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Catalytic conversion of waste plastics into high value-added carbon nanomaterials (CNMs) has attracted 
increasing attention; however, the role of lattice oxygen in the carbonization of plastics still remains 
ambiguous. In this work, firstly, nickel catalyst with different content of lattice oxygen was prepared by 
sol-gel combustion synthesis method. Subsequently, the effect of lattice oxygen in nickel catalyst on the 
catalytic carbonization of polypropylene (PP, an example of plastics) into CNMs was investigated. It was 10 

found that the yield of CNMs increased dramatically with the increasing content of lattice oxygen. Large 
and short platelet-like carbon fibers were obtained when the content of lattice oxygen was low. With the 
increasing content of lattice oxygen, small, winding and short carbon nanofibers were produced. When 
the content of lattice oxygen further increased, long, small and straight cup-stacked carbon nanotubes 
were formed. Besides, it was demonstrated that lattice oxygen not only prevented the coalescence of 15 

nickel catalyst nanoparticles into large particles and promoted their reconstruction into rhombic shape, 
but also facilitated the catalytic carbonization of PP degradation products. This work provides new 
insights into the carbonization mechanism of plastics and puts forward a novel chemical method to 
prepare CNMs with diverse morphologies by controlling the content of lattice oxygen in catalyst. 

1. Introduction 20 

The catalytic conversion of waste plastics into something useful 
and more valuable has aroused much interest,1–3 owing to the 
ever-increasing generation of waste plastics (e.g., more than 25 
million tons of waste plastics were generated in Europe in 2011). 
Chemical recycling can recover the petrochemical components of 25 

waste plastics, which could be used to produce other synthetic 
chemicals.4,5 However, the development of a new economically 
feasible chemical recycling process is still of great importance for 
waste plastics treatment. Waste polyolefin is the main component 
among waste plastics, and the content of carbon in polyolefin is 30 

about 85.7 wt %. Thereby, catalytic carbonization of polyolefin 
into high value-added carbon nanomaterials (CNMs) will open up 
new avenues for deep processing and comprehensive utilization 
of waste plastics. 

So far, many studies have been conducted to transform virgin 35 

or waste polyolefin including polypropylene (PP) and 
polyethylene (PE) into CNMs such as carbon nanotubes (CNTs), 
cup-stacked CNTs (CS-CNTs), carbon nanofibers (CNFs) and 
carbon spheres (CSs). Wu et al. used catalytic gasification to 
process PP into CNTs and hydrogen-rich synthetic gas by Ni/Ca–40 

Al or Ni/Zn–Al catalyst.6,7 Acomb et al. used pyrolysis-
gasification of PP and PE to prepare CNTs by Ni/Al2O3 catalyst.8 
Zhuo et al. reported the synthesis of CNTs from PE using a 
pyrolysis–combustion technique.9,10 Recently, they found that the 
oxidative heat treatment of stainless steel favored for the 45 

production of CNTs.11 Pol et al. used autoclave as reactor to 

convert PE into CNTs and CSs under high pressure.12 Our group 
put forward a strategy of combined degradation 
catalyst/carbonization catalyst, including solid acid, halogenated 
compound or activated carbon/nickel (or cobalt) catalyst, to 50 

convert plastics into CNTs, CS-CNTs, CNFs and CSs under 
atmospheric condition.13−21 The resultant CNMs could be used in 
a lot of fields such as heterogeneous catalysis17 and environment 
remediation.19 

Undoubtedly, the high-yield conversion of plastics into CNTs 55 

is more challenging than in the case using simple one light 
hydrocarbon as carbon source, because the degradation products 
of plastics are complicated and consist of light hydrocarbons, 
aromatics and long-chain olefins.16,19,20 As well known, the 
maintenance of high catalytic activity of catalyst is crucial to 60 

improve the yield of CNTs. Previous work showed that the 
addition of water or other oxygen-containing compound could 
clean off the amorphous carbon coating around catalyst, which 
promoted the growth of CNTs.6−8,22−24 Janowska et al. recently 
demonstrated that the growth rate and quality of vertically 65 

aligned CNTs were significantly improved by addition of small 
amount of ethanol (e.g., 9 vol %).25 Other common strategy to 
enhance the catalytic activity of catalyst is to add the second 
metal element or utilize the lattice oxygen in catalyst itself. 
Pfefferle et al. reported that the addition of Cr or Mn element into 70 

