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Abstract Efficient conversion of waste plastics into ad-
vanced materials is of conspicuous environmental, social
and economic benefits. A coupled process of plastic pyroly-
sis and chemical vapor deposition for vertically aligned car-
bon nanotube (CNT) array growth was proposed. Various
kinds of plastics, such as polypropylene, polyethylene, and
polyvinyl chloride, were used as carbon sources for the con-
trollable growth of CNT arrays. The relationship between
the length of CNT arrays and the growth time was inves-
tigated. It was found that the length of aligned CNTs in-
creased with prolonged growth time. CNT arrays with a
length of 500 um were obtained for a 40-min growth and
the average growth rate was estimated to be 12 um/min. The
diameter of CNTs in the arrays can be modulated by con-
trolling the growth temperature and the feeding rate of fer-
rocene. In addition, substrates with larger specific surface
area such as ceramic spheres, quartz fibers, and quartz par-
ticles, were adopted to support the growth of CNT arrays.
Those results provide strong evidence for the feasibility of
conversion from waste plastics into CNT arrays via this re-
ported sustainable materials processing.

1 Introduction

Nanotechnology is the research on the control of matter
at atomic or molecular scale. It has enormous potential to
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create many new materials and devices with a vast range
of applications. For example, the carbon nanotube (CNT)
has become a kind of outstanding functional nanomaterials
with its two-dimensional nanostructured tubular structure.
The fantastic mechanical, electrical, and chemical proper-
ties of CNTs have motivated extensive research on the syn-
thesis, purification, properties, and applications in compos-
ites, electronics, optics, energy conversion, and other fields
of materials science [1-5]. According to their agglomerat-
ing behavior, CNTs can be divided into two kinds: CNT
aggregates—in which CNTs are randomly entangled with
each other and CNT arrays—in which CNTs are nearly
parallel to each other. The CNT aggregates are powders
which can be easily mass produced through fluidized bed
catalytic chemical vapor deposition (CVD) [5]. However,
they are difficult to disperse, which limits their further ap-
plications. While for the CNT arrays, they have many attrac-
tive properties such as ordered structure, unique anisotropic
performances, identical tube length, uniform orientation, ex-
tra high purity, and can be easily spun into macroscopic
fibers. The as-grown arrays can be used to construct field
emission devices, anisotropic conductive materials, multi-
functional membranes and super strong yarn. Even with the
loss of the original alignment, longer and straighter multi-
walled CNTs (MWCNTs) from the CNT arrays exhibit bet-
ter performances than randomly aggregated multi-walled or
even single-walled CNTs (SWCNTs) in the polymer rein-
forcements to improve its electrical, mechanical and thermal
properties. These applications would be realized if a con-
trollable route for the CNT array synthesis in a scalable way
would be established with a low cost.

Until now, CVD has become the most efficient route
to synthesize CNTs. Various hydrocarbons, such as acety-
lene [4], ethylene [6, 7], propylene [5], cyclohexane [8],
xylene [9] etc. have been used as the carbon sources. Re-
cent studies have demonstrated that natural materials can
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be used for the synthesis of CNTs, aiming at the develop-
ment of low-cost, environmentally benign, and resource-
saving processes for large-scale production [10-13]. Some
natural carbon sources, such as turpentine oil [14-16], cam-
phor [17], coal [18], liquefied petroleum gas [19-23], nat-
ural gas [24], city gas [11], are also effective for CNT
growth. Exploring economic carbon sources for CNT growth
is a flourishing area in the nanotechnology development.

