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The graphene/carbon nanotube (CNT) hybrids are considered as one of the most advanced nano-
structures with intrinsically self-dispersion properties for large-volume applications. However, owing to
the limited understanding on the complex growth mechanism and non-linear kinetics, rational design of
growth procedures and related multiphase reactors for the production of the hybrids remain great
challenges. In this contribution, the in-situ monitoring of graphene/CNT hybrid synthesis on layered
double oxide bifunctional catalysts was carried out in an online thermogravimetric reactor. The rapid
growth of CNTs occurred at the initial 90 s and the slow deposition of graphene was throughout the
whole process, becoming the dominant reaction in the second stage. Based on this unique growth
behavior, a two-stage growth strategy was proposed to improve the quality of hybrid products. The
deposition of amorphous carbon byproduct was significantly suppressed and the quality of the hybrids

was significantly enhanced through the two-stage growth process.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The ubiquitous carbon-based nanomaterials, including zero-
dimensional (OD) fullerene, one-dimensional (1D) carbon nano-
tubes (CNTs), two-dimensional (2D) graphene and other related
nanocarbons, have attracted tremendous attention owing to their
extraordinary electrical and mechanical properties for a broad field
of potential applications [1,2]. However, both 1D CNTs and 2D
graphene are inclined to aggregate or stack with each other due to
the strong van der Waals forces, which hinder the full exposure of
active interfaces for the applications in energy storage and gas
sorption [2]. If the 1D CNTs and 2D graphene are rationally inte-
grated into three dimensional (3D) graphene/CNT hybrids, not only
the virtues of both graphene and CNTs are inherited, but also
effective electronic and thermal conductive 3D networks with an
intrinsic dispersion are obtained. Such advanced 3D nanostructures
afford unique mechanical, electrical and thermal properties and
superior performance in energy storage [3—11], electronic devices
[12—14], as well as chemical conversion [12,15,16].

Up to now, myriad approaches have been developed to fabricate
this hybrid 3D structure [17], among which the post-synthesis
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methods were initially explored. Routes including directing mix-
ing [18,19], liquid phase reactions [11,12], casting processes [20],
layer-by-layer self-assembly [21—23], evaporation at liquid—air
interface [24], hydrothermal fabrication [9,25], electrophoretic
deposition [26], and vacuum-assisted filtration [10] have been
demonstrated successfully. However, they cannot provide effective
connections (e.g. the covalent C—C bonding) between graphene and
CNTs. This strongly hinders the quality of the products and their
further applications. On the contrary, the direct growth method
through chemical vapor deposition (CVD) exhibits its advantages in
providing the possibility to form the C—C covalent bonding and the
variety of anticipated structures [5,8,13,27—31]. Thus, growing CNTs
on graphene layers [5,13,14,27—32] and the in-situ growth of the
hybrids on Cu foil coated with Fe catalyst layers [7,32] were suc-
cessively reported.

Although these methods are simple and effective to obtain
strong graphene-CNT bonding, the growth of CNTs and graphene
are quite complex and asynchronous on the bifunctional catalysts
[33,34]. In most cases, CNTs preferred to grow on metal catalyst
nanoparticles (NPs) and graphene was inclined to deposit on the
surface of Cu or metal oxide. Both the bifunctional catalysts and
related reactor technologies were highly required for efficient bulk
growth of graphene/CNT hybrids. Due to the limited understanding
of the growth behavior of hybrids on the bifunctional catalysts, the
recipe for large scale production is few touched, although this is the
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first and core step to obtain high quality hybrid samples for the
exploration on their bulk application.

