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Carbon nanotubes were synthesized by using a nanostructured conducting polymer—the polypyrrole nanoﬁber via microwave
radiation. The radiation time was set to be 30, 60, and 90 seconds, respectively. The morphological evolvements of the assynthesized carbon nanotubes with increased radiation time (e.g., shape, diameter, wall structure, and catalyst size) were
carefully investigated, and the possible growth mode was discussed in detail. It was found that the growth mode of the carbon
nanotubes synthesized from the conducting polymer substrate under microwave radiation was complex and cannot be simply
interpreted by either a “tip” or “base” growth model. A new growth mode of the “liquifying cascade growth” was observed for
the as-synthesized carbon nanotubes, as their growth was directed by a series of liquiﬁed iron nanoparticles with sequentially
decreasing sizes, similar to the cascade of liquid droplets. And it could provide useful insights for the morphological and
structural designs of the carbon nanotubes prepared by related microwave-based methods.

1. Introduction
Carbon nanotubes (CNTs) represent a special onedimensional allotrope of graphite with distinct thermal, electrical, mechanical, and chemical properties [1]. Currently,
CNTs are majorly synthesized by thermal techniques such
as chemical vapor deposition (CVD), arc discharge (AC),
and laser ablation (LA) [2]. However, the CVD techniques
majorly use the gasiﬁed hydrocarbons as the precursor while
AC and LA use the decomposed carbonaceous species generated from high-energy sources as precursors. Recently, extensive research eﬀorts have been made to develop the synthesis
technique of CNTs based on conducting polymers [3–10].
Due to their excellent microwave absorption properties, conducting polymers, e.g., polypyrrole (Ppy), can be used as the
substrate to grow CNTs in a domestic microwave oven. Upon
microwave radiation, the conducting polymer quickly
absorbs the electromagnetic waves and elevates the reaction
temperature to several hundreds of degrees Celsius. This triggers the decomposition of ferrocene to generate iron (Fe)
nanoparticles as the catalyst and gaseous hydrocarbons as

the carbon source to initiate the CNT growth. Due to the
highly eﬃcient heating of the conducting polymer, the whole
CNT growth process can be completed within tens of seconds
[3, 6, 9, 10]. Compared to CVD, AC, and LA techniques, the
conducting polymer-based microwave technique may attain
the characteristics of simple instrumentation, easy-processing, and very fast growth. It can also be used to grow CNT
brushes on the surface of diﬀerent materials, e.g., carbon
ﬁber fabrics, MXene, Kevlar ﬁbers, and poly(lactic-co-glycolic
acid) particles to obtain CNT-based hierarchical composites
with enhanced electrochemical, mechanical, and bioimaging
properties [3, 9, 11, 12]. Even though the growth of CNTs by
using the conducting polymer-based microwave technique is
simple and fast, currently, there are very few reports on the
morphological study of the as-obtained CNTs. And the mechanisms involved in the microwave growth process have not
been comprehensively studied and are still unclear.
The morphological control of CNTs is very important
because the size and shape of CNTs can signiﬁcantly aﬀect
their properties and functions [13]. For example, the
bamboo-shaped CNTs were reported to have high energy-
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storage performance such as high-discharge capacities, high
rate capabilities, and low potential gaps, as they were used
as the electrode catalysts of the Li-CO2 batteries [14]. On
the other hand, it was also reported that the bambooshaped CNTs showed exponential decrease of scission length
and low tensile strengths during ultrasonication [15]. Coiled
CNT forests also showed strongly nonlinear dependence on
displacement which was found to be fundamentally diﬀerent
from the response of a straight CNT forest, under high-strain
rate deformation of a drop-ball test [16]. The morphology of
the as-synthesized CNTs is intrinsically clung to the growth
modes. Currently, either a “tip growth” or “base growth”
model has been proposed to the CNTs synthesized by
using the conducting polymer-based microwave techniques,
deducing from the location of the catalyst nanoparticles
(NPs) [3, 6]. However, these assumptions are rather empirical and insuﬃcient to describe the internal growth modes
of CNTs synthesized by the conducting polymer microwave
technique according to our experimental observations.
Herein, we carefully investigate the growth mode of the
CNTs synthesized by using conducting polymer, i.e., polypyrrole nanoﬁbers (Ppy NFs), under the microwave radiation
of a domestic microwave oven. The radiation time was gradually increased to study the morphological evolvement of the
CNTs in the process. Compared to the nonnanostructured
conducting polymers that are widely used to grow CNTs,
the Ppy NFs would have stronger microwave absorbing
properties due to their one-dimensional (1D) nanostructure
and high surface area [17]. The correlation between the
CNT morphology and the morphology of the catalyst NPs
is also discussed in detail. And a new possible growth mode
of the CNTs synthesized by conducting polymer-based
microwave techniques is proposed.

