

The sharp features of the intrinsic diffraction peaks ((003),

(006), and (009)) strongly suggest that the as-prepared FeMgAl

LDH flakes are with good crystallinity.

The production of G/SWCNT hybrids was carried out in a

fluidized-bed reactor using the as-prepared FeMgAl LDHs as

catalyst precursors. Note that a good fluidization behavior

was well maintained during the whole reaction under a gas

velocity of 10.8 cm/s [43]. After calcination, FeMgAl LDO cata-

lysts were derived from the LDH precursors by subsequent

dehydration, decarbonization and the formation of MgAl2O4

spinel phase (>780 �C). Attributed from Kirkendall diffusion

of Mg–Fe and/or Mg–Al diffusion couple, mesopores can be

available on the as-calcined LDO flakes. However, the flake

morphology was well preserved. With the introduction of

methane at 950 �C, the LDO catalysts offered two functions:

the lamellar LDO flakes served as templates for the deposition

of graphene materials, while the embedded small metal NPs

produced by the reduction of LDO flakes catalyzed the forma-

tion of SWCNTs. Large graphitic shells rather than MWCNTs

were grown on the Fe NPs with a size over 4 nm. As shown

in Fig. 2a, the as-obtained black products exhibit the morphol-

ogy of CNTs interlinked with flakes. The morphologies of the

products derived from FeMgAl LDHs with varied Fe contents

did not differ a lot, indicating the robust growth of G/SWCNT

hybrids on LDO catalysts in a fluidized bed reactor. Fig. 2a–c

illustrated the typical SEM and TEM images of the products ob-

tained with LDH-0.1 as the catalyst precursors. Large amount

of SWCNTs were efficiently synthesized on the surface of the
.

Fe content in
the LDOsb (%)

G/SWCNT
hybrids

Yieldc

(gG/SWCNTs/gcat)

.18]ÆmH2O 2.5 G/S-0.05 0.59

.19]ÆmH2O 4.9 G/S-0.1 0.68

.19]ÆmH2O 7.4 G/S-0.2 0.84

.21]ÆmH2O 12.9 G/S-0.4 0.97

.27]ÆmH2O 25.5 G/S-0.8 0.85

Hs.

sites.



Fig. 1 – (a) SEM image of LDH-0.2 and (b) XRD spectra of the as-prepared FeMgAl LDH catalysts. (A color version of this figure

can be viewed online.)

Fig. 2 – (a) SEM, (b) TEM and (c) high-resolution TEM images of the typical morphology of the as-grown G/SWCNT/LDO

composites from the FeMgAl LDHs (LDH-0.1); (d) the relationship between the yield of the G/SWCNT hybrids and the designed

values of n(Fe)/n(Al) for the FeMgAl LDH catalysts. (A color version of this figure can be viewed online.)

C A R B O N 6 7 ( 2 0 1 4 ) 5 5 4 – 5 6 3 557
FeMgAl LDO flakes (Fig. 2a). Few-layer graphene was also ob-

served on the surface of LDO flakes. Besides, the existence of

large quantity of graphene materials encapsulated Fe NPs

(Fe@C NPs) in the products were demonstrated (Fig. 2c).

The growth of SWCNT is heavily depended on the Fe con-

tent in the FeMgAl LDHs [31]. Herein, the yield of G/SWCNT

hybrids derived from FeMgAl LDHs differed a lot with the
increasing Fe content (Fig. 2d and Table 1). When LDH-0.05

served as the catalyst precursor, a yield of 0.59 gG/SWCNT/gcat

was achieved, which was much higher than that when only

SWCNTs were obtained with the same catalyst (0.17 gSWCNT/

gcat) at a lower temperature of 900 �C [31]. This was attributed

to the efficient deposition of graphene materials on the LDO

flakes in addition to the growth of SWCNTs during the



Fig. 3 – (a) SEM image of the typical morphology of the as-obtained G/SWCNT hybrids; TEM images of the morphology of the

as-obtained G/SWCNT hybrids: (b) G/S-0.05, (c) G/S-0.1, (d) G/S-0.2, (e) G/S-0.4, (f) G/S-0.8.
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high-temperature CVD. With the increasing Fe content, more