On the other hand, it should be noticed that plastics have
been widely used in our daily life with the fast develop-
ment of petrochemical industry and plastic manufacture in
the last century. This unavoidably impacts the environment
as it causes a rapid increase in plastic waste. Up to now,
waste plastics can be recycled through landfill, energy re-
covery, and mechanical recycling which recovers the plastic
materials for similar or lower-quality applications [25-28].
Conspicuous environmental, social and economical benefits
can be gained from the reuse of waste plastics. However, the
above-mentioned methods show various disadvantages such
as rising costs, the poor biodegradability and the possibility
of unacceptable emissions. A great deal of attention is still
drawn to the problem of finding an efficient way to reuse
waste plastics. It should be noticed that plastics are poly-
merized from various hydrocarbons and their derivations. It
would be a feasible route to reuse them if they could be con-
verted into advanced materials (such as aligned CNTs) with
high value and extraordinary performance via nanotechnol-
ogy.

This contribution describes a detailed coupled process
of plastic pyrolysis and chemical vapor deposition (CVD)
to synthesize vertically aligned CNT arrays from a family
of plastic, such as polypropylene (PP), polyethylene (PE),
polyvinyl chloride (PVC). CNT arrays with good morphol-
ogy can be successfully synthesized on certain substrates.

2 Experimental details

In a typical procedure, PP (2.0 g), ferrocene (0.1 g) laid in
separate ceramic boats were fixed in different zones of a
tubular quartz reactor with the inner diameter of one inch.
Then the reactor was put into a three-stage electric furnace.
The first stage is used for ferrocene sublimation by a rate
of 0.1-0.8 g/min at 120-140°C for one minute. The second
stage is for PP pyrolysis at 450°C. The third stage with an
elevated temperature of 800°C is the CVD zone for CNT
array growth. After 30-min growth, the furnace was cooled
to room temperature naturally. Ar and H, were introduced
into the reactor and maintained from the beginning to the
end with a flow rate of 500 and 30 standard cubic centime-
ters per minute (sccm), respectively. The final product in the
reactor was peeled off by blades for further characterization.
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The morphology of the CNT arrays were obtained us-
ing a JSM 7401F scanning electron microscope (SEM) op-
erated at 3.0 kV and a JEM 2010 transmission electron mi-
croscope (TEM) operated at 120.0 kV. The sample for the
TEM observation was prepared using a common sonication
method. Raman experiments were performed using a Ren-
ishaw RM2000 Raman spectrophotometer. The spectra were
recorded using a He-Ne laser excited at 633.0 nm. The purity
of the CNTs in the as-grown product was measured through
thermal gravimetric analysis (TGA) by TGA Q500.

3 Results and discussion
3.1 Pyrolysis of PP into CNT arrays

The pyrolysis of PP results in a very complex product due to
the high reaction temperature and the complicated free radi-
cal reactions involved. As was reported by Kruse et al. [29],
the products of polypropylene cracking at 420°C included
various alkanes, alkenes, alkynes, aromatics, and so on.
About 36% were <C15 hydrocarbons, which can be eas-
ily delivered to the metal catalyst particles for the growth
of CNT arrays. Some coke left as the residual after the py-
rolysis as well. The gaseous products from pyrolysis of PP
were introduced into the CVD zone with higher tempera-
ture by carrier gases and then CNT arrays grew through a
CVD process. The as-grown product peeled off from the
quartz substrate was in the state of a black free standing
film. As is shown in Fig. 1a, the CNTs in the array are in
a uniform orientation with a length of 100 um. SEM images
show the detailed structure of the CNT arrays, which con-
sist of straight and curve CNTs (Fig. 1b). A typical Raman
spectrum is illustrated in Fig. Ic. The two main peaks in
1580 cm™! (G peak) and 1350 cm~! (D peak) in the Raman
spectra of the MWCNTs are the resonance peak of graphite
and the scattering peak of disordered component, respec-
tively. Therefore, the intensity ratio (/p/Ig) is commonly
used to characterize the crystallization degree of the sam-
ples. The value of Ip/Ig was 0.65, which indicated that the
CNT arrays obtained from PP were with low defect density.
From the TGA result of CNT arrays in Fig. 1d, it can be
concluded that the purity of the CNT arrays was as high as
97.4%. Thus, it is feasible for the synthesis of CNT arrays
with good alignment and high purity from PP.