In this contribution, the working bifunctional catalyst for
graphene/single-walled CNT hybrids (GSHs) was in-situ monitored
in a thermogravimetric (TG) reactor. The reason to select graphene
and single-walled CNTs as the building blocks was attributed from
their ubiquitous properties, potentials for bulk applications in high-
end products, and their notorious difficulty in good dispersion of
each building block. GSHs were widely accepted as the high-end
nanocarbon materials for bulk applications in energy storage,
adsorption, environmental protection, as well as multifunctional
composites [3,4,12,13]. Herein, the growth mechanism of GSH on
bifunctional layered double oxide (LDO) catalysts was probed to
distinguish the growth rate and duration among CNTs, graphene,
and the impurities of amorphous carbon. Based on the growth
behavior recorded by the in-situ characterization, a two-stage
growth strategy was proposed to improve the process efficiency
and GSH product quality. Compared with the GSHs fabricated in the
routine one-stage way, the GSHs grown in the two-stage method
presented a higher purity with fewer amorphous carbons and a
larger surface area for their potential applications in energy storage
and other fields.

2. Experimental
2.1. Catalyst preparation

The FeMgAl layered double hydroxides (LDHs) were prepared
using a facile urea-assisted co-precipitation reaction. Typically,
Fe(NO3)s3-6H20, Mg(NO3),;-6H,0, Al(NO3)3-9H20, and urea were
dissolved in 2000 mL deionized water with [urea] = 3.0 mol L™/,
n(Fe):n(Mg):n(Al) = 0.4:3:1, and
[Fe3*] + [Mg?*] + [AI>*] = 0.15 mol L. The mixture was then
transferred to a 5000 mL glass flask equipped with a reflux
condenser. The solution was kept at 100 °C under continuous
magnetic stirring for 12.0 h and maintained at 94 °C for 12.0 h
without stirring. The FeMgAl LDHs were finally obtained after
filtering the as-obtained suspension, washing, and freeze-drying.
The  [Mgo.soAlo23Feo.0s(OH)2][(CO3)o155]- mH,0  LDHs  were
calcined at 900 C for 0.5 h to obtain FeMgAl layered double oxide
(LDO) bifunctional catalysts for GSH growth.

2.2. In-situ monitoring the GSH growth in the TG reactor

In-situ TG investigation of the GSH growth was operated in a
TGA/DSC1 STAR® system. As shown in Fig. 1, 2.0 mg FeMgAl LDO
flakes were put into a 70 uL Al;03 crucible, which was inserted into
the furnace of the TGA/DSC1 STARE system. Then, the furnace was
heated to 950 'C with a heating rate of 20 'C min~! under Ar
(100 mL min~!) atmosphere. On reaching the reaction temperature,
the Ar was switched to the gas mixture of CHy/Ar with a flow rate of
80/20 mL min~! to start the growth of GSHs. The GSH growth re-
action was maintained for 30 min. The mass of working catalysts
was recorded by the online mass balance attached with the TG
reactor, the reaction heat was in-situ collected as the balanced
voltage in this system, and the feedstock conversion was deter-
mined by the attached on-line mass spectroscopy.

2.3. Bulk growth of GSHs

Bulk CVD growth was carried out to obtain the GSHs on FeMgAl
bifunctional LDO catalysts both in a routine way and the coupled
two-stage method. A quartz fluidized bed reactor with an inner
diameter of 50 mm and a height of 1500 mm was employed. There
was a porous sintered quartz plate distributor at the middle of the
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Fig. 1. Schematic illustration of the online TG reactor.

fluidized bed reactor that served as the support for LDO catalysts
and products at the same time. The up-flowing gas mixture entered
the reactor from the bottom and then passed through the gas
distributor, the fluidized bed unit, and then flowed out from the top
of the reactor. During the routine fluidized bed CVD, 10.0 g Fe/Mg/Al
LDO catalysts were uniformly fed into the reactor, which was then
inserted into a vertical electric tube furnace and heated to 950 °C
under Ar atmosphere. The apparent gas velocity was 0.1 m s~! and
the methane feed rate was 0.05 gcua gino min~ - The growth
duration is 15 min. The as-grown samples on the LDO flakes were
denoted as one-stage GSHs. While in the two-stage growth pro-
cedure, 10.0 g Fe/Mg/Al LDO catalysts were firstly fed into a fluid-
ized bed reactor. CH4 with a feed rate of 0.15 gcpa gfﬁo min~! was
introduced for 90 s as the first growth period. Then the feed rate of
the carbon sources was turned down to 0.03 gcna gifo min~! for
another 810 s at 950 °C. After that, the fluidized bed reactor was
cooled down to room temperature under Ar protection. The as-
obtained products were the two-stage GSHs grown on FeMgAl
LDO bifunctional catalysts.

