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ABSTRACT: This work reports the selective preparation of different kinds of carbon nanomaterials through carbonization of polyme-

thacrylate (PMA)/organophilic clay (Oclay) composite by just changing the catalyst precursors. The morphologies and structures of

the carbon materials were characterized by Scanning and Transmission electron microscopy, X-ray diffraction, Raman spectroscopy,

Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy. The result indicated that the catalyst precusors had a

strong influence on the morphologies and yields of the obtained products. Carbon nanoflakes were produced when iron oxide was

used as the catalyst precursor, cobalt oxide favored the formation of carbon nanospheres, while carbon nanotubes occurred over

nickel oxide. The presence of Oclay plallets was determined to prevent the pyrolytic carbon species of PMA in the system from escap-

ing, thus relatively more carbon nanomaterials were obtained. Based on the experimental observations, a possible mechanism was dis-

cussed for illustrating the growth process. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 1029–1037, 2013
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INTRODUCTION

Since the discovery of fullerene in 1985,1 much attention has

been paid to the carbon nanomaterials with various special

shapes and structures. Typical forms of carbon nanomaterials,

such as two dimensional (2D) carbon nanoflakes (CNFs) or

graphene, 0D carbon nanospheres (CNSs), and 1D carbon

nanotubes (CNTs) have attracted huge interest due to their

promising application in the fields of catalysis, energy conver-

sion and storage, and biomedical science.2–4 Recently, because

of their plenty use in matrices as reinforcing materials,5–9 the

demands on the low cost, large scale of CNFs, CNSs, and CNTs

with sacrificing part of high quality become more and more

urgent. Up to date, CNFs are usually prepared by microwave

plasma enhanced chemical vapor deposition (CVD) and radio-

frequency inductively coupled CVD.10,11 Previous methods used

to produce CNSs contain CVD, mixed-valent oxide catalytic

carbonization and self-generated template approach.12–14 As the

acquisition of CNTs by arc discharge, several routes such as

laser vaporization and CVD have been explored to prepare

CNTs in large quantities.15,16 However, most of the methods

mentioned have limitations in term of economic production

and safety consideration because of the harsh synthetic condi-

tions. Recently, carbonization of common solid carbon sources

has been considered as a cost-effective and sustainable process

to fabricate carbon nanomaterials, as it could reduce the experi-

mental requirements to a great extent. Pyrolysis of solid carbon

sources including camphor,17 phthalocyanine18 and poly(methyl

methacrylate)19 provides a new way for the low cost and facile

production of carbon nanoflakes. CNSs converted from

polymers such as polyethylene terephthalate,20 polycarbynes,21

and other waste plastics22 makes the preparation of carbon

spheres more cost-effective and simplified. Polypropylene23,24 and

poly(vinyl alcohol)25 used as carbon sources to synthesize CNTs

pays a promising way for the large-scale production of CNTs.

Although conversion of solid sources into carbon nanomaterials

is a great progress compared to the traditional methods in an

economic viewpoint, there is barely a facile and selective

method for the fabrication of carbon nanomaterials with a

desired morphology. Qi et al. reported the synthesis of carbon

nanofibers, bamboo-like carbon nanotubes, and chains of
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carbon nanospheres in large scale as the temperature varied

from 500 to 700�C.26 It is very charming that selective synthesis

of CNFs, CNSs and CNTs is controlled by changing only few

parameters such as temperature, carbon source or catalyst. As is

well known, a single layer of graphite is the starting material for

consisting the family of graphitic carbon. It is crucial to control

the early stage of nucleation of graphene as it can be rolled into

1D nanotubes or stacked into 2D graphene or bent into 0D car-

bon nanospheres.

Based on the deep understanding of the formation mechanism

of graphene, CNSs and CNTs, we provide a simple method for

the selective preparation of carbon nanomaterials with different

shapes by pyrolyzing polymethacrylate (PMA) using different

catalyst precursors. Common polymer of PMA herein is used as

carbon source because it can be easily pyrolyzed into various

carbon species. And also, it shows great advantages in consider-

ation of its low cost and facile availability. CNFs are produced

when iron oxide (Fe2O3) is used as the catalyst, CNSs are

obtained in the presence of cobalt oxide (Co3O4), and the

incorporation of nickel oxide (NiO) leads to the formation of

CNTs. The obtained products are characterized by transmission

electron microscopy (TEM), scanning electron microscopy

(SEM), X-ray diffraction (XRD), Raman spectroscopy, Fourier

Transform Infrared Red spectroscopy (FTIR) and X-ray photo-

electron spectroscopy (XPS). The possible formation procedure

of CNFs, CNTs and CNTs is discussed on the basis of the exper-

imental observations.