A few other reports have described the growth of CNTs
from polymers, such as PP [30-33] and PE [34-36]. How-
ever, only random entangled multi-walled CNTs were ob-
tained [30-36]. The diameters of the as-obtained CNTs had
a wide distribution. Compared with the previous reports
[30-36], the fabrication of CNT arrays with ordered struc-
ture and extraordinary performance were realized herein.
The production of CNT arrays from plastic route was at-
tributed to the combination of plastic pyrolysis and CVD
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Fig.1 (a) SEM image,

(b) high-resolution image,

(¢) Raman spectra and (d) TGA
of CNT arrays grown from PP.
Carbon source: 4.0 PP; catalyst
precursor: 0.4 g/min ferrocene;
growth time: 10 min; growth
temperature: 800°C
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growth on flat substrates in a reactor. In the present route,
the catalyst particles formed through in-sifu decomposition
of ferrocene and the collision of iron atoms. The pyrolysis
gas served as carbon source in the CVD process. The as-
obtained iron particles were laid on the substrate [37] where
the hydrocarbons of the pyrolysis gas decomposed into
carbon atoms. Based on a vapor-liquid-solid CNT growth
model [38], CNTs grew out when the carbon was supersat-
urated in iron particles. On a flat substrate, the initial as-
grown CNTs formed a woven structure at the top of the ar-
ray, and the following CNTs met large space resistance at
the horizontal directions. Then the CNTs preferred grow-
ing vertically and formed an ordered array structure. The
synchronous growth was mainly beneficial from the delicate
interactions among CNTs [8]. Consequently, aligned CNTs
were obtained from this sustainable material processing.

3.2 Modulation of the structures of CNT arrays

CNT arrays can be synthesized through the combination of
pyrolysis of PP and a CVD process. The applications of
CNT arrays were closely related to the structure, such as the
length and diameter of CNTs. Here, we further provide the
strategy to modulate the structure (length and diameter) of
CNT arrays from the pyrolysis of plastic during the coupled
process.

8
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Fig. 2 The relationship between the growth time and length of CNT
arrays grown at 800°C. Carbon source: 4.0 PP; catalyst precursor:
0.4 g/min ferrocene
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Fig. 3 TEM, high-resolution TEM images, and diameter distribution of CNTs in the array at different feeding rates of catalyst precursor:
(a—c) 0.1 g/min; (d—f) 0.4 g/min; (g—i) 0.8 g/min. Carbon source: 4.0 PP; growth time: 30 min; growth temperature: 800°C

3.2.1 Modulating the length of CNT arrays

The length of CNT arrays can be easily modulated by vary-
ing the growth time. The length can be measured from the
SEM image and the morphology evolution of the CNT ar-
rays with the reaction time is shown in the inserted SEM
images of Fig. 2. The length of CNT arrays increased al-
most linearly with the growth time within 40 min and the
average growth rate was about 12 pym/min. This growth rate
was lower than that of pure hydrocarbons, such as cyclo-
hexane [8], xylene [9]. With the plastic serving as carbon
source, the composition of the pyrolysis gas was complex. It
was speculated that the decomposition rate of carbon source

@ Springer

on the surface of the catalyst particles was unstable, which
led to a large fluctuation of carbon concentration in the cata-
lyst particles, and reduced the growth rate of CNT arrays.
After reacting for 40 minutes, the length of CNT arrays
reached 500 um. Due to the limited activity of the catalyst
and the strong interactions among CNTs in the array, the
synthesis of ultra-long CNT arrays was still an open ques-
tion [39].