The as-grown raw GSH products were purified with a combined
alkali and acid treatment to remove the FeMgAl LDO flakes. Typi-
cally, the samples were firstly hydrothermally treated by NaOH
solution (15.0 mol L™1) at a temperature of 150 “C for 12.0 h. Sub-
sequently, the as-obtained products were then immersed into HCI
solution (3.0 mol L~!) at a temperature of 80 “C for 12.0 h. The as-
obtained products were then filtered, washed by deionized water,
and freeze-drying, leaving the purified GSH samples (denoted as
two-stage GSHs and one-stage GSHs, respectively).

2.4. Characterizations

The morphology of the LDO flakes and the as-grown products
were characterized by a JSM 7401F (JEOL Ltd., Tokyo, Japan) scan-
ning electron microscopy (SEM) operated at 3.0 kV, a JEM 2010
(JEOL Ltd, Tokyo, Japan) TEM operated at 120.0 kV and a spherical
aberration-corrected Titan3 60—300 (FEI Company) microscope
operated at 80.0 kV. The thermogravimetric analysis (TGA) under
CO, atmosphere was performed using a Mettler Toledo TGA/DSC-1
analyzer. Typically, about 5.0 mg samples were laid into a 70 pL
Al,03 crucible, which was inserted into the furnace of the TGA/
DSC1 STAR® system. Then the furnace was heated from 30 to
1400 °C with a heating rate of 20 "C min~! under a mixture of Ny/
CO, (50/50 mL min~!) atmosphere. The Raman spectra were
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collected with a He—Ne laser excited at 633 nm using Horiba Jobin
Yvon LabRAM HR800 Raman Spectrometer. The pore volume, size
distribution, and Brunauer—Emmett—Teller (BET) specific surface
area (SSA) of the samples were calculated from the N, adsorp-
tion—desorption isotherms measured by Autosorb-1Q,-MP-C sys-
tem. Before the measurement, samples were degassed at 300 °C
until a manifold pressure of 2.0 mmHg was reached. A four-probe
method was performed to detect the powder conductivity of the
GSHs, which were compressed into a dense disk with 13.0 mm-
diameter under a pressure of 8.0 MPa.

3. Results and discussion
3.1. In-situ TG investigation of the growth of GSHs

LDHs, which are a kind of hydrotalcite-like material composed
of positively-charged layers and charge-balancing interlayer anions
[35], can afford continuous flat metal oxide substrate via facile
calcination as a hard template for the CVD growth of graphene [36].
The resulting LDOs can be reduced to generate embedded high-
density small-sized catalyst nanoparticles (<5 nm) with extraor-
dinary thermal stability [37]. These tiny metal nanoparticles are
effective for catalytic deposition of CNTs.

As illustrated in Fig. 2, the FeMgAl LDO flakes were used as the
bifunctional catalysts for the high-temperature CVD growth of
GSHs. The in-situ reduced Fe NPs embedded on the LDO flakes were
served as the catalysts for single-walled CNT growth, while the 2D
lamellar metal oxide substrates were employed as the template for
graphene deposition. High purity GSHs were obtained after the
removal of LDO flakes through chemical treatment of the as-grown
products.

To probe the kinetics on the working LDO catalyst for GSH
growth, in-situ TG investigation was carried out. The TG and dif-
ferential TG (DTG) profiles of GSH formation with a growth dura-
tion of 30 min were presented as Fig. 3a. The increasing rate of
sample weight was recorded as the growth rate of GSHs. An obvious
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two-stage growth was observed, including a rapid reaction proce-
dure with a large growth rate of GSHs at initial 90 s, and a slow
growth process with a tiny gradual rise after that. The largest
growth rate of 0.013 gc gk s~ ! at around 40 s was achieved. The
average rate of mass increase was about 0.009 g¢ gt s~ 'in the first
stage (0—90 s), but only 0.003 gc gt s~ for the subsequent reac-
tion in the second stage.

