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Graphitic carbon nanocapsules, nanosheets and nanoplates were

selectively obtained via a solid-state pyrolysis route from various

ion-exchange resin–iron complexes.

Carbon nanostructures1–5 are of great interest in catalysis,

electrics, and biomedicine areas, etc. While the classical carbon

nanotubes and C60 have been dedicated full-fledged research

efforts ranging from fabrication to application,6,7 analogous

work on graphitic carbon materials with special morphologies,

such as graphitic nanosheets and highly curved carbon nano-

capsules, are comparatively limited. Nevertheless, initial research

has shown that these carbon nanostructures and their composites

with magnetic particles possess unique mechanical and electronic

properties, leading to their potential application in different

important areas, such as adsorbents,8 catalysis support,9 hydro-

gen storage,10 drug delivery,11,12 lithium ion batteries13 and

microelectronic technologies.14 Recently, it has been demon-

strated that the 2-D carbon nanostructures can be used as

field-effect transistors.15 Therefore, simple methods for the

fabrication of these carbon nanostructures on a large scale are

promising for their further applications.

Solid-state pyrolysis has been considered an alternative route to

produce carbon materials, for its simplicity and high yield.16–18 In

this process, the metal ions (catalyst) firstly bonded with the

carbon precursor followed by heating treatment at certain tem-

perature. Thus, the morphology of the carbon nanostructures may

be tuned through changing the type of the carbon source, metal

catalysis and their combination mode. The polymers, such as

phenolic formaldehyde resin,19 polystyrene20 and polyurethane21

could be used as the carbon precursor for synthesizing the carbon

nanostructures via the solid-state pyrolysis route. Compared with

common polymers, the ion-exchange resin has abundant tunnels

with tuned functional organic groups that can adsorb metal ions

from various species and with various charge. Consequently, it is

possible to control the morphology of the carbon materials

obtained by using ion-exchange resins as carbon source. In this

communication, we report a simple, economical and large-scale

method to prepare various graphitic carbon nanostructures by

adopting ion-exchange resins as carbon source. The results

demonstrated that carbon nanocapsules, nanoplates and

nanosheets could be easily prepared by simply changing the type

of ion-exchange resins and metal salts. To our best knowledge, the

controllable synthesis of these carbon materials from a facile and

low-cost method still remains a key challenge to date.

The carbon nanostructures were obtained from pyrolysis of

different ion-exchange resin–metal ions complexes. The

carbon nanocapsules could be obtained by adopting a poly-

acrylic weak-base anion-exchange (PAWBA) resin as carbon

precursor and K3[Fe(CN)6] as catalyst source, while changing

PAWBA resin to a polystyrenic strong-base anion-exchange

(PSSBA) resin, resulted in the formation of plate-like carbon

nanostructures. In addition, the carbon nanosheets could be

obtained from polyacrylic weak-acid cation-exchange

(PAWAC) resin and FeCl2 salts. (The basic structures of the

ion-exchange resins and detailed synthetic processes about

various carbon nanostructures are listed in the ESI.w)
All the samples after treatment with concentrated HCl

were examined by transmission electron microscopy (TEM).

Fig. 1a shows the TEM images of the sample resulting from

PAWBA-[Fe(CN)6]
3� complex after carbonization at 1100 1C

under N2 ambient for 30 min. It can be seen that the sample

Fig. 1 TEM images of the carbon nanocapsules (a) and nanosheets (c),

the HRTEM images of carbon nanocapsules (b) and nanosheets (d).
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consists of homogeneous capsules with inner diameters of

around 15 nm, and the outer diameters in the range of 30 to

40 nm. High-resolution TEM (HRTEM) images depicted in

Fig. 1b show the walls are composed of graphite sheets and the

interlayer spacing in the walls is about 0.34 nm, which

corresponds to the (002) distance of a graphitic carbon lattice,

implying that the carbon in the sample is well crystalline. The

components of the sample were characterised using X-ray

diffraction (XRD). In Fig. 2a, the diffraction peaks located

at 2y = 26.21 are characteristic of a crystallline graphite (002)

plane, further demonstrating the graphitization of carbon in

the sample. In addition, magnetic particles Fe3C and a-Fe also
exist in this sample. The results showed formation of magnetic

particles/carbon capsule composite by a solid-state pyrolysis

process. After treatment with concentrated HCl, the diffrac-

tion peaks of Fe3C and a-Fe are very weak as shown in

Fig. 2b. The result demonstrated that most of the magnetic

particles were removed and the obtained sample is mainly

composed of the graphitic carbon nanocapsules.

Instead of PAWBA with PSSBA, without changing other

experimental parameters, plate-like carbon nanostructures but

not carbon capsules were obtained. The electron beam

transparent features suggest that the carbon nanostructure

are very thin as shown in Fig. S2a.w From the HRTEM shown

in Fig. S2(b),w it can be seen that the interlayer spacing is

about 0.34 nm which is characteristic of the (002) planes of

graphitic carbon. XRD study indicates that the product is

mainly composed of graphite, Fe3C and a-Fe (Fig. S3).w The

result shows the important effect of resin type on the carbon

materials morphology. To obtain the carbon nanostructures

with other morphology, the types of resin and metal salt were

simultaneously changed. Fig. 1c gives TEM images of

the sample prepared by carbonization of PAWAC-Fe2+

composites under the same pyrolysis conditions. The stacked

areas of two or more nanosheets could be distinctly seen,

suggesting successful preparation of very thin carbon

nanosheets. The lattice fringe spacing of 0.34 nm calculated

from Fig. 1d agrees well with the (002) plane spacing of

graphitic carbon. Also, the XRD pattern (Fig. S5)w

demonstrates that the sample was composed of graphite and

a-Fe. The intensive diffraction at 2y = 26.21 implies that the

carbon in the sample is well graphitized. The results showed

that the change allowed synthesizing carbon material with

novel morphology.