Co–MCM-41 catalyst increased the selectivity and yield of 
single-walled CNTs.26−28 Liu et al. demonstrated that oxygen 
atom in SiOx nanoparticle enhanced the capture of -CHx and 
facilitated the growth of single-walled CNTs.29 Qian et al. found 
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that the lattice oxygen in the unreduced Co-Mo/Al2O3 consumed 
part of hydrogen and carbon (to the H2O and CO), making the 
equilibrium of methane decomposition shift to the direction of 
hydrogen and CNTs production in a much higher reaction rate.30 
However, they did not investigate the influence of lattice oxygen 5 

on the yield, morphology and microstructure of CNTs, nor study 
the effect of lattice oxygen on the coalescence and reconstruction 
of catalyst, which are of great significance to uncover the role of 
lattice oxygen in the formation of CNTs and improve the yield of 
CNTs. Recently, we found that the nano-sized NiO prepared from 10 

sol-gel combustion synthesis method could catalyze the 
degradation products of PP or PE into long, straight and smooth-
surface CS-CNTs, in which the coalescence and reconstruction of 
NiO nanoparticles into rhombic shape were the vital steps.16,18,19 
The previous work prompted us to think about further questions: 15 

How does the content of lattice oxygen in NiO catalyst influence 
the yield, morphology and microstructure of CNMs? How does 
the lattice oxygen affect the coalescence and reconstruction of 
NiO nanoparticles and the carbonization of PP degradation 
products? Solving these problems will not only help to improve 20 

the yield of CNMs and provide more insights into the 
carbonization mechanism of polyolefin, but also contribute to the 
conversion of waste polyolefin into valuable CNMs. 

On the other hand, although CNMs with diverse 
morphologies have been prepared from plastics,6–21 to the best of 25 

our knowledge, there are no reports about synthesizing platelet-
like carbon fibers (PL-CFs) using plastics as carbon sources. PL-
CFs have attracted a great deal of research attention due to their 
special stacked morphology consisting of many platelet-like 
graphene layers perpendicularly to the fiber axis. They are 30 

different from conventional CNTs made up of multi-seamless 
cylinders of hexagonal carbon networks or CNFs composed of 
random orientation graphene layers. Such a special 
microstructure provides a large portion of exposed and reactive 
edges on the surface of PL-CFs,31 and makes them potential 35 

candidates in lithium ion batteries,31 fuel cells,32,33 and 
heterogeneous catalysis.34,35 As a result, the synthesis of PL-CFs 
from plastics is highly desirable. 

Herein, firstly, nano-sized nickel catalyst with different 
content of lattice oxygen was prepared by sol-gel combustion 40 

synthesis method. Subsequently, the combined CuBr/nickel 
catalyst was used to catalyze carbonization of PP into CNMs 
including PL-CFs, CNFs and CS-CNTs at 700 oC. The effects of 
the content of lattice oxygen in nickel catalyst on the yield, 
morphology, microstructure, phase structure and thermal stability 45 

of CNMs were investigated. Besides, the effects of lattice oxygen 
on the coalescence and reconstruction of nickel catalyst 
nanoparticles and the carbonization of PP degradation products 
were explored. Finally, a possible mechanism was proposed to 
expound the role of lattice oxygen in the catalytic carbonization 50 

of PP into CNMs with diverse morphologies. 

2. Experimental 

2.1 Materials 

Polypropylene (PP, weight–average molecular weight = 3.07 × 
105 g/mol, polydispersity index = 3.13, and trademark T30S) 55 

powder was supplied by Yanan Petrochemical Co., China. Nano-

sized nickel catalyst with different content of lattice oxygen was 
prepared by sol-gel combustion synthesis method according to 
the previous report.36 Briefly, precursor solution was prepared as 
following: 0.10 mol Ni(NO3)2·6H2O (analytical reagent, supplied 60 

from Beijing Chemical Works) and a designed amount of citric 
acid (simplified as CA, analytical reagent, provided by Beijing 
Chemical Works) were dissolved in 200 mL deionized water. The 
pH value of solution was adjusted to 7 by ammonia (analytical 
reagent, supplied from Beijing Chemical Works). The solution 65 

was evaporated at 95 oC until forming gel, which was further 
heated under the protection of nitrogen gas at the temperature of 
self-ignition. The obtained nickel catalyst was designated as Cat-
x, where x represented the molar ratio of Ni(NO3)2 to CA in the 
precursor solution, and used as carbonization catalyst to 70 

synthesize CNMs. CuBr was of analytical grade and purchased 
from Beijing Chemical Works. 