The differential thermal analysis (DTA) profile of the GSH
growth illustrated a sharp endothermic peak in the first stage
(0—90 s) while no obvious reaction heat was detected during the
following period (Fig. 3b). A higher conversion for the first stage
than the second stage is inferred from the DTA plot since the
decomposition of methane was an endothermic reaction.
Such trend consisted with the above-mentioned two-stage
growth behavior of GSHs based on TGA data, from which the
average methane conversion of the first stage could be roughly
estimated as 2.5% while the value for the second stage was less
than 1.0%.

The attached on-line mass spectrometer collected the real-time
gaseous reactant and product concentration during GSH growth
(Fig. 3¢). The initial starting point was set as the introduction of CHy4
to the LDO catalysts. Besides methane and hydrogen, many kinds of
hydrocarbons (such as ethane, ethylene, propane, as well as pro-
pylene) were also detected, indicating the synthesis of GSHs was
complex coupling reactions involving a variety of carbon species.
The thermal conversion of CH,4 into other hydrocarbons, which is
thermodynamically derived from C—H bonding activation and hy-
drocarbon transformation has been highly concerned during the
ethylene production and pyrolytic carbon deposition [38]. Herein,
FeMgAl LDO flakes were employed as the bifunctional catalysts for
GSH formation. The formation mechanism of the other hydrocar-
bons was assumed as:

2 CH4 < CGHg + Hy (1)

CHg < CoHg + Hp (2)

Fig. 2. Growth of GSHs on bifunctional catalysts. (a) Schematic illustration of CVD growth of GSHs on LDO flakes. SEM images of (b) bifunctional LDO catalysts, (c¢) GSH-LDO
products, and (d) purified GSHs after removing catalysts. (A colour version of this figure can be viewed online.)
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Fig. 3. In-situ growth of GSHs on working bifunctional LDO catalysts. (a) TG and DTG profiles of GSH products during CVD in a TG reactor; (b) DTA profile of the CVD growth; (c) MS
profiles of the gaseous reactants and products extracted from the TG reactor. (A colour version of this figure can be viewed online.)

CoHys + CHy < C3Hg (3)

C3Hg < CsHg + Ha (4)

As illustrated in Fig. 3¢, the concentrations of ethane, propane,
and propylene were very low, while the ethylene concentration was
high during the whole growth duration. Similar to the TG and DTA
profiles, the concentration changes of these gas products also
exhibited a two-stage procedure. During the first stage of rapid
single-walled CNT and few-layer graphene formation, the methane
was in high conversion, while few amounts of ethane, ethylene,
propane, and propylene were detected. With the rapid formation of
single-walled CNTs and gradually deactivation of metal NPs, the
conversion of methane became low, while the amount of propane
increase sharply between 15 and 25 s. The amount of ethane,
ethylene, and propylene rise during 20—50 s. It should be noticed
that the ethylene concentration is two orders of magnitude higher
than those of ethane, propane, and propylene, but still is one-fifth
of the value for methane at a temperature of 950 ‘C during the
second stage of graphene deposition. It is widely accepted that the
addition of ethylene into methane enhances the CNT formation,
and C, is believed to be the most active carbon precursors for
single-walled CNT formation [39]. While for graphene deposition,
the methane is favorable to be cracked into carbon atom and
hydrogen on the exposed oxygen of the metal oxide templates,
while thermal cracking products of ethylene are well preserved.
The carbon deposition routes for single-walled CNTs and graphene
formation are quite different and not fully understood yet. At least
we can conclude that a two-stage growth of GSHs is unambiguously
confirmed by the in-situ TG analysis.

Recently, in-situ Raman spectroscopy [40—42], in-situ scanning
electron microscope (SEM) [43], in-situ transmission electron mi-
croscope (TEM) [44], in-situ X-ray photoelectron spectroscopy [45],
in-situ thermogravimetric analysis [46—48] have been employed to
probe the formation of CNTs or graphene. These results provide
direct evidences to reveal the complex reaction pathways and
afford insightful principle for nanocarbon formation. However, few

information on the complex kinetics of nanocarbon formation is
revealed and kinetic modeling is highly required [49]. This contri-
bution is the first report to monitor the working bifunctional cat-
alysts for the 3D hybrid carbon formation. The working behavior of
both metal nanoparticles and metal oxide substrates was in-situ
probed, and the nanostructures of the raw products were further
probed by TEM and Raman spectroscopy to further correlate the
structure of GSHs and working behavior of LDO catalysts.