2. Experimental
2.1. Synthesis of CNTs by Using Ppy NFs and Ferrocene. Ppy
NFs were synthesized by a modiﬁed “seeding approach”
[17]. Brieﬂy speaking, 1 mL pyrrole (Alfa Aesar, 98%) was
added into 60 mL 1 M HCl and magnetically stirred for 20
minutes (min). Subsequently, 1 mL vanadium pentoxide
(V2O5) nanoﬁber sol-gel was injected into the dispersion
quickly by using a 1 mL syringe. The transparent dispersion
turned light green immediately, and Ppy NFs were starting
to precipitate out of the dispersion as V2O5 was added. After
30 seconds (s), 1.09 g initiator ammonium persulfate (Alfa
Aesar, 98%) was added to trigger the polymerization process.
The polymerization was proceeded for another 1 hour under
magnetic stirring. After polymerization, the black precipitation was suction ﬁltered and washed with copious amounts
of 1 M HCl and acetone to remove the impurities. The asobtained Ppy NFs were dried in an 80°C oven overnight
before further usage.
70 mg of Ppy NFs and 70 mg ferrocene (Alfa Aesar, 99%)
were mechanically mixed using an agate mortar and then
transferred to a 20 mL quartz-glass vial. The black powder
of Ppy NF was thoroughly mixed with the yellowish ferrocene, and the ﬁnal mixture appeared as homogeneous black
powders. The glass vial was then placed into a domestic
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microwave oven (Panasonic Inverter 1000) and heated at
1000 W power for diﬀerent durations, i.e., 30 s, 60 s, and
90 s. As the microwave radiation was applied, the black mixture was quickly heated up and turned red, which was similar
to the color of hot iron, due to the intensive absorption of
microwave by the Ppy NFs. At the same time, the temperature of the mixture was quickly risen to several hundreds of
degrees Celsius and triggered the decomposition of ferrocene, generating high density of gaseous carbonaceous species ﬂoating inside the glass vial and covering its inner
walls. As the microwave process continued, intensive microplasmas were generated near the surface of the mixture,
which interacted with the gaseous species to give shining
sparks inside the glass vial. Simultaneously, high pressure
was generated by the hot gas inside the vial, and the shape
of the quartz glass was also slightly deformed. The microwave
heating process was automatically stopped when the preset
time was depleted. The glass vial was then cooled in ambient
condition, and the product was subsequently collected and
puriﬁed by washing with copious amounts of toluene and
water to remove the residues of precursors.
2.2. Characterizations of the as-Synthesized CNTs. The morphologies of the as-synthesized CNTs were characterized by
a scanning electron microscope (SEM, JEOL JXA-8600).
The tube-wall and graphitic structures of the CNTs were
characterized by a transmission electron microscope (TEM,
JEOL JEM-2100F) equipped with an energy dispersive Xray detector (EDX, Oxford Instruments INCA X-Max). The
TEM sample was prepared by adding 3 mg of the assynthesized CNTs in 5 mL de-ionized water, which was subsequently bath-sonicated for 20 min to form a homogeneous
dispersion. One or two drops from the dispersion was
then casted on a TEM copper grid by using a glass pipette.
The elemental composition and crystalline structure of the
catalysts were analyzed by EDX and selected area electron
diﬀraction (SAED).
The size distributions of the as-synthesized CNTs were
measured by analyzing the corresponding SEM and TEM
images using the ImageJ software. For each set of the samples, at least 50 diﬀerent CNTs were counted and analyzed
to calculate the values of average diameter and standard deviation, respectively.