G/SWCNT hybrids were available. A high yield of

0.97 gG/SWCNT/gcat was achieved when using LDH-0.4 as the

catalyst precursor. This phenomenon is considered to be

mainly contributed by two facts: (i) the increasing Fe content

in the FeMgAl LDHs leads to the increased amount of the as-

grown SWCNTs from LDHs; (ii) the increasing Fe content also

results in the increased size of the as-produced Fe NPs from

FeMgAl LDHs, which intend to form Fe@C NPs, leading to

the increased amount of the as-deposited graphene materials

on Fe NPs. However, the enlarged size of Fe NPs significantly

hinders the growth of SWCNTs [31]. As a result, a small drop

of the yield of G/SWCNT hybrids was observed when the Fe

content was too high (Fig. 2d).
The FeMgAl LDO flakes in the products can be removed by

subsequent acid and alkali treatments, and the as-obtained

G/SWCNT hybrids were denoted as G/S-X, where X is the

designed mole ratio of Fe–Al in the FeMgAl LDH precursors

(Table 1). There is no significant difference on the morphology

of the as-obtained G/SWCNT hybrids from FeMgAl LDHs with

increasing Fe content, and they all exhibit the similar mor-

phology of SWCNTs interlinked with graphene layers

(Fig. 3). The stacking of graphene layers and the aggregation

of SWCNTs are successfully prevented due to their hybridiza-

tion. The TEM images shown in Fig. 3b–f illustrate the exis-

tence of more Fe@C NPs in the as-obtained G/SWCNT

hybrids with the increasing Fe content. For G/S-0.05, only a

few Fe@C NPs with a small size can be observed. With the



Fig. 4 – High resolution TEM images of the typical morphology of (a) the G/SWCNT hybrids, (b) the interface between graphene

and SWCNT, and (c) the Fe@C NP from G/S-0.4; (d) size distribution and (e) density of Fe NPs in the as-obtained G/SWCNT

hybrids from FeMgAl LDHs with different Fe contents, in which the n(Fe)/n(Al) is the designed molar ratio of Fe–Al for the LDH

precursors. (A color version of this figure can be viewed online.)
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increasing Fe content, both the size and density of the Fe@C

NPs in the as-obtained G/SWCNT hybrids increase a lot. Espe-

cially, large amount of Fe@C NPs with a large size around

12 nm and uniform dispersion can be easily observed for G/

S-0.8. The few-layer graphene is much easier to be torn up

by sonication for the G/SWCNT hybrids derived from high

Fe-loading LDHs, indicating the existence of large amount of

Fe@C NPs plays a negative effect on the quality of few-layer

graphene (Fig. 3d–f). Apparently, the graphene materials

deposited on the LDO flakes are more defective than those

grown on metal substrate by CVD, but they are expected with

better electrical conductivity than GO and reduced GO, which

plays an important role in the good electrochemical perfor-

mance of the G/SWCNT hybrids derived from LDHs [8,14].

Fig. 4a shows the typical high resolution TEM images of

the G/SWCNT hybrids, which are composed of few-layer

graphene, SWCNTs, and Fe@C NPs. The morphology of the

interface between graphene and SWCNT is shown in Fig. 4b,

in which the whole background is the graphene. It is noticed

that a ring-like structure composed of graphene layer can be

observed at the root of a short SWCNT. This is a common phe-

nomenon for the G/SWCNT hybrids derived from LDHs [8,14],

but it cannot be found when only SWCNTs are grown from

the LDHs [31]. It has been demonstrated that the existence

of such ring-like structure is a characteristic property for

covalent C–C bonds between SWCNTs and graphene layers,

which implies that the SWCNTs are open-ended [10]. There-

fore, the as-obtained G/SWCNT hybrids from LDHs are proba-

bly with a covalent C–C bonding between the graphene layers
and SWCNTs. The complete encapsulation of Fe NPs by

graphene materials effectively prevents the attacking of Fe

atoms by acid molecular during the acid treatment, which

makes the Fe@C NPs difficult to be removed by the typical

acid treatment (Fig. 4c). The uniform dispersion of Fe@C NPs

in the G/SWCNT hybrids renders the possibility to carry out

the statistical analysis of their size and density distribution,

which are shown in Fig. 4d and e. For G/S-0.05, the size of

Fe NPs is mainly distributed in a range of 4.0–8.0 nm with a

mean size of 6.2 nm. The size of Fe NPs in the as-prepared

G/SWCNT hybrids increases gradually with the increasing

Fe content in the original LDH precursors, as shown in

Fig. 4d. The mean size of Fe NPs in G/S-0.1 is 6.8 nm, which

further increased to 7.2, 8.6, and 14.8 nm for G/S-0.2, 0.4,

and 0.8, respectively. Furthermore, the density of Fe NPs also

increased from 0.86 · 1015 m–2 for G/S-0.05 to 2.27 · 1015 m–2

for G/S-0.8 (Fig. 4e). Consequently, Fe NPs with well controlled

size and density encapsulated by graphene materials and uni-

formly distributed on the G/SWCNT hybrids can be obtained

when using different Fe-containing FeMgAl LDHs as the cata-

lyst precursors.