The GSH samples with growth durations of 1.5, 10, and 30 min,
denoted as GSH-1.5, GSH-10, and GSH-30 according to their growth
duration, respectively, were collected and characterized by both
Raman spectroscopy and TEM. The Raman spectra (Fig. 4a) revealed
that the value of Ig/Ip ratio of GSH-1.5, GSH-10, and GSH-30 were
7.4, 2.0, and 1.2, respectively. This indicated a significant degrading
for the graphitization of the as-obtained GSHs with a long growth
duration. Besides, the signal-to-noise ratio of the radial breathing
mode (RBM) peaks between 100 and 300 cm~! on the Raman
spectra (Fig. 4b), which represented the existence of single-walled
CNTs, also significantly decreased along with the extending growth
duration. A negative trend for the ratio of single-walled CNTs in the
GSHs was demonstrated. The TEM images of the corresponding
samples were presented in Fig. 4c—e. It can be noticed that the
predominant products of GSH-1.5 were single-walled CNTs
(Fig. 4c), while an increase of graphene amount with few amor-
phous carbon was observed in GSH-10 (Fig. 4d) compared to GSH-
1.5.

Fig. 4f presented the graphene region in the sample of GSH-10.
This indicated GSHs were mainly composed of few-layer graphene
(<5 layers) along with single-walled CNTs. When further extending
the growth duration to 30 min (GSH-30), both the thickness of the
graphene and the amount of amorphous carbon significantly
increased (Fig. 4e). This was in good agreement with the expecta-
tion based on the above-mentioned Raman spectra shown as Fig. 4a
and b.

Combined with the trends reflected by the results collected
during the in-situ growth in a TG analyzer, it came to the deduction
that the mass increase observed during the initial 90 s was mainly
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Fig. 4. Characterization of GSHs with different growth durations. (a) Raman spectra of three GSH samples; (b) Corresponding RBM peaks in Raman spectra. TEM images of GSHs
grown for (c) 1.5 min, (d) 10 min, and (e) 30 min. (f) High-resolution TEM image of the corresponding domain of the 10 min-GSH sample, showing the existence of few-layer

graphene. (A colour version of this figure can be viewed online.)

corresponding to the formation of single-walled CNTs, along with
the deposition of some few-layer graphene. The Fe nanoparticles in
the bifunctional LDO catalysts were deactivated after the rapid
growth of CNTs with an average growth rate of 0.009 g¢ gct s~ L. The

following 1710 s reaction was accounted for the continual deposi-
tion of graphene layers and amorphous carbon with an average
graphene growth rate of only 0.003 g¢ gcat s~ This growth rate was
around one third of the first period.
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3.2. Rational recipe for the bulk growth of GSHs

Rational design of growth procedures and related multiphase
reactors for bulk production of GSHs is the first step for their large
volume applications. The fluidized bed reactor has been regarded as
the most commonly used apparatus for the mass production of
carbon nanomaterials [50—53]. Efficient bulk growth of multi-
walled CNTs [50—53], single-walled CNTs [54,55], aligned CNTs
[56—59], and graphene [36] have been successfully achieved
through a catalytic fluidized bed CVD. Recently, we reported
controllable mass production of GSHs in a fluidized bed reactor
[60]. The GSHs were fabricated on the FeMgAl LDO flakes serving as
bifunctional catalysts due to their good fluidization behavior [55].
The yield and quality of the as-grown products can be well
modulated by adjusting the Fe content in LDH precursors. However,
considering the unique two-stage growth features of the GSHs
revealed by the in-situ TG analysis, the one-step procedure in a
fluidized bed reactor alone still suffered from several technical
problems. For instance, the flow rate of carbon source was too high
in the second-stage of graphene formation. The rapid CNT forma-
tion had been terminated and the carbon deposition rate decreased
to only about one-third of the value for the first stage during the
second period. If the methane flow rate remained constant as in a
routine one-step growth, the extra part of carbon sources would
not only induce unnecessary consumptions of materials and en-
ergy, but also probably lead to the formation of large amount of
amorphous carbon by-products. The graphene sheets became
thicker and amorphous carbon was attached onto the outer surface
of CNTs and graphene, which significantly degraded the quality of
GSH products and hindered their intrinsic properties [61].