EXPERIMENTAL

Materials

Methacrylate (MA) bought from Sinopharm Chemical Reagent

was refined before use. Benzoyl peroxide (BPO) used as initiator

was provided by Sinopharm Chemical Reagent Co., Ltd. Orga-

nophilic clay (Oclay) was kindly provided by Keyan company

(Anhui, China). Fe2O3, Co3O4 and NiO were separately pre-

pared through co-precipitation of metal nitrate and urea aque-

ous solution and subsequent transformation of metal hydroxide

into metal oxide by thermal calcination at 400 �C.27

Preparation of PMA Composites

In a 100 mL three-necked flask was placed 18 g MA, 1 g Oclay

and 0.036 g BPO as radical initiator. This mixture was stirred at

room temperature under flowing nitrogen gas until it became

homogeneous, and then was heated to 85�C for a few minutes

to prepolymerize. 1 g Fe2O3, Co3O4 or NiO nanoparticles was

separately added and the reaction was stirred until a critical vis-

cosity of the system was reached. The viscous mixture was then

placed into an oven at 50 �C for 48 h to complete the polymer-

ization process.

Carbonization of PMA Composites into CNFs, CNSs, and

CNTs

The experiment was carried out in a tube furnace equipped

with a quartz tube of around 120 cm in length and 30 mm in

diameter. After the introduction of a flow of nitrogen, weighed

sample was inserted into the quartz tube, which was then placed

inside the tube furnace. The carbonization disposal was per-

formed from room temperature to 850 �C at a rapid heating

rate and then maintained at 850 �C for 15 min. After the reac-

tion, the reactor was quickly cooled under nitrogen flow. The

collected black powders were purified in a mixed solution of

dilute hydrofluoric acid and nitric acid at room temperature for

5 h. After filtration and washing, the purified products were

dried in oven at 80 �C.

Characterization

TEM micrographs were obtained by JEOL 2010 with an acceler-

ation voltage of 200 kV. Specimens for the high resolution TEM

(HRTEM) measurements were obtained by dispersing the pow-

dery material in ethanol using an ultrasonic bath. A drop of the

suspension was placed onto a lacy carbon film supported by a

Cu grid. SEM micrographs were taken by using a JSM-6800F

scanning electron microscope produced by JEOL. The char was

adhered on the copperplate, and then coated with gold/palla-

dium alloy ready for imaging. Raman spectroscopy measure-

ment was carried out at room temperature with a SPEX-1403

laser Raman spectrometer (SPEX). FT-IR spectroscopy (Nicolet

6700 FT-IR spectrophotometer) was employed to characterize

the synthesized product using thin KBr disc. The transition

mode was used and the wave number range was set from 4,000

to 500 cm�1. XPS was recorded using a Kratos Axis Ultra-DLD

spectrometer employing a monochromatic Al Ka X-ray source

(hm ¼ 1,486.6 eV), hybrid (magnetic/electrostatic) optics and a

multichannel plate and delay line detector. A Govmark MCC-2

microscale combustion calorimetry (MCC) was used to deter-

mine the flammability characteristics of composites according to

ASTM D 7309-07. About 5 mg specimens were thermally

decomposed in an oxygenated environment at a constant heat-

ing rate of 3 K/s. XRD patterns were performed with a Japan

Rigaku D/Max-Ra rotating anode X-ray diffractometer equipped

with a Cu-Ka tube and Ni filter (k ¼ 0.1542 nm).

RESULTS AND DISCUSSION

The phase compositions and morphologies of as-prepared cata-

lyst precursors were characterized by XRD and SEM as shown

in Figure 1. From Figure 1(a), it shows all diffraction peaks that

are well indexed to a-Fe2O3 and no other impurity peak is

observed. The SEM image of the synthesized Fe2O3 is shown in

Figure 1(b). The product is composed of microspheres with an

average size of 400–600 nm. The typical diffraction detected in

Figure 1(c) indicates that the Co3O4 is successfully synthesized.

