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Abstract. nanoporous gructure was found in graphite samples after ball milling at ambient
temperature. The internal micropore surface areg as determined using the T-plot method, was
found to vary during milling, in association with phase transformations of the graphite.
Structural changes from hexagonal to turbostratic, and to amorphous phases were observed and
investigated using X-ray diffradion analysis and transmission elecron microscopy. Carbon
nanotubes were obtained by the annealing o the milled samples at 1400 °C for 6 housin
nitrogen gas.

Introduction

Carbon nanotubes have been the centre of extensive reseach since being found to be a
fullerene-related material in 1991 by lijima[1]. Recently, we found that nanosized filaments
with tubular structures can be produced by the awneding of disordered graphite [2] or
hexagonal boron nitride materials [3, 4] which were previously ball milled. During the thermal
anneding, nanotubes form from the milled powders. This is quite simply a solid state aystal
growth process involving none of the vapour phases or chemica readions which are essential
for other synthesis methods [5, 6]. To clarify the formation process of nanotubes ball milled
materials nead to be investigated from the standpoint of both crystaline structure and
morphologic changes. This paper describes the formation of nanoparous and disordered
structures during ball milling d graphite, and of nanotubes during subsequent annealing.

Experimental Procedure
Graphite powder of a purity more than 99.8% was ball milled at room temperature using

a verticd planetary ball mill (Uni-ball mill). Experimental details can be found in ref. 7. A
stainless seel container was loaded with 4 grams of the graphite powder together with four
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hardened steel balls (diameter 254 mm). Argon gas of 300 kPa was used as the milling
atmosphere. Two graphite samples were ball milled using a vibrating frame grinder (Fritsch
Pulverisette 0) with a tungsten carbide (WC) ball and a WC vial. The aystalline structure of
samples was investigated by means of both X-ray diffradion (XRD) using cobalt radiation
(A=1.789A) and transmission eledron microscopy (TEM) using a Philips EM430 (300 kV) and
Hitachi 7100 (100 KV) instruments. The nanoparous structure was gudied by using a Gemini
2375 anayser with the t-plot method which determines both the external surface area
contributed by the particles and the internal surface areaof micropores which are pores small er
than 20 A in diameter [8, 9. The measurements were mnducted using nitrogen gas at liquid

nitrogen temperature. Samples were degassd at 200 °C for 1 hour before the measurements
were taken.

Results and Discussion

Equal amounts of graphite powders were ball milled using the Uni-ball mill at room
temperature for various times. Variations of the spedfic micropore (S, ), external surface
(S...) and total areas (S,,, equivalent to the BET areg as a function d milling time are
illustrated in Fig. 1. It isfound that the total surface areaincreases to a maximum value of 589
m’g™ during the first 15 hours of milling. It is important to note that more than 50% of this
increase is found to come from the nanosized paes (335 m’g™), while the external surface aea
contributed by the small particles is 254 m°g™. This reveals that a large number of micropores
was creaed by ball milling. During further milling the external surfacedeaeases to about 102
m’g™ and remains constant up to 150 hours.
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Fig. 1 Variations of micropore surface(S,,.,), particle surface (S.,,) and BET(S,,,) surface areas during

milling of a graphite sample

This evolution d the externa surface aea during milling is typicd for most powder
materials. The external surfaceincreases during the first period of milling simply is a result of
particle fracturing induced by hkell impads and the later reduction is linked to agglomeration
effeds. However, the micropare area gpeasto maintain at a higher level after milling for 150
hous. It is hence apparent that longterm milling anly aff ects the internal structure, and not the
particle size of the cabon powders. The nanoporous gructure was also found in the samples
milled in aWC mill. The micropore aeais 284 m’g" and the external surface aeais about 269
m’g™. Although it is difficult to observe micropores directly under TEM, holes with different
sizes and curved surfaces in the agglomerates are indeed observed in the milled samples,
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reveding the porous dructure. The detaled TEM results are published elsewhere [2].
Therefore, nanoporous carbon was produced using two different ball mills and was unaffeced
by milling contaminants.

Three typicd XRD patterns taken from samples milled for 10 h, 15hr and 50 hr are
shown in Fig. 2. The hexagonal structure of graphite is dill the dominant phase in the sample
after milling for 10 hr, but this phase is no long present in the sample dter milling for 15 hr,
having been replacel by a turbostratic structure with lattice spadngs of d(002) = 3.46+0.05 A
and d100) = 2.10+0.05 A. The asymmetric shape of the (002) pe&k is probably due to the
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Fig. 2 XRD patterns taken from the graphite Fig. 3 XRD patterns taken from the graphite
samples milled in an Uni-ball mill for 10 hr(a), 15 samples milled in a WC mill for 50 hr and 200 hr

hr(b), and 50 hr(c)

possible presence of an “amorphous’ carbon phase. Except iron contaminants, only the
“amorphous phase” is found in the sample dter milling for 50 hours, its existence only being
established on the basis of the XRD analysis. TEM reveds in fad that the crystalline structure
is not completely random. No more structural change was observed duing further milling up to
150 hous. Longer milling leads to a high level of iron contamination as evidenced by iron
peaks in the XRD pattern (Fig. 2c). A similar structural change was observed for the samples
after milling in the WC mill. XRD patterns as shown in Fig. 3 indicae that the turbostratic
structure is present in the sample milled for 50 hr and the amorphous phase is dominant in the
200 hr milled samples. Again, WC contaminant is found in the sample, but the milling
contaminations have no effed on the structural changes of the graphite during ball milling. As
only two milling experiments were conducted, the minimum milling times required for the
formation of the turbstratic and amorphous phases are unknown for the WC mill. TEM
confirms existence of the above two phases (turbostratic and amorphous) in the 15 hr milled
sample [2]. The @ove results suggest that formation of the nanoporous gructure is probably
linked with the amorphous phase. Both surface @aea measurement and the TEM observation
suggest that micropores are presumably formed through two dfferent processes. formation o
agglomerates by welding of nanosized graphene layers under the ball impads and plastic
deformation of the (002) planes, similar to the simple aumpling of a pieceof paper[10]. The
detailed formation mecdhanisms of the nanoporous structure need to be further investigated.

The sample milled for 150 hours was heaed at 1400°C for 6 hous in flowing nitrogen
gas. A net of carbon ranotubes was found in the annealed sample as shown by the TEM
micrograph in Fig. 4. The outer diameter of the tubes is lessthan 20 nm. The dark particles
observed are iron contaminants, which would seem to ad as catalysts for the formation of the
nanotubes, as has been reported by aher authors[11]. We resume that nanctubes grow during
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anneding from the nanoparous and disordered carbon previously produced by ball milling, with
the help of theiron particles. Investigation of caalytic efed of metal particles on the nanotube
formation is undertaken.

Fig. 4 TEM micrographs taken from a graphite sample after annealing at 1400° C for 6 hr in N, gas. The

sample has been previously ball milled for 150 hr in an Uni-ball mill

Summary

Disordered and nanoporous carbon powder was produced by ball milling of graphite

powder at room temperature. Carbon nanotubes were formed duing subsequent thermal
anneding. This formation process appeas to be a low-temperature, solid state aystal growth.
Milling contaminant iron might assist the formation of nanotubes in effeding catalytic adion.
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