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We develop the sculpting method to synthesize well-defined nano-

crater catalysts with the hollow core/metal shell structure within an

array via chemical and plasma processes. Also, we successfully

demonstrate that unique morphologies of nanocrater catalysts as

effective templates allow the exclusive control of the number of walls

and outer diameters in carbon nanotubes.
Currently, many synthesis methods for catalytic nanoparticle using

different chemical processes1,2 have been developed, but there is still

no synthesis strategy tomanipulate each nanoparticle in a carved and

sculpted approach. This ismostly because they rely on the pre-defined

templates to control the morphology of each nanoparticle. Mean-

while, the template-free and sculpting methods could open a new

generic route to the facile synthesis of many new nanoparticles not

allowed in the template-based synthesis methodologies. Recent

reports showed that some of the complex morphologies such as

nanocups, nanocapsules, and hollow spheres could be controlled by

using template-assisted processes or post-synthesis modifications.3–5

However, crater-like nanoparticles on a substrate have not been

demonstrated yet. Moreover, nanoparticle arrays with hollow inte-

riors at a few nanometre scales are expected to provide unique and

enhanced catalytic properties not expected from their bulk counter-

parts.3,4 Here, we report the template-free and sculpting method that

allows creation of the well-defined crater-like nanoparticle array,

hereafter called the nanocrater, via simple but generic chemical and

plasma processes. Surprisingly, this new method allows selective

removal of only the core part of an individual particle such that it

allows formation of homogeneous nanocrater arrays on the whole

substrate. Furthermore, it is demonstrated that the nanocrater cata-

lyst allows the exclusive fabrication of carbon nanotubes (CNTs)

with a controlled number of walls without modification of their outer

diameters.
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In our synthesis of nanocraters, sputtered iron films (15 nm

thickness) were first subjected to high temperature N2 plasma (700W

at 800 �C) using microwave plasma enhanced chemical vapor

deposition (MPCVD). Consecutively, the substrate supporting iron

nanoparticles was immersed for 3.5 h in nitric acid solution for the

chemical treatment. This was proven to result in formation of iron

nanocraters. Then, Scanning Electron Microscopy (SEM), Atomic

Force Microscopy (AFM), Transmission Electron Microscopy

(TEM) and Electron Energy Loss Spectroscopy (EELS) were used

for determination of their morphologies, structures, and composi-

tions. Fig. 1 shows the structural compositional analysis for nano-

crater catalysts prepared over a SiO2 substrate. The SEM (Fig. 1b)

image shows a large number of mono-dispersed iron nanocraters,

where each with a uniform dark central region corresponds to the

hollow interior of the nanocrater. The three-dimensional AFM image

obtained from the sample in Fig. 1a confirms the crater-like hollow

morphology of a nanocrater. The inverse profile (Fig. S1†) of hori-

zontal electron intensities across one of the nanocraters in TEM
Fig. 1 Structural and compositional analysis for Fe nanocraters. (a) The

schematic diagram for the nanocrater process. (b) SEM micrograph of

as-synthesized Fe nanocraters on the SiO2 substrate. (c) Three-dimen-

sional AFM image of Fe nanocraters. (d) High-resolution image, FFT

image (inset) and intensity profile (inset) for the nanocrater in (a). (e) The

atomic column imaging for this sample demonstrating the defective [111]

FeO structure and the calculated image (inset) with the structure infor-

mation of FeO. (f) Electron energy loss spectrum for this sample.
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Fig. 2 The size and wall thickness control of nanocraters. (a) Statistical

distribution for the nanocrater size in different metal film thicknesses. (b)

4 representative SEM images in different metal film thicknesses. (c)

Statistical distribution for the wall thicknesses of nanocraters in different

chemical treatment times. (d) 4 representative SEM images in different

chemical treatment times.