Raman spectroscopy is one of the effective tools for obtaining

information about the carbon nanostructures. The peak

positions are related not only to crystallines but also to the

morphology of carbon nanostructures. Fig. 3a shows the

Raman spectrum of the carbon nanocapsules. Two peaks at

1357 and 1569 cm�1 are characteristic of a symmetry breakdown

at the edge of graphene sheets (D-band) and the E2g vibrational

mode of graphite layers (G-band), respectively. For carbon

nanosheets (Fig. 3b) and carbon nanoplates (Fig. 3c), the two

peaks are located at 1362, 1579 cm�1 and 1360, 1575 cm�1,

respectively. It is well known that the D-band is closely related

to the disorder-induced scattering resulting from imperfections

or the loss of hexagonal symmetry of the carbon nanostructures,

while the G-band is related to the vibration of sp2-bonded

carbon atoms in a two-dimensional (2D) hexagonal lattice.

The intensity ratio between G and D bands (IG/ID) is a usual

measurement of the graphitic ordering. Two visible features can

be observed from the Raman spectra. First, all of the IG/ID
values are larger than 2.0, suggesting a high degree of graphi-

tization of these carbon structures, which is consistent with the

results obtained from HRTEM and XRD. Second, the peaks of

G bands for carbon nanoplates and nanosheets have a down-

shift (1 and 5 cm�1, respectively) compared to the highly

oriented pyrolytic graphite (HOPG, 1580 cm�1). While for the

carbon nanocapsules, the shift is up to 11 cm�1. The results

are consistent with previous reports about Raman spectra of

highly curved graphitic carbon capsules and carbon-plane

nanostructures.22

In the synthesis, the metal ions firstly coordinated to the

organic functional group of the ion-exchange resin to form

the corresponding resin–metal ions complexes. Afterward, the

complexes were pyrolyzed to form certain carbon nanostruc-

tures and the metal ions transferred into magnetic particles

simultaneously. In order to more thoroughly explore the phase

formation and transfer process of metal and carbon, a series of

Fig. 2 XRD patterns of the carbon nanocapsules before (a) and after

(b) treatment with concentrated HCl.

Fig. 3 Raman spectra of the carbon nanocapsules (a), carbon

nanosheets (b) and carbon nanoplates (c).
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experiments have been done using carbon nanoplates as a

model. Fig. S3w shows XRD patterns of the PAWBA-

[Fe(CN)6]
3� samples after carbonization at different tempera-

tures. From the patterns it can be seen that no obvious

diffraction peaks of graphite were observed until the tempera-

ture reached 600 1C. As the temperatures were increased to

700 1C, the diffraction peak of graphite can be observed. The

relative intensity of the peak is enhanced with the increase of

reaction temperature. On the other hand, the metal precursor

undergoes series of phase/state changes along with that of the

carbon precursor. As the reaction temperature reached 500 1C,

no crystalline phase of ferric compounds was detected. With

increasing the temperature to 600 1C, new phases of Fe3C and

a-Fe are formed. Subsequently, the main phases of the

products are composed of graphite, Fe3C and a-Fe until

1100 1C. The phase formation and transfer processes of the

carbon also were reflected by Raman spectra (Fig. S4). The

two peaks at 1362 and 1579 cm�1 were observed, and the

intensity ratio of IG/ID grew gradually with the increase of

reaction temperature, indicating increase of the graphic degree

of carbon.

The above-mentioned results indicate the formation of different

graphitic carbon nanostructures by simply changing the types of

carbon source and metal catalyst. An issue could arise concerning

the formation of different graphitic carbon structures in the

present study. Based on our experimental results, the reason

may be ascribed to the different structures of various ion-exchange

resins (Fig. S1).w The analysis showed that the Fe content in

products containing carbon nanosheets and nanocapsules are

about 57.8 and 28.1% (Table S2),w respectively. Also, the steric

hindrance of the organic group in the PAWAC-Fe2+ complex is

less than that of the PAWBA-[Fe(CN)6]
3� complex. Thus, for

carbon nanosheets, it is envisaged that the catalyst particles could

‘‘consecutively’’ arrange with small clearance, leading to forming

of ‘‘consecutive’’ 2-D carbon nanostructures. The formation of

carbon nanocapsules may be attributed to larger steric hindrance

of the organic group in the PAWAB-[Fe(CN)6]
3� complex, low Fe

content in the product. Also, the carbonyl group in the composites

could be decomposed to produce different gases (CO2 and CO)

under heating, which is favorable for the formation of carbon

nanostructures with a hollow interior, such as CNTs.23 Although

the Fe contents for carbon nanocapsules and nanoplates are

similar, the absence of oxygenous gas during the carbonization

of PSSBA-[Fe(CN)6]
3� may be the reason for the formation of

plate-like carbon nanostructures possessing a similar size to that of

carbon nanocapsules.

In summary, a simple strategy was developed for the

controllable preparation of graphitic carbon nanocapsules, nano-

plates and nanosheets on a large scale. The simultaneous forma-

tion of magnetic particles with carbon nanostructures allowed to

obtain magnetic separated carbon materials that have a potential

application for adsorption and separation (see Fig. S6).w
Although the real processes for the formation of different carbon

nanostructures are difficult to clarify, the success was attributed to

the variety of structures and the exchange ability of ion-exchange

resins. Also, the primary experiments showed that the other novel

carbon nanostructures can be obtained by replacement of Fe salts

with Ni or Co salts. Further work on studying the effect of more

experimental parameters and understanding the formation

mechanism is underway. The method is promising due to its

simple operation, large-scale production and easy tune of

morphology from readily available and inexpensive starting

materials.
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