3. Results and Discussion
The representative SEM images of the CNTs synthesized by
using Ppy nanoﬁbers and ferrocene under diﬀerent microwave radiation time are shown in Figure 1. Apparently, thin
and curved CNTs are obtained from the time of 30 s, as
shown in Figures 1(a) and 1(b). The CNTs are radially grown
outward from many granulated micron-sized particulates,
resembling the structure of a sea urchin (Figure 1(a)). As
the microwave time increases to 60 s, signiﬁcant changes in
the morphology can be observed for the as-obtained CNTs,
compared to the 30 s situation. In this case, thicker and
straighter CNTs are grown from the granulated substrates,
and the radial growth is disturbed (Figures 1(c) and 1(d)).
The as-grown CNTs tend to randomly entangle with each
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Figure 1: SEM images of CNTs synthesized by Ppy NFs and ferrocene under microwave radiation for 30 s (a, b), 60 s (c, d), and 90 s (e, f).
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Figure 2: (a, b) TEM images of the CNTs synthesized by 30 s microwave time and protruded catalyst Fe NPs are observed to direct the CNT
growth. (c, d) TEM images showing the cascade growth process of the CNTs; the catalyst Fe NPs are protruded towards the growth direction
and lifted to direct the growth from the parent NP, forming a discontinuous cascade of NPs. The growth direction is marked with red arrows.
(e) TEM image showing a CNT as the growth process is terminated. A catalyst Fe NP encapsulated in carbon shells can be observed at the tip
of the CNT. The carbon shells are composed of orderly stacking graphene layers as shown in (f).

other, forming porous networks. Upon further increasing
the microwave time to 90 s, thick and straight CNTs are
found to grow from the granulated substrates at various
angles, while a portion of thin and curved CNTs are also
observed to exist alongside with them (Figure 1(e)). The
other portion of the thick and straight CNTs obtained from
90 s show a characteristic bamboo-shaped morphology, as
the side walls of the CNTs are apparently segmented into

periodic nanoscale compartments (Figure 1(f)). The average
diameters of the CNTs obtained from 30 s are calculated to
be 145.8 nm, with a standard deviation of 18.7 nm. And the
calculated average diameters of the CNTs obtained from
60 s and 90 s are 268.8 nm and 356.8 nm, with standard deviations of 56.8 nm and 141.2 nm, respectively.
The TEM images of CNTs obtained from 30 s are shown
in Figure 2. From Figure 2(a), it can be observed that the tube
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Figure 3: (a) Plotted graph showing the correlation between the average CNT diameters and microwave time; the standard deviations are
plotted as the error bars. (b) Columns showing the direct comparison of the average diameters and corresponding standard deviations of
the CNTs synthesized from 30 s, 60 s, and 90 s.