2.2 Preparation of samples 

PP powder (40.00 g) was mixed with Cat-x (1.00, 2.00 or 3.00 g) 
and CuBr (0.050 g) in a Brabender mixer at 100 rpm and 180 oC 75 

for 8 min. The resultant sample was denoted as PP/CuBr-Cat-x-y, 
where y represented the content of Cat-x (g/100 g PP). For 
comparison, PP/CuBr with CuBr content of 0.125 (g/100 g PP) 
and PP/Cat-x-y were also prepared. 

2.3 Preparation of CNMs 80 

CNMs were prepared through carbonization experiment by 
heating PP/CuBr-Cat-x-y in a crucible at 700 oC according to our 
previous reports.14,17 Briefly, a piece of PP/CuBr-Cat-x-y (about 
5.0 g) was placed into a crucible, which was heated at 700 oC for 
about 5 min. The resultant CNMs were cooled to room 85 

temperature, weighed and designated as CNMy-z, where z 
represented the content of lattice oxygen (mol/100 mol Ni) in the 
Cat-x. The yield of CNMs was calculated by dividing the amount 
of the obtained carbon (the amount of the residue after 
subtracting the amount of the residual catalysts) by that of carbon 90 

element in the PP from PP/CuBr-Cat-x-y. Each measurement was 
repeated four times for reproducibility purpose. 

2.4 Characterization 

The morphologies of Cat-x and CNMs were observed by field-
emission scanning electron microscope (FE-SEM, XL30ESEM-95 

FEG) and transmission electron microscope (TEM, JEM-1011) at 
an accelerating voltage of 100 kV. The microstructure of CNMs 
was investigated using high-resolution TEM (HRTEM) 
performed on a FEI Tecnai G2 S-Twin transmission electron 
microscope operating at 200 kV. The phase structures of Cat-x 100 

and CNMs were analyzed by X-ray diffraction (XRD) using a D8 
advance X-ray diffractometer with Cu Kα radiation operating at 
40 kV and 200 mA. The vibrational property of CNMs was 
characterized by Raman spectroscopy (T6400, excitation-beam 
wavelength: 514.5 nm). The thermal stabilities of Cat-x and 105 

CNMs were measured by thermal gravimetric analysis (TGA) 
under air flow at a heating rate of 10 oC/min using a TA 
Instruments SDT Q600. 

3. Results and discussion 

3.1 Characterization of nickel catalysts 110 
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Nickel catalysts were synthsized by sol-gel combustion synthesis 
method. FE-SEM images revealed that the resultant nickel 
catalysts had lamellar structure ranging from hundreds of 
nanometers to several micrometers in length (see Fig. S1 in the 
ESI†). When the molar ratio of Ni(NO3)2 to CA increased, the 5 

lamella of nickel catalysts became thinner. TEM images of nickel 
catalysts (Fig. 1) demonstrated that they consisted of uniform 
nanoparticles. The size distribution histograms of nickel catalyst 
nanoparticles are shown in Fig. S2. The average diameter was 
25.2 ± 3.2 nm for Cat-1.0, 23.6 ± 2.2 nm for Cat-1.25, 23.7 ± 2.6 10 

nm for Cat-1.67, 24.9 ± 2.5 nm for Cat-2.5, 17.6 ± 2.5 nm for 
Cat-3.33, and 17.5 ± 2.4 nm for Cat-5.0. That is to say, the size of 
the synthesized nickel catalysts was similar. 

 
Fig. 1 TEM images of nickel catalysts: (a) Cat-1.0, (b) Cat-1.25, (c) Cat-15 

1.67, (d) Cat-2.5, (e) Cat-3.33 and (f) Cat-5.0. 

XRD patterns of nickel catalysts are shown in Fig. 2. For Cat-
1.0, Cat-1.25, Cat-1.67 and Cat-2.5, characteristic diffraction 
peaks of metallic nickel were clearly observed at 2θ = 44.8o (111), 
52.1o (200) and 76.6o (220), suggesting that they contained 20 

metallic nickel nanoparticles. However, characteristic diffraction 
peaks of NiO at 2θ = 37.6o (111), 43.6o (200), 63.2o (220), 75.7o 
(311) and 79.7o (222) were also observed in Cat-1.25, Cat-1.67 
and Cat-2.5, indicating that they also contained NiO nanoparticles. 
These characteristic diffraction peaks of NiO became stronger 25 

when the molar ratio of Ni(NO3)2 to CA increased, implying that 
the content of NiO in the nickel catalysts increased. Moreover, 
when the molar ratio of Ni(NO3)2 to CA further increased to 3.33 
or 5.0, the characteristic diffraction peaks of metallic nickel 

disappeared, and only characteristic diffraction peaks of NiO 30 

remained, demonstrating that Cat-3.33 and Cat-5.0 were 
composed of NiO nanoparticles. 