The increasing size and density of Fe NPs in the as-purified

G/SWCNT hybrids lead to their decreased purity and thermal

stability (Fig. 5a and b, Table 2). TGA results shown in Fig. 5a

reveal that G/SWCNT hybrids with a high carbon purity of

98.3% are available after the preliminary acid and alkali treat-

ment for LDH-0.05. However, the purity of G/SWCNT hybrids

decreased significantly to 81.1% for G/S-0.8, indicating more

Fe NPs are preserved in the form of Fe@C NPs with the



Fig. 5 – (a) The purities and (b) burning temperatures of the as-obtained G/SWCNT hybrids from FeMgAl LDHs with different Fe

contents; (c) typical TGA curves of the as-obtained G/SWCNT hybrids from FeMgAl LDHs with different Fe contents under CO2

atmosphere; (d) the mass ratios of graphene materials to SWCNTs in the as-obtained G/SWCNT hybrids from FeMgAl LDHs

with different Fe contents. The n(Fe)/n(Al) is the designed molar ratio of Fe–Al for the LDH precursors. (A color version of this

figure can be viewed online.)

Table 2 – The summary of structures and properties of the as-obtained G/SWCNT hybrids.

G/SWCNT hybrids Purity (%) Burning temperature (�C) mGraphene/mSWCNTs ID/IG SSAG/SWCNTs (m2/g) Pore volume (cm3/g)

G/S-0.05 98.3 552.0 15.1 0.11 696.3 1.69
G/S-0.1 98.0 534.0 1.2 0.16 577.9 1.84
G/S-0.2 88.2 500.3 0.4 0.12 517.0 1.79
G/S-0.4 83.0 475.8 1.4 0.26 488.4 1.68
G/S-0.8 81.1 460.4 7.9 0.47 229.5 0.93

560 C A R B O N 6 7 ( 2 0 1 4 ) 5 5 4 – 5 6 3
increasing Fe content for FeMgAl LDHs (Table 2). The strong

interaction between C and Fe in the carbon encapsulated Fe

NPs could efficiently promote the reaction activity of carbon

atoms, which renders such nanostructure a good catalyst

for oxidation reduction reaction [44]. Herein, during the TGA

measurement, the Fe NPs catalyze the oxidation of nanocar-

bon to CO and CO2 [45,46]. Consequently, a much better oxida-

tion activity is expected for G/SWCNT hybrids with increasing

Fe content. As shown in Fig. 5b and Table 2, the burning tem-

perature for G/S-0.05 was around 550 �C in oxygen atmo-

sphere, which decreased dramatically with the increasing Fe

content. A low burning temperature around 460 �C was
determined for G/S-0.8. In spite of Fe content, the mass ratio

of graphene materials to SWCNTs (mgraphene/mSWCNTs) in the

G/SWCNT hybrids also plays an important role in their prop-

erties. Herein, the mass ratios of graphene materials to

SWCNTs in the G/SWCNT hybrids were characterized by

TGA under CO2 atmosphere. As shown in Fig. 5c, all the

TGA curves under CO2 atmosphere for G/SWCNT hybrids with

different Fe contents exhibit two significant weight loss re-

gions. It has been demonstrated by TEM observation that

the first weight loss regions correspond to the oxidation of

both the graphene materials coating on the Fe NPs and the

lateral few-layer graphene deposited on LDO flakes due to



Fig. 6 – (a) Raman spectra and (b) ID/IG values of the as-obtained G/SWCNT hybrids from FeMgAl LDHs with different Fe

contents, in which the n(Fe)/n(Al) is the designed molar ratio of Fe–Al for the LDH precursors. (A color version of this figure can

be viewed online.)
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the catalyzing effect and migration of the Fe NPs during the

CO2-oxidation, and the second weight loss regions corre-

spond to the oxidation of SWCNTs [14]. Note that the graph-

ene materials encapsulated on Fe NPs devote to the total

mass of graphene materials in the G/SWCNT hybrids in this

CO2–TGA method [14]. The small weight increase observed

at the connection between the two oxidation regions in the

TGA curve under CO2 atmosphere for G/SWCNT hybrids with

a high Fe content (G/S-0.8) can be attributed to the oxidation

of Fe after the complete removal of the encapsulated graph-

ene materials. A high mgraphene/mSWCNTs value of 15.1 was

measured for G/S-0.05, indicating few SWCNTs can be syn-

thesized when the Fe content was too low for FeMgAl LDHs

(Fig. 5d, Table 2). The mgraphene/mSWCNTs value decreased a

lot with the increasing Fe content in the LDH precursors,

which reached the lowest value of 0.4 for G/S-0.2 (Table 2).