walls of the as-obtained CNTs are generally smooth, composing of continuous stacking graphene layers with structural
homogeneity. Catalyst NPs can be observed inside the hollow
cores of the CNTs, and they are identiﬁed to be the polycrystalline Fe NPs according to the EDX (Figure S1) and the
SAED analysis (Figure S2). The shapes of the Fe NPs are
ellipsoid, spherical, and ellipsoid with one protruded end.
The average diameters of the Fe NPs are measured to be
136.6 nm with a standard deviation of 51.9 nm. And the
average outer diameters of the corresponding CNTs are
measured to be 139.9 nm, indicating a strong correlation
between the NP diameter and the CNT diameter. The CNTs
are found to preferentially nucleate and grow on smaller Fe
NPs at the early stage, while larger NPs (diameters > 200 nm)
show a slower CNT growth kinetics in terms of the length
and thickness of the forming tube walls. A few large Fe
NPs with diameters between 260 and 440 nm also can be
observed. These large Fe NPs are partially covered by
multiple layers of graphene sheets with one end protrudes
and points towards the propagating CNT growth direction
(Figures 2(a) and 2(b)). It is speculated that the Fe NPs are
partially liquiﬁed to form the protruding ends during the
growth process. The liquiﬁed portion of the NPs then serve
as the active catalytic center to direct the CNT growth. As
the carbon atoms continuous diﬀuse and precipitate out
from the liquiﬁed NPs, the protruding portion of the Fe
NPs may detach from the original NP and lift oﬀ. The
CNTs then continue to grow from the lifting liquiﬁed Fe
NPs, producing smooth tube walls whose inner diameters
are identical to the minor axis of the liquiﬁed NPs
(Figure 2(c)). At this time, the lifting liquiﬁed NPs may act
as the active tips to direct the CNT growth. However, the
lifted liquiﬁed NPs may receive fewer thermal energies as
they move away from the heating substrates, and the lifting
process as a whole is stopped due to the partial cooling and
solidifying of the NPs. In this case, a smaller liquiﬁed NP
may again protrude from the parent NP and lifted to direct
the CNT growth, repeating the previous growth process.
The growing of CNTs would be stopped if the lifted NPs
become too small or solidiﬁed, as shown in Figures 2(c) and
2(d). Either tip or base growth mode has been suggested for
the CNTs synthesized from ferrocene under microwave

radiation, using conducting polymers or graphite as the
heating substrate. This is due to the fact that the Fe NPs can
be observed to distribute along the major tube axis of the
as-obtained CNTs, e.g., at the tips, at the bottoms, and in
the middle. This phenomenon actually reveals the liquifying
cascade growth mode of the CNTs under microwave which
cannot be simply interpreted as tip or base growth, because
the Fe NPs in the liquid state may solidify and split into
multiple smaller NPs to direct the tube growth. As the
liquiﬁed Fe NPs solidify, thick carbon shells with orderly
stacking graphene layers are formed along the surface
proﬁle of the NPs, as shown in Figures 2(e) and 2(f). The
tip of the Fe NP is capped with closed carbon shells, and no
further growth can be initiated, indicating the termination
of the growth process (Figure 2(f)). Stacking faults and
misalignments can be observed in the tube wall structures
of the CNTs obtained from 30 s (Figure S3), indicating the
reduced degree of graphitization in short microwave time.
The changes in the diameters of the CNTs synthesized
by using diﬀerent microwave time were ﬁrstly analyzed
through the SEM images. The quasilinear increase in the
average diameters with prolonged microwave time of the
as-obtained CNTs indicates their growth process is kinetically controlled (Figure 3(a)). The rate determine step is speculated to be the decomposition of ferrocene. The standard
deviations to the average diameters signiﬁcantly increase
with prolonged microwave time, indicating the CNTs synthesized from shorter time would have a more uniform
diameter distribution and longer microwave time may
generate a wide-range diameter distribution for the CNTs
that confers signiﬁcant diﬀerences in diameters between
the individual CNTs (Figure 3(b)). However, the increase
of CNT diameters, signiﬁcantly widened diameter distributions, and the emerging of CNTs with extremely large diameters as the microwave time is prolonged all in total reﬂect the
change of the growth kinetics as it proceeds. Indeed, the total
morphological evolvement of the CNTs is directly controlled
by the growth kinetics and can be simply modulated by tuning the microwave time. On the other hand, the growth
kinetics, including carbon diﬀusion, metal-carbon interaction, and carbon wall structure formation, are strongly
related to the dynamic crystalline structures of the metal
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Figure 4: (a, b) TEM images of the bamboo-shaped CNTs synthesized by 60 s microwave time. The bamboo-shaped CNTs are found to grow
in opposite directions from the sheet-like substrate in (a), and the growth direction is marked with red arrows. The bamboo-shaped CNTs are
found to compose of one straight part with smooth and continuous tube wall and the other part with bamboo-like segmented tube walls, as
shown in (b). (c, d) TEM images showing the magniﬁed view of the bamboo-shaped CNTs. The catalyst Fe NPs can be observed at the tips of
the CNTs, as shown in (c). And the growth direction of the bamboo-shaped CNTs is identiﬁed to be from the convex tails to the concave
heads, as shown in (d). (e) Liquifying cascade growth mode similar to the 30 s situation is also observed for the 60 s CNTs. The cascading
catalyst NPs with reducing sizes are numbered with arithmetic orders. (f) HRTEM image showing the well-stacking graphitized tube walls
of the bamboo-shaped CNTs.