Fig. 3 The formation mechanism of the nanocrater and the core–shell

structure. (a) The schematic diagram for the formation mechanism of

a nanocraters. (b) SEM image for metal core/oxide shell nanoparticles

after the plasma treatment. (c) SEM image for nanocrater particles after

the chemical etching treatment. (d) Comparative XRD for the nanocrater

and core/shell particles.
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analysis also supports its crater-like hollow structure. The average

diameter of craters obtained from these analyses is�40 nm and their

average wall thickness is �12 nm.

The composition of the nanocrater was analyzed by observing its

cutting plane with high resolution TEM (HRTEM) and EELS, after

cleaving one nanocrater. The HRTEM image (Fig. 1d) from the

sample of Fig. 1a has a hexagonal symmetry because the FFT image

(inset in Fig. 1d) indicates a slightly tilted [111] direction of the

sample. The measured planar spacing is �2.5 �A (see the inset

intensity profile in Fig. 1d), which is in good agreement with the

d-spacing of {111} planes for the FeO structure (JCPDS card no.

77-2355). The enlarged SAD image coincides with the [111] direction

of the sample exhibiting a typical atomic structure of [111] FeO (NaCl

type, space group: Fd�3m), as seen in Fig. 1d. In addition, we have

performed multi-slice image calculation for the FeO atomic structure

and compared it with the experimental image as shown in the inset of

Fig. 1e. The bright columns in this image indicate Fe and O mixed

columns seen in the [111] direction of the FeO structure. The

hexagonal array of the bright columns in the calculated image

matches with the experimental SAD image. However, the experi-

mental FeO image is demonstrating that it is on a defective structure

since the FeO phase is known to form a NaCl structure defective in

Fe.6Also, the EELSmeasurement shown in Fig. 1e confirms that the

chemical composition of the nanocrater consists of FeO (ESI† for

more details).

We further investigate the control of size and thickness in craters

with the variables of sputtered iron film thickness and chemical

treatment time, respectively. The size of nanocraters was simply

controlled by the metal film thickness which is determined by the

sputtering time in the rf-sputter system. In this experiment, we

investigate three kinds of metal film thickness (4 nm, 10 nm and 15

nm), which make different average sizes of crater nanoparticles (�17

nm, �30 nm and �40 nm, respectively) (Fig. 2b–d). The statistical

distribution also confirms the dependence of size on the metal film

thickness (Fig. 2a). The size of wall thickness in nanocraters was also

controllable with the varied chemical treatment time. Three different

chemical etching times (3.5 h, 4 h and 4.5 h) make different average

sizes of crater nanoparticles (�10 nm, �5.5 nm and �4 nm,

respectively), which was also verified by statistical distribution

(Fig. 2e–h). This sculpting fabrication method for the nanocrater,

therefore, could be extended to a wide range of dimensions for their

catalytic use.

The entire process is illustrated in Fig. 3a. First, the metal thin film

was deposited by sputtering onto a SiO2 substrate. The metal films

were then subjected to high temperature N2 plasma etching using

microwave plasma enhanced chemical vapor deposition (MPCVD),

which forms a metal core–oxide shell structured nanoparticles

(Fig. 3a and b) due to the high temperature and residual oxygen in the

chamber after decomposing the film by plasma.7 The chemical

etchant of nitric acid, in the next step, selectively removes the metal

core part of each nanoparticle remaining in the oxide shell part

(Fig. 3a and c). This arises because metals and their amphoteric

oxides have different chemical potentials when reacting with acids,

particularly with an acid–base mixture.8 Therefore, the different

etching rates of the metal core to the metal oxide shell can lead to

formation of crater nanoparticles. Those are also clearly shown in

comparative XRDmeasurements (Fig. 3d); XRDpeaks fromFe and

FeO coexisted inmetal core/oxide shell particles forming after plasma

treatment, but peaks for Fe disappeared in nanocrater particles by
15176 | J. Mater. Chem., 2011, 21, 15175–15178
selective etching of the metal core. Consequently, the combined

method of the plasma assisted core/shell nanoparticle formation and

selective etching would allow formation of nanocraters.