 
Fig. 2 XRD patterns of nickel catalysts. 

Fig. S3 shows the TGA and derivative TGA (DTG) curves of 35 

Cat-x under air flow at a heating rate of 10 oC/min. The weight 
increase from 400 to 900 oC was due to the oxidation of Ni to 
NiO. Cat-1.0, Cat-1.25, Cat-1.67 and Cat-2.5 showed the 
maximum oxidation temperature at 682.6, 616.9, 603.0 and 511.1 
oC, respectively, and the corresponding weight increase at 900 oC 40 

was 25.1, 20.8, 13.7 and 3.1 wt %, respectively. However, Cat-
3.33 and Cat-5.0 showed no maximum oxidation temperature, 
and the weight at 900 oC decreased by 2.1 and 2.2 wt %, 
respectively, which was probably caused by the decomposition of 
impurities. The content of lattice oxygen in Cat-x was calculated 45 

according to the weight change of Cat-x at 900 oC, and the results 
are shown in Fig. 3. The content of lattice oxygen (mol/100 mol 
Ni) was 0 for Cat-1.0, 15.6 for Cat-1.25, 41.7 for Cat-1.67, 80.6 
for Cat-2.5, 99.6 for Cat-3.33, and 100 for Cat-5.0. 

 50 

Fig. 3 The content of lattice oxygen in the nickel catalysts. 

3.2 Effect of lattice oxygen on the yield of CNMs 

In the cases of PP/CuBr and PP/Cat-x-y, the yield of CNMs was 
less than 1.0 and 5.1 wt %, respectively, indicating that CuBr or 
Cat-x alone could not effectively catalyze carbonization of PP. 55 

Fig. 4 shows the effect of the content of lattice oxygen on the 
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yield of CNMs from PP/CuBr-Cat-x-y. Interestingly, after adding 
0.125 (g/100 g PP) CuBr into PP/Cat-x-y, the yield of CNMs 
from PP/CuBr-Cat-x-y increased obviously with the increasing 
content of lattice oxygen, regardless of Cat-x content (2.5, 5.0 or 
7.5 g/100 g PP). Taking PP/CuBr-Cat-x-7.5 as an example, the 5 

yield of CNM7.5-z increased from 7.4 to 63.4 wt %, when the 
content of lattice oxygen in Cat-x increased from 0 to 100 
(mol/100 mol Ni). As a consequence, the content of lattice 
oxygen in Cat-x played an important role in the catalytic 
carbonization of PP into CNMs. In addition, when the content of 10 

Cat-x increased from 2.5 to 7.5 (g/100 g PP), the yield of CNMs 
increased. For example, the yield of CNMy-100 from PP/CuBr-
Cat-5.0-y increased from 33.0 to 63.4 wt %, much more 
significantly than that of CNMy-0 from PP/CuBr-Cat-1.0-y. 
Accordingly, the combined CuBr/Cat-5.0 showed much higher 15 

catalytic efficiency than CuBr/Cat-1.0 in the catalytic 
carbonization of PP, indicating that the catalytic ability of Cat-5.0 
was much higher than that of Cat-1.0, since the carbon sources 
(i.e., the degradation products of PP under the catalysis of CuBr) 
were the same. More discussion about the effect of lattice oxygen 20 

in Cat-x on the carbonization of PP degradation products will be 
provided in Section 3.6. 