3.2.2 Modulating the diameter of CNTs in array

Many applications of CNT arrays were sensitive to the di-
ameter of CNTs. The diameter distribution of the as-grown
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Fig. 4 TEM, high-resolution TEM images, and diameter distribution of CNTs in the array at different growth temperatures: (a—c) 800°C;

(d-f) 850°C. Catalyst precursor: 0.2 g/min ferrocene; growth time: 30 min

CNTs strongly depended on the size distribution of the cat-
alyst particles. In the floating catalyst CVD process, the di-
ameter of CNTs can be modulated by controlling the forma-
tion and assembling of catalyst particles, which were corre-
sponding to the feeding rate of the catalyst precursor and the
growth temperature.

Firstly, we modulated the catalyst particle formation by
controlling the feeding rate of catalyst precursor. The feed-
ing rate of ferrocene was varied to be 0.1 g/min, 0.4 g/min,
and 0.8 g/min by increasing the evaporated temperature,
with the fixed feeding rate of carbon source at 4.0 g/h. CNT
arrays with good alignment grew on the inner surface of the
quartz tube, and the related TEM images are illustrated in
Fig. 3. All the products showed typical tubular structure.
They presented a well-ordered structure with regularly dis-
tributed graphene layers. The diameter distribution varied
with different feeding rates of catalyst precursor. With the
feeding rate of 0.1 g/min, the diameter was in a wide range,
and the mean diameter was 36.0 nm (Fig. 3c). When the
feeding rate of catalyst precursor increased to 0.4 g/min, the
mean diameter decreased to 28.0 nm (Fig. 3f). The mean
diameter further decreased to 22.6 nm with a feeding rate
of 0.8 g/min (Fig. 3i). The amount of ferrocene introduced
into the reactor was about 100 times than the previous re-

ports [37]. A supersaturated state of iron atom was formed
when the temperature was over 470°C. With higher satu-
ration, the rate for the catalyst nucleation increased dra-
matically, leading to the formation of more particles with
smaller sizes compared with the situation of lower satura-
tion. As smaller catalyst particles were obtained, small di-
ameter CNTs were synthesized consequently. This process
for particle formation was similar to that for crystal growth
in a saturation state.

After catalyst formation in the gas phase, the iron
nanoparticles attached on the substrate, where further cat-
alyst sintering took place. With varying growth tempera-
ture, the collision frequency in gas phase and sintering pos-
sibility on the substrate surface changed, resulting in the
difference in the diameter of the iron catalysts and there-
fore the diameter of CNTs. Here, we fixed the feeding rate
of catalyst precursor at 0.2 g/min, and the feeding rate of
carbon source and the flow rate of carrier gases were fixed
as well. Two different growth temperatures of 800°C and
850°C were evaluated, and the TEM images of the as-
grown products are shown in Fig. 4. The as-grown prod-
ucts showed lower defect density under higher temperature.
For CNT arrays that were grown at 800°C, the mean di-
ameter was 29.9 nm, which increased to 34.4 nm when the
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Fig.5 SEM and
high-resolution TEM images of
CNT arrays from (a, b) PE and
(¢, d) PVC. Carbon source:

4.0 PE/PVC; catalyst precursor:
0.4 g/min ferrocene; growth
time: 30 min; growth
temperature: 800°C

growth temperature was elevated to 850°C. A higher growth
temperature increased the collision frequency in gas phase
so that catalyst particles in larger size formed, and the sin-
tering possibility also increased so that the small particles
were prone to agglomerate into larger ones. As a result, the
as-formed iron catalyst particles became larger in size and
then CNTs with larger diameter in array form were synthe-
sized.