When the Fe content further increased, the growth of

SWCNTs was significantly hindered due to the increased size

of Fe catalyst NPs, which also led to the increasing amount of

Fe@C NPs [31]. As a result, the mgraphene/mSWCNTs value in-

creased to 1.4 for G/S-0.4 and further increased to 7.9 for G/

S-0.8 (Fig. 5d, Table 2).

Fig. 6a shows the Raman spectra for the as-prepared G/

SWCNT hybrids with different Fe contents. Obvious radial

breathing mode peaks were observed for all the samples, indi-

cating the existence of large amount of SWCNTs. The value of

ID/IG (intensity ratio of D band (�1318 cm–1) to G band

(�1575 cm–1)) was measured as 0.11 for G/S-0.05, indicating

the good graphitization degree for the as-prepared G/SWCNT

hybrids. The ID/IG value gradually increased with increasing

Fe content, indicating the decreased graphitization degree

for the G/SWCNT hybrids obtained from high Fe-contained

FeMgAl LDHs (Table 2). This can be attributed to the formation

of large amount of Fe@C NPs. N2-adsorption analysis was car-

ried out to characterize the BET SSA and porous structure of

the as-prepared G/SWCNT hybrids. A high SSA of 696.3 m2/g

and a total pore volume of 1.69 cm3/g were determined for

G/S-0.05, both of which decreased a lot with the increasing

Fe content (Table 2). For instance, a much lower SSA value
of 229.5 m2/g was obtained for G/S-0.8, the total pore volume

of which decreased to 0.93 cm3/g due to the existence of large

amount of Fe@C NPs.

Finally, it should be noted that there are still metal catalyst

residuals in the as-produced G/SWCNT hybrids. The metal

residuals were completely encapsulated by the graphitic

shells. On one aspect, the metal residuals render novel reac-

tivity for selective oxidation, reduction, and dehydrogenation,

which is highly required to tune the interfacial chemistry for

fuel cells [44] as well as heterogeneous catalysis [47]. On the

other aspect, the metal residuals may be leached from the hy-

brids during charge–discharge processes at a wide voltage

window in organic and/or ionic liquid electrolyte for superca-

pacitor or battery applications, which results in their poor sta-

bility. Therefore, G/SWCNT hybrids with a very high carbon

purity are highly required. Enlightened by the catalytic gasifi-

cation of carbon by the metal residuals, the use of weak oxi-

dation atmospheres to open the graphitic shells and expose

the metal NPs can be realized by mediating the selection of

oxidants and related operation windows. Recently, ultra-high

purity of SWNCT with a carbon content of 99.5 wt% can be

achieved by a CO2-assisted purification [48]. It has also been

demonstrated that Fe NPs in the G/SWCNT hybrids can also

been effectively removed by such CO2-assisted purification

to improve the purity of G/SWCNT hybrids [14]. Further inves-

tigation on the ultra-high purity G/SWCNT hybrids and their

intrinsic physical and chemical properties, as well as the rela-

tionships among the G/SWCNT structure, ratio, property, and

bulk applications are still being carried out.

4. Conclusions

Efficient growth of G/SWCNT hybrids with well controlled

structure was achieved by fluidized-bed CVD at 950 �C on

FeMgAl LDH derived catalysts. Fe content in the FeMgAl LDHs

was varied to achieve the structure control for the as-

obtained G/SWCNT hybrids. The yield of the as-grown G/

SWCNT hybrids varied from 0.59 to 0.97 gG/SWCNTs/gcat with

different Fe contents in the LDH flakes. G/SWCNT hybrids
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exhibiting the morphology of SWCNTs interlinked with

graphene layers and contained by Fe@C NPs were obtained

after the removal of FeMgAl LDO flakes. The size of Fe NPs

in the as-purified G/SWCNT hybrids can be well controlled

in a range of 3.0–18.0 nm with their density in a range of

0.9–2.3 · 1015 m–2 by adjusting the Fe content in the LDH pre-

cursors. A high carbon purity of 98.3% for the G/SWCNT hy-

brids can be achieved with the low Fe-containing LDHs, and

a high Fe proportion of ca. 18.9% in the form of Fe@C NPs

can be obtained with the high Fe-containing LDHs. The mass

ratio of graphene materials to SWCNTs in the G/SWCNT hy-

brids was controllable ranging from 0.4 to 15.1. The SSA of

the as-purified G/SWCNT hybrids decreased from ca. 700 to

200 m2/g with the increasing Fe content and their total pore

volume decreased from 1.60 to 0.93 cm3/g. The production

of G/SWCNT hybrids with well controlled structure in the flu-

idized-bed reactor is easy to be scaled up for their large scale

applications in the area of energy storage and conversion,

composites, and catalysis.
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