 
Fig. 4 Effect of the content of lattice oxygen in Cat-x on the yield of 
CNMs from PP/CuBr-Cat-x-y at 700 oC. 25 

3.3 Effects of lattice oxygen on the morphology and 
microstructure of CNMs 

To investigate whether the lattice oxygen in nickel catalyst had 
any effects on the morphology and microstructure of CNMs, FE-
SEM, TEM and HRTEM observations were performed on the 30 

resultant CNM7.5-z from PP/CuBr-Cat-x-7.5. Fig. 5 shows the 
FE-SEM images of the CNM7.5-z. Strikingly, when the content 
of lattice oxygen in nickel catalyst was low, a lot of thick and 
short filamentous carbon was obtained in the CNM7.5-0 and 
CNM7.5-15.6 (Figs. 5a and 5b). However, when the content of 35 

lattice oxygen in nickel catalyst increased to 41.7 or 80.6 
(mol/100 mol Ni), filamentous carbon in the resultant CNM7.5-
41.7 or CNM7.5-80.6 became smaller, and the length showed no 
obvious changes (Figs. 5c and 5d). Interestingly, when the 
content of lattice oxygen further increased to 99.6 or 100 40 

(mol/100 mol Ni), there was a great amount of relatively straight, 
smaller and long filamentous carbon in the obtained CNM7.5-

99.6 or CNM7.5-100 (Figs. 5e and 5f). 

 
Fig. 5 FE-SEM images of CNMs: (a) CNM7.5-0, (b) CNM7.5-15.6, (c) 45 

CNM7.5-41.7, (d) CNM7.5-80.6, (e) CNM7.5-99.6 and (f) CNM7.5-100. 

 
Fig. 6 TEM images of CNMs: (a) CNM7.5-0, (b) CNM7.5-15.6, (c) 
CNM7.5-41.7, (d) CNM7.5-80.6, (e) CNM7.5-99.6 and (f) CNM7.5-100. 
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Fig. 6 displays the TEM images of the corresponding CNMs. 
Large and short CFs with wide diameter and length distributions 
were found in both CNM7.5-0 and CNM7.5-15.6 (Figs. 6a, 6b, 
S4 and S5), and the surface of CFs was rough. The mean outer 
diameter and length of CNM7.5-0 and CNM7.5-15.6 were 362 5 

nm and 3.6 μm, and 353 nm and 4.1 μm, respectively (Fig. 7). 
Comparatively, small, winding and short CNFs were obtained in 
both CNM7.5-41.7 and CNM7.5-80.6 (Figs. 6c, 6d, S4 and S5), 
of which the mean outer diameter and length were 84.8 nm and 
5.8 μm, and 81.5 nm and 6.0 μm, respectively (Fig. 7). Strikingly, 10 

the resultant straight and long filamentous carbon from CNM7.5-
99.6 and CNM7.5-100 had a tubular-like form (Figs. 6e and 6f), 
which is characteristic of CNTs. The surface of CNTs seemed to 
be smooth, and they had narrow diameter and length distributions 
(Figs. S4 and S5). The mean outer diameter and length were 42.6 15 

nm and 10.8 μm for CNM7.5-99.6, and 38.3 nm and 11.8 μm for 
CNM7.5-100 (Fig. 7). 

 
Fig. 7 Effects of the content of lattice oxygen on the length and diameter 
of CNMs from PP/CuBr-Cat-x-7.5 at 700 oC. 20 

To further clarify the effect of lattice oxygen in nickel catalyst 
on the microstructures of the resultant CFs, CNFs and CNTs, 
HRTEM observations were conducted on the CNM7.5-0, 
CNM7.5-41.7 and CNM7.5-100. Interestingly, the HRTEM 
image (Fig. 8a) of CNM7.5-0 showed that the large and short CFs 25 

were composed of many edge-exposed graphene platelets almost 
perpendicularly to the fiber axis. The special platelet-like 
structure demonstrated that CNM7.5-0 were PL-CFs, which 
could be used in the applications of lithium ion batteries,31 fuel 
cells,32,33 and heterogeneous catalysis.34,35 The interlayer spacing 30 

between graphitic layers was in the range of 0.34–0.36 nm, and 
the graphitic layers were discontinuous and had many defects, 
suggesting the low graphitization of CNM7.5-0 when the content 
of lattice oxygen in nickel catalyst was low. However, the 
graphitic layers in the small, short and winding CNFs from 35 

CNM7.5-41.7 were random orientation to the CNF axis (Fig. 8b). 
The interlayer spacing between graphitic layers was about 0.34 
nm.  
 

 40 

Fig. 8 HRTEM images of CNMs: (a) CNM7.5-0, (b) CNM7.5-41.7 and (c) 
CNM7.5-100. 