NPs that are acting as the catalysts. By investigating the size
and shape changes of the metal NPs during the CNTs’
growth and the inﬂuences of these changes on the CNTs’
morphologies, we can gain useful insights on the detail
growth processes, growth modes, and microstructural formation of the as-grown CNTs.
As the microwave time increases to 60 s, signiﬁcant
morphological changes are observed for the as-obtained
CNTs. Both CNTs with smooth and continuous tube walls
(Figure S4) and CNTs with bamboo-like wall structures
(Figure 4(a)) are found to coexist in the products. The
average diameters of the CNTs measured from the TEM
images are 246 nm, and this value is considered to be
consistent with the SEM analysis. The bamboo-like CNTs
are observed to grow from the same sheet-like substrate
(Figure 4(a)). The CNTs are grown perpendicularly to the
substrate in two opposite directions at diﬀerent angles. The
catalyst Fe NPs are found to intensively exist inside the
tube cores, lifted towards the tips, forming cascade NPs of
decreasing sizes within single bamboo-like CNTs, which are
similar to the liquid droplet cascades. By carefully examining
the bamboo-like CNTs, it is found that they are generally
composed of a smooth and straight tube portion connecting
to a bamboo-shaped portion (Figure 4(b)). This abrupt
change of the tube structure can be possibly attributed to
the phase transition of the catalyst Fe NPs. It has been
reported that Ni catalyst NPs underwent a reversible phase
change from the liquiﬁed state to the solidiﬁed state in the
temperature range from 800 to 700°C, resulting in a
structure change of the CNT tube walls from straight to

cup-stack [18]. It has also been reported that the as-grown
CNTs would obtain a tube wall structure reproducing the
shape of the active catalyst NPs [19]. Therefore, in the ﬁrst
place, the liquiﬁed Fe NPs may extrude from the heating
substrate and direct the CNT growth. At this stage, CNTs
with smooth and continuous tube walls can be formed. Due
to the unique heating mechanism of microwave, the heats
are generated by the microwave absorbing substrates, i.e.,
Ppy nanoﬁber. As the catalyst Fe NPs move away from the
substrate, they receive fewer thermal energies and become
reluctant to maintain the liquid-like form. The slow cooling
of the Fe NPs results in the gradual shrinkage of their
shapes from elongated liquiﬁed states to solidiﬁed spherical
states, and it is measured to happen when the NPs are 0.893.17 μm distant from the substrate, with an average distance
of 1:81 ± 0:54 μm, according to the TEM images. During
the shrinkage, the NPs may still acquire the partial liquiﬁed
state and mobile to direct the CNT growth until completely
cooling. Therefore, a general trend that can be observed for
the growth of bamboo-like CNTs is the length and size of
the individual bamboo-like compartments decrease as the
tube length increases, coincided with the phase change of
the catalyst Fe NPs. The bamboo-like CNTs are formed by
the stacking of several cup-shaped compartments with
convex tails and concave heads, and the catalyst Fe NPs can
be found around the tips of the CNTs (Figure 4(c)). By
identifying the locations of the convex tails and the concave
heads, the growth direction of the bamboo-like CNTs can be
manifested (Figure 4(d)). The CNTs obtained from 60 s
share the same growth mode with the 30 s, and the sequence
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Figure 5: Diﬀerent morphologies can be observed for the CNTs synthesized by 90 s microwave time, such as straight tubes with continuous
tube walls (a), bamboo-shaped tubes with segmented tube walls (b), curved tubes with continuous tube walls (c), and cup-stack tubes (d). A
few large rhombohedral and rectangular NPs can be observed in (c), (d), and (e), indicating substantial Ostwald ripening of the catalysts.
Protruding (e) and liquid-shaped (f) catalyst Fe NPs can be observed at the tips of the as-obtained CNTs, indicating the same growth
mode with the 30 s and 60 s processes.