The product shows a spherical shape with a wide size distribu-

tion and the big particles are the aggregation of nanoparticles

Figure 1(d). Figure 1(e) shows the sharp peaks, and no visible

impurity peaks indicates the high purity of NiO catalyst precur-

sor. As shown in Figure 1(f), the NiO owns nanosphere-like

morphology and tends to aggregate into big particles.

TEM was used to characterize the microstructures of the puri-

fied products obtained via the pyrolysis method. Figure 2 dis-

plays the TEM images of the purified residues by pyrolyzing

PMA/Oclay composite using Fe2O3, Co3O4 and NiO as the cata-

lysts. When Fe2O3 is used as the catalyst, crumpled carbon

sheets stacked over one another are observed [Figure 2(a)].

More specifically, the HRTEM image viewing at the edge of a

flake, indicates that the flake is consisted of few graphitic layers
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with the distance of about 0.34 nm [Figure 2(d)]. When Co3O4

is selected as the catalyst, numerous spheres with both core–

shell structure and hollow structure are found in the final prod-

uct [Figure 2(b)]. From the HRTEM image of the carbon nano-

spheres, it is found that the carbon shells of the nanospheres

have ordered graphitic layers with the interspacing of about

0.37 nm [Figure 2(e)]. If NiO is chosen as the catalyst, large

bundles of closely packed carbon nanotubes could be obtained

[Figure 2(c)]. As shown in Figure 2(f), the CNTs are composed

of many parallel cylindrical graphitic layers. The lattice fringe

spacing of the graphitic layers is estimated to be 0.34 nm.

The system composition plays an important role in the forma-

tion procedure of the carbon nanomaterials. SEM was used to

observe the morphology of the carbon nanomaterials prepared

from carbonization of PMA/Oclay (a), PMA/Oclay/Fe2O3 (b),

PMA/Oclay/Co3O4 (c), and PMA/Oclay/NiO (d) respectively. As

shown in Figure 3(a), mainly amorphous carbon was observed

in the sample through carbonization of PMA/Oclay composite.

After the addition of Fe2O3 catalyst, the carbonization of the

composite leads to the formation of thin carbon sheets with lat-

eral thicknesses less than 8 nm and size dimension up to several

micrometers [Figure 3(b)]. With regard to the PMA/Oclay/

Figure 1. XRD patterns and SEM images of as-prepared Fe2O3 (a, b), Co3O4 (c, d) and NiO (e, f).
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Co3O4 composite, the final char is actually spherical carbon

nanoparticles with diameters between 25 and 50 nm [Figure

3(c)]. As revealed in Figure 3(d), the residual sample is com-

posed of large numbers of long fiber-like structure by pyrolysis

of PMA/Oclay/NiO composite. The result indicates that the

type of catalyst is a critical factor determining the morphology

of final product.