Notably, the graphitic layers in the long, straight and smooth-
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surface CNTs from CNM7.5-100 were oblique to the CNT axis at 
the angle of 17–22o (Fig. 8c). Hence, the obtained CNTs are 
identified as CS-CNTs, of which a large portion of exposed and 
reactive edges with abundant dangling bonds exist on the outer 
surface and in the inner channel. This makes them excellent 5 

candidates in nanoelectronics,37 absorbent,38 nancomposite,39 
energy,40 electrochemical biosensor,41,42 and catalysis.43 CS-
CNTs are different from herringbone CNFs,44 since the catalyst 
for the growth of CNM7.5-100 (or CNM7.5-99.6) is in the 
molten state rather than solid state.45 Moreover, the interlayer 10 

spacing between graphitic layers in the CS-CNTs was about 0.34 
nm, consistent with the ideal graphitic interlayer spacing. 
Therefore, the lattice oxygen in nickel catalyst remarkably 
affected the morphology and microstructure of CNMs from the 
catalytic carbonization of PP. 15 

3.4 Effects of lattice oxygen on the phase structure and 
thermal stability of CNMs 

XRD, Raman and TGA measurements were employed to further 
study the effects of lattice oxygen content on the phase structure 
and thermal stability of CNMs. Fig. 9 displays the XRD patterns 20 

of the resultant CNMs. Characteristic diffraction peaks of both 
graphite (2θ = 26.2o (002) and 42.9o (101)) and metallic Ni (2θ = 
44.5o (111), 51.9o (200) and 76.5o (220)) were observed. This 
indicated that NiO was reduced into metallic nickel during the 
growth of CNFs or CS-CNTs. The appearance of weak 25 

diffraction peaks of NiO in the CNM7.5-0 and CNM7.5-15.6 
were probably due to the oxidation of nickel catalyst by air 
during the cooling process. Furthermore, the intensity ratio of 
diffraction peak of graphite (002) to that of metallic Ni (111) in 
CNM7.5-100, CNM7.5-99.6, CNM7.5-80.6 or CNM7.5-41.7 was 30 

obviously larger than that from CNM7.5-15.6 or CNM7.5-0. This 
suggested that CS-CNTs and CNFs contained less lattice 
distortions than PL-CFs, agreeing with the HRTEM observations 
(Fig. 8). Fig. S6 presents the Raman spectra of the corresponding 
CNMs. The peak at about 1580 cm–1 (G band) corresponds to an 35 

E2g mode of hexagonal graphite and is related to the vibration of 
sp2-bonded carbon atoms in a graphite layer, and the D band at 
about 1345 cm–1 is associated with vibration of carbon atoms 
with dangling bonds in the plane terminations of disordered 
graphite or glassy carbons.46,47 The IG/ID value of CNM7.5-100 40 

(0.58) or CNM7.5-99.6 (0.56) was obviously larger than 
CNM7.5-80.6 (0.53), CNM7.5-41.7 (0.52), CNM7.5-15.6 (0.49) 
or CNM7.5-0 (0.46). Hence, CNM7.5-100 (or CNM7.5-99.6) had 
relatively lower defects inside the graphite sheets than CNM7.5-
80.6, CNM7.5-41.7, CNM7.5-15.6 or CNM7.5-0. 45 

TGA was used to measure thermal stability of CNMs. Higher 
oxidation temperature is always associated with less defective 
CNMs. Fig. S7 shows the DTG curves of the CNMs under air 
flow at a heating rate of 10 oC/min. CNM7.5-100 or CNM7.5-
99.6 showed higher maximum oxidation temperature than 50 

CNM7.5-80.6, CNM7.5-41.7, CNM7.5-15.6 or CNM7.5-0, 
revealing the formation of well graphitized CNMs, and/or less 
amorphous carbon when the content of lattice oxygen increased. 
The above results demonstrated that the lattice oxygen in the 
nickel catalyst facilitated the formation of well graphitized CNMs, 55 

and/or prevented the formation of amorphous carbon during the 
catalytic carbonization of PP. 

 
Fig. 9 XRD patterns of CNMs: (a) CNM7.5-0, (b) CNM7.5-15.6, (c) 
CNM7.5-41.7, (d) CNM7.5-80.6, (e) CNM7.5-99.6 and (f) CNM7.5-100. 60 

3.5 Effects of lattice oxygen on the coalescence and 
reconstruction of nickel catalyst nanoparticles 

 
Fig. 10 TEM images of metallic nickel catalysts in PL-CFs from 
CNM7.5-0 (a–d), CNFs from CNM7.5-41.7 (e), and CS-CNTs from 65 

CNM7.5-100 (f). 