Therefore, a two-stage growth strategy was proposed for the
bulk growth of GSHs herein. Firstly, the catalysts carried by the
gases (mixture of Ar and CHy) were fed into a fluidized bed reactor
operated at 950 "C. The residence time of catalysts was controlled to
be less than 90 s and a relatively high methane feed rate of
0.15 gcha 8ino min~! was employed for the rapid growth of the first
stage, attributing mainly from the single-walled CNTs. After that,
the methane feed rate decreased to 0.03 gcp4 gio min~, in which
graphene were the dominant products. Such two-stage growth can
be even realized in a proposed coupled fluidized bed reactor shown
in Fig. 5b.

Firstly, the single-walled CNTs were rapidly formed on metal
nanoparticles embedded on the LDO catalysts at a low temperature
of 850—900 °C with a high feed rate of carbon sources, while few
graphene/amorphous carbon was deposited yet. Then CNT-LDO
products were transferred into the next fluidized bed for
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continual graphene growth on the oxides with a low feed rate of
carbon sources at 950 "C. Such delicate system was beneficial for
effective GSH formation with controllable growth atmosphere. It
was expected that higher-quality GSHs with an increased ratio of
single-walled CNTs and single-layer graphene could be fabricated
with this reaction technology than the previously reported one-
stage fluidized bed.

3.3. Two-stage synthesis of GSHs

In order to verify the feasibility and superiority of the proposed
two-stage method, a high-temperature two-stage CVD for GSH
growth in a single fluidized bed reactor was adopted. The products
were denoted as two-stage GSHs. In contrast, the GSH sample
produced via a routine way was applied as a control sample,
denoted as one-stage GSHs. SEM and TEM images illustrated the
typical morphology of the as-obtained two-stage and one-stage
GSHs (Fig. 6). Large amount of single-walled CNTs and graphene
were demonstrated on the surface of the FeMgAl LDO flakes in both
of the samples (Fig. 6a, b). Compared to the one-stage GSHs (Fig. 6¢,
d), the two-stage GSHs (Fig. 6e, f) exhibited a much higher pro-
portion of few-layer graphene instead of multilayer graphene and a
significantly smaller amount of amorphous carbon. The spherical
aberration-corrected high-resolution TEM image of few-layer gra-
phene domain of two-stage GSHs were presented as Fig. 6g. To
discuss if single-walled CNTs and graphene had covalent C—C
bonding at the interfaces, further delicate characterization is highly
required.

TGA test under CO, atmosphere was carried out to characterize
the mass ratio of single-walled CNTs, graphene, and amorphous
carbon in the GSHs. It has been well proven that the first weight
loss region accounts for the oxidation of impurities (including
amorphous carbon) and part of the graphene materials, and the
second weight loss region mainly corresponds to the oxidation of
single-walled CNTs [6]. As shown in Fig. 7a, a weight loss of 34.3
and 65.7% of the two-stage GSHs was observed during the first and
second region, respectively, while the value for the one-stage GSHs
was 70.8 and 29.2%. The two-stage GSHs presented an improved
thermal stability and a higher ratio of CNT components in the
hybrid products, which were in good agreement with the obser-
vation based on SEM and TEM images.