of the cascading NPs can be clearly observed around their
tips (Figure 4(e)). The 60 s CNTs exhibit well-graphitized
wall structure with a lattice spacing of 0.34 nm without
stacking faults both on and parallel to the catalyst surface,
indicating the growth time is suﬃcient to achieve a higher
degree of graphitization (Figure 4(f) and Figure S5).
As the microwave time increases to 90 s, the as-obtained
CNTs show diverse morphologies including straight, curved,
bamboo-shaped, and cup-stack (Figures 5(a)–5(d)). The
average diameter of the CNTs obtained from the TEM analysis is calculated to be 324.9 nm, close to the SEM analysis
result. The as-obtained CNTs also showed orderly stacking
graphitic shells, with larger shell thickness than the 60 s tubes
(Figure S6). However, the substantial inhomogeneity
observed in the morphologies for the 90 s CNTs can be
possibly attributed to the inhomogeneous nucleation and
growth processes of the catalyst Fe NPs which produces
NPs with a wide range of size distribution to catalyze the
CNT growth. It has been reported that the size of the
catalyst NPs would continue growing during the CNT
growth process by both surface diﬀusion and the Ostwald
ripening process [20]. The surface diﬀusion of the catalyst
atoms onto the same catalyst NPs may result in the size
increment of the NPs and eventually deactivate the catalyst
NPs to grow CNTs [21]. On the other hand, the Ostwald
ripening process would result in the continuous growth of
the large catalyst NPs by consuming the smaller ones. The
combination of these two eﬀects may give rise to signiﬁcant
diﬀerences in size between the large and small catalyst NPs.
Interestingly, remarkable diﬀerences in size can be observed
for the catalyst Fe NPs during the 90 s growth. The large Fe
NPs with sizes from 190 to 513 nm and small NPs with
sizes from 74 to 160 nm are found to coexist in the core
regions of the CNTs (Figures 5(b)–5(e)). A few large NPs

with rhombohedral and rectangular shapes can also be
observed around the CNT bundles (Figures 5(c)–5(e)).
There are no graphitic shells covered on the surface of these
large NPs, indicating that they are inert to catalyze the
CNT growth. Interestingly, a rhombohedral NP is observed
at the tip end of a bamboo-shaped CNT, and the smaller
NPs in the compartment of the CNT are merging towards
the rhombohedral NP, which can be taken as an indication
for the Ostwald ripening process (Figure 5(d)). Besides the
remarkable Ostwald ripening phenomenon on the catalyst
NPs, the CNTs obtained from 90 s show a similar growth
mode to the 30 s and 60 s situations, as the liquifying catalyst
Fe NPs elongated and elevated from the parent NPs to direct
the CNT growth and subsequently form a liquifying cascade
of smaller NPs to continue the growth process (Figures 5(e)
and 5(f)). Eventually, the growth process would be stopped
as the small NPs were deactivated by the surface-covered
graphitic shells (Figure S7).