Also, we studied the function of nanocrater nanoparticles as

catalysts to grow the CNTs having controlled structures and

morphologies. The synthesis of controlled CNTs is very important in

that the functionality of a CNT can be significantly tailored by
This journal is ª The Royal Society of Chemistry 2011
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control of its diameter and the number of its walls.9 However, the

simultaneous control of the wall number and the diameter in a CNT

has been a challenging issue due to their strong interdependence.10

Interestingly, the nanocrater could be used as the host template to

control the number of walls and the diameter in CNTs (Fig. 4). This

arises from the fact that the CNT layer cannot be formed from its

hollow core part, but only from its shell part of the nanocrater

nanoparticle, while the confined size of the catalyst controls the

diameter of the CNT. Under the identical synthesis conditions to
Fig. 4 The catalytic application of nanocraters to exclusively control the

diameter as well as the number of walls in the CNT. (a) Plots of the

number for walls versus diameter for both CNTs from pristine and

nanocrater catalysts. Insets are schematic diagrams for CNTs to be

grown from pristine and nanocrater catalysts. (b) Representative exam-

ples in two different sizes for pristine and nanocrater catalysts (SEM in

upper left, AFM in under left) and CNT grown from each catalyst (TEM

in upper right, cross-sectional SEM in under right). (c) SEM image of

CNTs grown vertically from nanocraters. (d) Plain view SEM images

after the removal of some CNTs.

This journal is ª The Royal Society of Chemistry 2011
grow the CNTs, the number of walls in CNTs grown from nano-

crater catalysts is found to be almost half that grown from pristine

catalysts in all the ranges of different diameters. The graph in Fig. 4a

shows the correlation of the diameter and the thickness in the

nanocrater with the diameter and the number of walls in a CNT,

wherein a larger outer diameter of the nanocrater has a thicker wall,

which results in the larger diameter and higher number of walls in

a CNT. Fig. 4b shows representative examples in two different sizes

from pristine and nanocrater catalysts. In both cases of pristine and

nanocrater catalysts, typical particles with sizes of 20 nm and 38 nm

were found to have CNTdiameters of 10 nm and 20 nm, respectively.

However, nanocrater catalysts reduce the number of walls from 15 to

5 in 10 nm CNT and from 21 to 11 in 20 nm CNT, compared with

pristine catalysts. Fig. 4c, showing CNTs grown vertically from the

nanocrater, indicates that whole nanocrater catalysts on the substrate

have catalytic activity. Fig. 4d shows the plain view SEM images after

removal of some CNTs grown from the substrate; the images show

remaining catalysts. These images indicate that the CNTs are formed

by bottom-up growth and that the nanocrater catalysts retain their

structures during CNT synthesis by MPCVD. In this approach, the

exclusive control for the diameter and the number of walls in CNTs is

expected to be feasible via versatile extension of nanocrater sizes and

thicknesses. Therefore, our template-free and sculpting method to

synthesize these new crater catalysts may be potentially useful for

design of new catalysts and their catalytic properties.

Conclusions

In summary, we have developed the new template-free and sculpting

method to allow the exclusive control of the morphologies and

structures of nanoparticles in the existing nanoparticle array via the

simple chemical and plasma processes. Also, their structures and

compositions have been clarified by SEM,AFM, and TEManalyses.

These results show that the formation of core–shell nanoparticles

with the metal core and the oxide shell during the plasma process is

the key to the subsequent formation of craters during chemical

selective etching. Furthermore, we have demonstrated the use of

unique morphologies of nanocrater catalysts as effective templates to

simultaneously control the number of walls as well as the outer

diameter in aCNT. In this view, these results imply that our template-

free and sculpting method to fabricate crater nanoparticles could be

further extended to provide the recipe for synthesizing a new class of

novel structures.
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