There were large quantities of single-walled CNTs in both GSH
samples, which were confirmed by the obvious RBM peaks be-
tween 100 and 300 cm~! on the Raman spectra shown as Fig. 7b.
The Ig/Ip ratio was increased from 1.2 of one-stage GSHs to 1.6 of
two-stage GSHs, revealing the improvement in the degree of

CHa/Ar/H2

CHa/Ar/H2

LDO/CNTs

LDO —> ~

=—> | DO/GSHs
CHa/ArT I

CHa/Ar/H2

Fig. 5. Schematic illustration of (a) the current used single fluidized bed reactor (b) the proposed coupled two-stage fluidized bed reactor system for efficient growth of GSHs. (A

colour version of this figure can be viewed online.)
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Fig. 6. Nanostructures of GSH products. SEM images of (a) one-stage GSHs on LDO flakes and (b) two-stage GSHs on LDO flakes. TEM images of (c) one-stage GSHs on LDO flakes, (d)
purified one-stage GSHs, (e) two-stage GSHs on LDO flakes and (f) purified two-stage GSHs, (g) high resolution TEM image of the few-layer graphene domain of two-stage GSHs.
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graphitization. The position of 2D peaks was also reduced from
2635 cm™~! for one-stage GSHs to 2608 cm™! for two-stage GSHs,
indicating the significant increase of the amount of single-walled
CNTs and single-layered graphene in the GSHs. In addition, the
SSA of two-stage GSHs calculated by the multipoint BET method
from the N, adsorption/desorption isotherms (Fig. 7c) was
increased to 833.2 from 401.5 m? g~! for one-stage GSHs, along
with the improvement of the total pore volume of the hybrids from
1.2 to 1.4 cm® g~ 1. As shown in Fig. 7d, these two samples displayed
very different pore size distributions, the two-stage GSHs
possessed more micropores at around 1.5 nm and mesopores at
about 4.5 nm, while the predominant pores for one-stage GSHs was
around 11.6 nm. This was attributed from a high ratio of amorphous
carbon during the continuous growth of GSHs in the one-stage
method.

The summary of the comparison of the characteristics of the
two-stage GSHs and one-stage GSHs was listed in Table 1. The
properties of two-stage GSHs were significantly advantageous over

Table 1

the one-stage GSHs in almost all aspects. The quality of as-
produced GSHs was greatly enhanced using the proposed two-
stage growth strategy, which paved the way for the bulk control-
lable production of high quality GSHs in a more efficient way.

4. Conclusions

In-situ characterization of the catalytic growth of GSHs on
bifunctional FeMgAl LDO catalysts was conducted in a TG reactor.
Both the amount and the rate of mass variation were in-situ
recorded in a quantitative way. The growth of single-walled CNTs
and graphene were clearly distinguished in the growth duration.
Combined with the results collected by the online mass spectros-
copy and TEM, it was found that the CNTs were grown with a
relatively rapid rate in the first stage, while graphene were
deposited in a slow rate during the whole growth process on LDO
catalysts. With the guidance of the in-situ characterization, a two-
stage growth was proposed to enhance the process efficiency and

A summary of the GSH products grown with the proposed two-stage method and the routine one-stage method.

Two-stage GSHs One-stage GSHs

Sample

Weight loss in Region I (790 °C—870 °C) 34.7% 70.8%
Weight loss in Region II (870 °C—1100 °C) 65.3% 29.2%
SSA (m? g~ 1) 833.2 401.5
Pore volume (cm® g~ ') 14 1.2
Ig/Ip in Raman spectra 1.6 1.2
The position of 2D peaks in Raman spectra (cm™!) 2608 2635

16.3 133

Conductivity (S cm™)
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product quality for bulk production of GSHs, in which a high feed
rate of carbon source was employed in the first 90 s, while a low
feed rate was applied in the second-stage growth. Therefore, the I¢/
Ip ratio was increased from 1.2 for one-stage GSHs to 1.6 for two-
stage GSHs, and the specific surface area of two-stage GSHs
increased to 833.2 from 401.5 m? g~! for one-stage GSHs, along
with the improvement of the total pore volume of the hybrids from
12 to 14 cm® g L During the two-stage growth of GSHs, the
deposition of amorphous carbon byproducts was greatly sup-
pressed, and the quality of the GSH products was significantly
improved. This work provided a general concept to rationally
design the reactor based on the unique kinetic behavior probed by
the in-situ characterization, which can be applied for other mate-
rials and chemical production.
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