Prior to the growth of CNMs, the catalyst nanoparticles always 
undergo coalescence and reconstruction, and adopt well-defined 
geometric shapes.48 Correlating the content of lattice oxygen in 
nickel catalyst with the yield, morphology and microstructure of 70 
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CNMs is of great importance for understanding the role of lattice 
oxygen in the formation of CNMs. The following questions are 
urgent to be answered: How does the lattice oxygen influence the 
coalescence and reconstruction of nickel catalyst nanoparticles? 
How does the lattice oxygen affect the carbonization of PP 5 

degradation products? To answer the first question, we observed 
the morphologies of metallic nickel catalysts in the PL-CFs, 
CNFs and CS-CNTs. Interestingly, the metallic nickel catalysts in 
the large and short PL-CFs or short, winding and rugged-surface 
CNFs displayed irregular polyhedral shape on the tips of PL-CFs 10 

or CNFs. However, most of the metallic nickel catalysts in the 
long, straight and smooth-surface CS-CNTs had rhombic shape 
and existed in the middle of CS-CNTs. Fig. 10 presents the TEM 
micrographs of the typical irregular polyhedral-shape Ni catalyst 
on the tip of PL-CFs from CNM7.5-0, irregular polyhedral-shape 15 

Ni catalyst on the tip of CNFs from CNM7.5-41.7 and rhombic-
shape Ni catalyst in the middle of CS-CNTs from CNM7.5-100. 
For PL-CFs, the irregular polyhedral-shape Ni catalyst had a 
diameter range of 300−500 nm (Figs. 10a−10d), much larger than 
the mean diameter of Cat-1.0 (25.2 nm), which was obviously 20 

ascribed to the coalescence and sintering of metallic nickel 
nanoparticles.49 Interestingly, a different number of branches 
were observed onto the coalesced nickel particles, suggesting the 
formation of octopus-like CFs. Similar results were observed by 
other researchers. Jeong and Lee50 found that the octopus-like 25 

carbon filaments were formed on Ni particles greater than 100 nm 
in diameter. Comparatively, the diameter of irregular polyhedral-
shape Ni catalyst in CNFs was in the range of 40−100 nm (Fig. 
10e), much smaller than that in CNM7.5-0, and amorphous 
carbon covered some part of Ni catalysts. Strikingly, the diameter 30 

of rhombic-shape Ni catalyst in CS-CNTs was between 25 and 60 
nm (Fig. 10f), lower than that in CNM-41.7, and the graphene 
layers near the surface of rhombic-shape Ni catalyst were parallel 
to the surface of rhombic-shape Ni catalyst (Fig. S8). Similar 
phenomena were observed by Janowska et al.51 They found the 35 

shape of FeNx catalyst showed an obvious impact on the structure 
of carbon nanofilaments. 

Consequently, the coalescence and reconstruction of nickel 
catalyst nanoparticles during the growth of PL-CFs, CNFs and 
CS-CNTs were different. Since the diameter of Cat-x (x = 1−5) 40 

was similar and the carbon sources (i.e., the degradation products 
of PP under the catalysis of CuBr) were the same, it was 
speculated that the lattice oxygen promoted the reconstruction of 
nickel catalyst nanoparticles and prevented their coalescences 
into large particles during the carbonization. 45 

3.6 Effect of lattice oxygen on the carbonization of PP 
degradation products 

The degradation products of PP are the carbon feedstocks for the 
growth of PL-CFs, CNFs and CS-CNTs. In our previous 
reports,16,18,19 it was proved that a trace of halogenated compound 50 

facilitated the dehydrogenation and aromatization of PP radical 
fragments into a large amount of light hydrocarbons and a 
relative small amount of aromatics, in which propylene and 
toluene were the main component, respectively. Thus, to study 
the effect of lattice oxygen on the carbonization of PP 55 

degradation products, propylene (P), toluene (T) and their 
mixtures were used as carbon sources, respectively, and Cat-x 

containing different content of lattice oxygen was used as 
carbonization catalyst in model carbonization experiment (Fig. 
S9). The results are shown in Fig. 11. As can be seen, no matter 60 

what kind of carbon sources was added, the carbon conversion, 
which was calculated by dividing the amount of carbon product 
after the model carbonization experiment by that of carbon 
element in the carbon source, increased with the increasing 
content of lattice oxygen. Similar phenomenon was observed by 65 

Qian et al.30 Based on the above results, we speculated that the 
combination of lattice oxygen with hydrogen and carbon favored 
for the decomposition of light hydrocarbons and aromatics. This 
was why the yield of CNMs from PP/CuBr-Cat-x-y increased 
significantly with the increasing content of lattice oxygen (Fig. 4). 70 

 
Fig. 11 Yield of carbon using different carbon source under the catalysis 
of Cat-x (0.10 g) with different content of lattice oxygen at 700 oC. 
Propylene (P) was added at 200 mL/min for 6 min, 2.5 g toluene (T) was 
evenly added within 6 min, or propylene was added at 100 mL/min for 6 75 

min while 1.25 g toluene was evenly added within 6 min. 