Raman spectroscopy is a powerful tool to estimate the crystal-

linity of the as-prepared products, especially for the carbona-

ceous materials. The Raman spectra of the different samples

(Figure 4) all show two prominent peaks of the D (originated

from the defects or structural disorder) and G band (ascribed to

the bond stretching between pairs of sp2) located at around

1,350 and 1,600 cm�1, respectively. The intensity ratio of IG to

ID is an important parameter to measure the graphitization

degree of carbon structures.28,29 Based on the Raman spectra,

the calculated IG/ID value for amorphous carbon, CNFs, CNSs

and CNTs is 0.523, 0.545, 0.597, and 0.609 respectively, indicat-

ing the existence of some disordered structures in the carbon

nanomaterials obtained by the pyrolytic method. The graphitic

degree of amorphous carbon is the lowest, while that of CNTs

grown by using NiO catalyst is the highest. The graphitic degree

of CNSs grown by using Co3O4 catalyst is higher than that of

CNFs grown by using Fe2O3 catalyst. These results are a little

different with the reported result.30

FT-IR was employed to investigate the chemical and structural

information of carbon materials obtained by this method. The

band at 3,438 cm�1 assigned to OAH stretching, and the peaks

at 2,920 and 2,850 cm�1 corresponding to ACH3 and ACH2

were observed in Figure 5(a), indicative of the existence of dis-

ordered structure. The characteristic peaks at 1,588 cm�1 for

CNFs, CNSs and CNTs were attributed to C¼¼C stretching

arised from the formed graphitic structure. The carbon nano-

materials also exhibit other absorption bands at 1,718 cm�1 due

to the C¼¼O stretching as well as bands due to carboxy CAO

(1,385 cm�1) and epoxy CAO (1,167 cm�1). The result is simi-

lar to that has been reported previously.31 XPS analysis was

employed to determine elemental compositions of three carbon

materials. Both the carbon and oxygen elements are found in

the XPS spectra of the final products because they are origi-

nated from the structure of raw carbon source. Calculated from

XPS data, the atomic percentage of oxygen in the as-prepared

carbon materials is found to be less than 4.4%. High-resolution

C1s XPS spectra are shown in the insets of Figure 5(b–d). A

sharp peak at 284.5 eV is assigned to sp2-hybridized C (C¼¼C)

and the weak peak at 285.6 eV corresponding to the sp3-carbon

(CAC) is also observed for the C1s peak.32 The peak intensity

of the former is higher than that of the latter, indicating the

high degree of graphitization of the prepared carbon materials.

Moreover, two weak peaks observed at 286.8 and 288.7 eV could

be attributed to CAOAC and O¼¼CAO group arising from

epoxide, ether, and carboxyl groups.33

To make sure the role that Oclay plays in the pyrolysis process,

microscale combustion calorimeter (MCC) test of PMA and

PMA/Oclay was performed [Figure 6(a)]. MCC is a rapid and

useful method to evaluate the flammability of materials, which

Figure 2. TEM and HRTEM images of the purified carbon materials obtained from carbonization of PMA/Oclay composite by using Fe2O3 (a, d),

Co3O4 (b, e) and NiO (c, f) as the catalyst precursors.
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is based on measuring the heat of combustion of the gases

evolved during controlled pyrolyzing the samples in nitrogen.34

Seen from Figure 6(a), the combustion time of PMA/Oclay pro-

longs to 141 s that is larger than 133 s of the pure PMA. The

peak heat release rate of PMA is decreased after the addition of

5 wt % Oclay. The experimental results reveal that fewer

combustable gaseous species are formed during the pyrolysis of

PMA due to the existence of Ocaly. The char yields of PMA

and PMA/Ocaly after pyrolysis are listed in Figure 6(b). With

the absence of Oclay, there is almost nothing left after the py-

rolysis of PMA. The addition of Oclay is beneficial for increas-

ing the char yield of PMA to 13 wt %, indicating that Oclay

could enhance the carbonization of PMA in the thermal pyroly-

sis process and reduce the mass loss rate. There are already sev-

eral reports about the effect of clay on improving char yield of

polymers during combustion because of its gas barrier proper-

ties.35 Therefore, it is concluded herein that thermally stable

Oclay pallets could act as superior insulators during combus-

tion which would prevent pyrolytic species of PMA from escap-

ing and thus more char residues are left.36

To understand the formation mechanism of CNFs, CNSs, and

CNTs, the pyrolysis process was performed in a short reaction

time with other conditions keeping unchanged to explore the

structure evolution of graphene at the initial stage. XRD was

employed to characterize the raw charred residues obtained

through carbonization of PMA composites. When Fe2O3 is

Figure 3. SEM images of the samples obtained from carbonization of PMA/Oclay (a) and PMA/Oclay/Fe2O3 (b), PMA/Oclay/Co3O4 (c), and PMA/Oclay/NiO (d).

Figure 4. Raman spectra of the carbon materials obtained from carbon-

ization of PMA/Oclay (a) and PMA/Oclay/Fe2O3 (b), PMA/Oclay/Co3O4

(c), and PMA/Oclay/NiO (d).
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used, the XRD pattern of raw product is displayed in Figure