3.3 Other plastics as carbon sources for CNT array growth

The present CNT array synthesis route was a versatile route
to obtain advanced materials with certain structure from var-
ious plastics. Other plastics such as PE and PVC were also
adopted for CNT array growth to demonstrate the general-
ity of this approach. The pyrolysis products of PE mainly
consisted of ethylene, ethane, butylene, butane, n-paraffine,
vinyl olefin, et al. [40, 41]. Vertically aligned CNT arrays
obtained from pyrolysis gas of PE are illustrated in Fig. 5.
The as-grown product by PE showed a good morphology
with clean surface (Fig. 5a). HRTEM image showed the or-
dered graphite layers of CNTs were with low defect den-
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sity (Fig. 5b). During the pyrolysis of PVC, a more complex
product with HCI (over 50%), liquid (benzene, alkyl aro-
matic, alkanes, etc.), gas fractions, carbon in residue, wax,
and so on, were formed [42, 43]. The CI element from PVC
will partly poison the metal catalyst particles. Moreover,
the CI can bond with the dangling bonds of carbon or hy-
drogen [44]. Those are unfavorable for the normal disso-
lution of carbon in the iron phase and its precipitation at
the carbon-metal interface to form CNTs [44-46]. Thus, the
CNTs in the as-grown product derived from PVC entangled
with each other more densely (Fig. 5¢). HRTEM image re-
vealed that the graphite layers were disordered and with high
defect density (Fig. 5d). CNTs with disordered graphene
layers were formed. No signal of Cl atoms can be detected
on the as-grown products. The reason was attributed that the
CNTs growth were in a mixture of Ar and Hj at 800°C, the
H, substitutes for Cl via the substitution reaction (C-Cl +
H; — C-H 4 HCI), and Cl element cannot be stably grafted
on carbon [47-49]. Nevertheless, it is noticed that both PE
and PVC can serve as a good carbon source for the growth
of CNT arrays.
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Fig. 6 SEM images of CNT
arrays on different substrates:
(a) ceramic sphere, (b) quartz
particle, (¢, d) quartz fiber.
Carbon source: 4.0 PP; catalyst
precursor: 0.4 g/min ferrocene;
growth time: 30 min; growth
temperature: 800°C

3.4 Other substrates in synthesizing CNT arrays from
plastics

Furthermore, some novel substrates with large specific sur-
face area, easy flow ability, and low cost were adopted for
the growth of CNT arrays, such as spheres, fibers etc. Fig-
ure 6 shows CNT arrays grown on ceramic sphere, quartz
fiber and particle. The surface of ceramic sphere was totally
covered by radial CNT arrays (Fig. 6a). Similar with the
growth on ceramic sphere [7], the surface of quartz parti-
cle was completely covered by CNT arrays (Fig. 6b). When
CNT arrays were grown on the quartz fiber, they seemed
like a brush because the shape of the quartz fiber was cylin-
drical with a diameter of 10 pum, so that CNT arrays tended
to grow on the surface in an opposite direction and finally
became a brush-like structure (Fig. 6¢, d). The use of sub-
strates with larger specific surface area was beneficial for the
synthesis of CNT arrays at a large scale. Moreover, it should
be noticed that some CNT arrays were released during the
SEM sample preparation process, which was attributed to
the stronger adhesion between carbon tape and CNT arrays
than that between the iron catalyst and quartz substrate. Free

standing CNT arrays can be released on a large scale from
various substrates by using CO; as an oxidative reagent to
weaken the array-substrate interaction and facilitate their
harvest [50].

Finally, it should be noticed that various kinds of plastics
can serve as carbon sources for the growth of CNT arrays on
the surface of spherical, fibrous, or flat substrates. This indi-
cated that waste plastics (a mixture of various plastics) were
also promising for the effective synthesis of CNT arrays at
a large scale in the future. This is an easy way to transform
waste into advanced materials through nanotechnology.

4 Conclusions

CNT arrays have been obtained through a pyrolysis-CVD
coupled process with PP, PE and PVC as the carbon source
and ferrocene as the catalyst precursor. With PP as the
carbon source, the growth rate of CNT arrays is about
12 um/min. The diameter of the CNTs can be modulated by
controlling either the growth temperature or the feeding rate
of catalyst precursor. Various kinds of plastics and various
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substrates can be adopted for the synthesis of CNT arrays

as

well, indicating this approach to be a versatile method to

convert plastics into CNT arrays. This provides a new route

to

recycle plastics into advanced materials through sustain-

able materials processing.
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