The possible mechanisms about the effect of lattice oxygen in 
the nickel catalyst on the catalytic carbonization of PP into CNMs 
including PL-CFs, CNFs and CS-CNTs are shown in Fig. 12. 
When the content of lattice oxygen was low, the nickel catalyst 80 

nanoparticles were coalesced into large irregular polyhedral-
shape particles (step 1 in Fig. 12a), which catalyzed the 
degradation products of PP into graphene layers on the surface of 
catalyst (step 2 in Fig. 12a). As a result, PL-CFs with the 
graphene platelets almost perpendicularly to the fiber axis were 85 

formed (steps 3 and 4 in Fig. 12a). When the content of lattice 
oxygen increased, irregular polyhedral-shape nickel catalyst with 
smaller size than that in the PL-CFs was formed (step 1 in Fig. 
12b), which was ascribed to the lattice oxygen preventing the 
coalescence of nickel catalyst nanoparticles. Amorphous carbon 90 

covered some part of catalyst, and the dehydrogenation and 
aromatization of light hydrocarbons and aromatics into graphene 
nanosheets only occurred on the uncovered parts of Ni catalyst 
from the reduction of NiO (step 2 in Fig. 12b). Finally, short, 
winding and rugged-surface CNFs were obtained (steps 3 and 4 95 

in Fig. 12b). When the content of lattice oxygen further increased, 
the lattice oxygen promoted the reconstruction of NiO 
nanoparticles into rhombic-shape NiO catalyst with much smaller 
size compared to that in the CNFs (step 1 in Fig. 12c), which 
catalyzed light hydrocarbons and aromatics into graphene 100 
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nanosheets on the middle surface of reshaped Ni catalyst from the 
reduction of NiO (step 2 in Fig. 12c). These graphene nanosheets 
were parallel to the surface of the rhombic-shape Ni catalyst (Fig. 
S8) and assembled to gradually construct the CS-CNT structure. 
This was the reason why the graphene layers in the CS-CNTs 5 

were oblique to the CS-CNTs axis at the angle of 17−22o (Fig. 8). 
Finally, CS-CNTs grew up from the two ends of rhombic-shape 
Ni catalyst until the reaction was over (steps 3 and 4 in Fig. 12c). 
 

 10 

Fig. 12 Possible mechanisms about the effect of lattice oxygen in the nickel catalyst on the catalytic carbonization of PP into CNMs including PL-CFs (a), 
CNFs (b) and CS-CNTs (c). 

4. Conclusions 

Uniform nickel catalyst with different content of lattice oxygen 
but similar diameter was prepared by controlling the molar ratio 15 

of Ni(NO3)2 to citric acid using sol-gel combustion synthesis 
method. The combined CuBr/nickel catalysts showed a 
synergetic effect on the carbonization of PP into carbon 
nanomaterials including platelet-like carbon fibers, carbon 
nanofibers and cup-stacked carbon nanotubes at 700 oC. The 20 

yield of carbon nanomaterials increased dramatically with the 
increasing content of lattice oxygen. Large and short platelet-like 
carbon fibers were obtained when the content of lattice oxygen 
was low (e.g., 15.6 mol/100 mol Ni). When the content of lattice 
oxygen increased (e.g., 80.6 mol/100 mol Ni), small, winding and 25 

short carbon nanofibers were produced. However, when the 
content of lattice oxygen further increased (e.g., 99.6 mol/100 
mol Ni), long and straight cup-stacked carbon nanotubes were 
formed. In addition, it was demonstrated that the lattice oxygen 
not only promoted the reconstruction of nickel nanoparticles into 30 

rhombic shape and prevented their coalescences into large 
particles, but also facilitated the carbonization of polypropylene 
degradation products. We hope this work will provide more 
insights into the carbonization mechanism of polyolefin and 
contribute to the preparation of valuable carbon nanomaterials 35 

with diverse morphologies. 
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