7(a). The strong peaks appearing at 44.69� and 65.06� originate

from the diffraction of (110) and (200) planes of Fe with high

crystallinity. This means that Fe nanoparticles are in situ formed

from the reduction of Fe2O3 by the reductive pyrolytic species

of PMA, which play the role of the active sites for the formation

Figure 5. (a) FTIR spectrum of CNFs, CNSs, and CNTs, and survey XPS spectra spectra of CNFs (b), CNSs (c), and CNTs (d). The inset in panel b, c

and d is the corresponding C1s XPS spectra. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. (a) MCC curves of PMA and PMA/Oclay composite and (b) char yields of PMA composites after pyrolysis. The inset in panel a is the TEM

image of the raw char residue of PMA/Oclay.
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of CNFs. As for Co3O4 and NiO catalyst, the same case also

occurs. Co3O4 and NiO are immediately reduced to Co and Ni

nanoparticles during the process, which then catalyze the pyro-

lytic species into GNSs and CNTs [Figure 7(a)] respectively.

Another peak identified at around 26.5� for all the samples is

ascribed to silica formed from thermal decomposition of Oclay.

The diffraction area ascribed to the graphitic carbon may some-

what overlap with that of silica. The initial growth stages of car-

bon nanomaterials using different catalysts were established by

TEM measurements, as revealed in Figure 7. As for Fe2O3 cata-

lyst, the formation of thin sheets like graphene covering Fe

nanoparticles is easily observed [Figure 7(b)]. With regard to

Co3O4 catalyst, the product is almost composed of nanospheres

with core-shell structures. Each nanosphere with the shell being

Figure 7. (a) XRD patterns of the raw char residues of PMA/Oclay/Fe2O3 (1), PMA/Oclay/Co3O4 (2) and PMA/Oclay/NiO (3), and TEM images of the

raw char residues by pyrolysis of PMA/Oclay/Fe2O3 (b), PMA/Oclay/Co3O4 (c), and PMA/Oclay/NiO (d).

Figure 8. Schematic illustration for the formation procedures of CNFs, CNSs, and CNTs.
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graphite and the core containing Co is demonstrated from the

XRD pattern. The diameters of the inner Co nanoparticles are

ranging from 10 to 25 nm [Figure 7(c)]. In the case of using

NiO catalyst, abundance of CNTs with globose Ni nanoparticles

at the tips are observed throughout the sample [Figure 7(d)].

The formed Ni nanoparticles have narrow diameter distribu-

tions between 5 and 10 nm.

Based on the experimental results, Figure 8 illustrates a possible

formation mechanism of CNFs, CNTs and GNSs during the py-

rolysis process. At high temperature, PMA is quickly decom-

posed into various pyrolytic species. Because the superior insu-

lators formed by Oclay plallets could prevent pyrolytic species

of PMA from escaping, more char residues are left.36 As soon as

the reductive pyrolytic species contact Fe2O3, Co3O4 and NiO,

they are immediately reduced to Fe, Co, and Ni nanoparticles.

The carbon atoms dissolution in the metal nanoparticles and

the concomitant precipitation of solid carbon leads to the for-

mation of graphitic layers, which will be evolved into various

structures depending on factors such as the interaction between

the metal and graphitic carbon, diameter of metal and the strain

in the graphitic carbon.37,38 The graphitic carbon atoms possess-

ing weak interactions with Fe are assembled into dense 2D

CNFs on the surface of Fe nanoparticles with large diameter

similar to the growth on flat substrates.39 Because of the strong

interactions between graphitic carbon atoms and Co, Co nano-

particles with small diameters are deactivated through the com-

plete covering by the graphitic carbon atoms and thus the core–

shell nanospheres are eventually formed.40 Maybe because the

attractions with Ni nanoparticles can be partly overcome, so the

graphitic carbon atoms grows in diameter and length to form

1D CNTs.41

CONCLUSION

This work presents a pyrolytic route for the selective synthesis

of CNFs, CNSs, and CNTs by changing only the catalyst precur-

sors. CNFs were produced when Fe2O3 was used as the catalyst,

CNSs were obtained in the presence of Co3O4, and the incorpo-

ration of NiO led to the formation of CNTs. The as-prepared

carbon materials are highly graphitized and contain few oxygen-

containing groups on the surface. Fe, Co and Ni nanoparticles

with high crystallinity, in situ formed from the reduction of

their oxides by the pyrolytic species of PMA, were the real active

sites for the formation of CNFs, CNSs, and CNTs, respectively.

The route is simple and controllable for the selective preparation

of carbon nanomaterials with a desired morphology.
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