4. Conclusions
In this article, we detailedly investigated the morphological
evolvement of the CNTs synthesized by using Ppy nanoﬁbers
and ferrocene under microwave radiation. The reaction
kinetics of the growth process were elaborated by analyzing
the morphologies of CNTs and catalyst Fe NPs obtained
from increased microwave time, i.e., 30 s, 60 s, and 90 s. The
diameters of CNTs and their degrees of graphitization were
found to simultaneously increased with prolonged microwave time from 30 s to 90 s. A strong correlation was also
found between the diameters of the CNTs and sizes of the
catalyst NPs. By carefully analyzing the TEM images of the
catalyst NPs inside the tubes, a new liquifying cascade growth
mode was proposed for the as-obtained CNTs. Due to the
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unique heating mechanism of microwave, the liquiﬁed catalyst NPs would receive fewer thermal energies as they were
elevating from the substrates (heat source) and became gradually solidiﬁed. During this stage, a morphological transformation from smooth and straight tubes to bamboo-shaped
tubes can be observed. However, the growth process of CNTs
was continued until the cascade liquiﬁed NPs became fully
covered by the graphitic shells or too small to catalyze the
CNT formation. The Ostwald ripening of the catalyst NPs
was found to become signiﬁcant as the microwave time was
increased to 90 s. The remarkable diﬀerence in size between
the large and small NPs and a wide-range size distribution
of the catalyst NPs lead to a highly divergent diameter distribution of the as-obtained CNTs, from approximately 180 nm
to 740 nm, after the 90 s microwave process. A few rhombohedral NPs with sizes from around 200 nm to 480 nm were
discovered near the tips of the CNTs. These NPs were inert
for catalyzing the CNT growth, and it was speculated that
they were composed of trigonal hematite crystals according
to their shapes.
To further improve the morphological homogeneity of
the CNTs synthesized by conducting polymers and ferrocene under microwave, a more homogeneous heating mechanism may need to be implemented to eliminate the thermal
gradient near the surface of the substrate and help the NPs
maintain their liquiﬁed states, e.g., additional microwave
absorbing materials like carbon ﬁbers can be introduced on
the substrate’s surface. On the other hand, the Ostwald ripening process may also need to be suppressed during the
growth. To achieve this goal, the microwave synthesis process can be conducted in more reducing environment with
the addition of reducing agents such as hydrogen gas.
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results, including the transmission electron microscopy
(TEM) images, high-resolution TEM images (HRTEM),
energy-dispersive X-ray (EDX) spectrum, and selected-area
electron diﬀraction (SAED) pattern, to support the discussions in the manuscript. Figure S1: EDX spectrum of the catalyst nanoparticle observed inside the core of the as-obtained
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CNTs; the elemental composition of the nanoparticle was
identiﬁed to be Fe. Figure S2: SAED pattern of a catalyst
Fe NP encapsulated at the tip of a CNT. The interpretation
of pattern indicated the NP was polycrystalline. Figure S3:
(a, c) TEM and (b, d) HRTEM images of the CNTs synthesized by 30 s microwave time. The representative stacking
faults are marked with blue arrows. Figure S4: (a–d) TEM
images of the CNTs with smooth and continuous tube walls
synthesized by 60 s microwave time. Figure S5: (a, c, e) TEM
and (b, d, f) HRTEM images of the CNTs synthesized by 60 s
microwave time. A lattice spacing of 0.34 nm can be observed
for the graphitic tube walls. Figure S6: (a, c, e) TEM and the
corresponding (b, d, f) HRTEM images of the CNTs synthesized by 120 s microwave time. Figure S7: HRTEM image of a
Fe catalyst nanoparticle encapsulated by graphitic shells.
(Supplementary Materials)
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