
Introduction

Carbon nanotubes (CNTs) have generated enormous interest

among the scientists and engineers since the pioneering work

done by Iijima (Iijima, 1991). These carbon structures have

potential applications in the fields of nanometer power elec-

tronic devices (Baughman et al., 2002), biological sensors

(Star et al., 2003), nanocomposites (Yoo et al., 2007), ener-

gy storage (Kibria et al., 2001), etc. However, to fully exploit

the potentiality of CNT, effective means of tailoring CNT

properties must be developed and thus various nanoengi-

neering procedures including interaction of charged particles

with CNTs have been developed (Krasheninnikov et al.,
2002, Kim et al., 2004, Zacharia et al., 2005, Gomez-navar-

ro et al., 2005, Gupta et al., 2007). Irradiation introduces a

wide range of defects in CNTs and originates the existence

of carbon in sp, sp2 and sp3 hybridization (Ajayn et al., 1998,

Hashimoto et al., 2004, Chakraborty et al., 2007). As a

result, the properties of CNTs alter which renders them to the

deserved functionalities. 

The mechanism of defect formation in CNTs by electron

irradiation is fundamentally dependent on the displacement

of C-atoms from their graphitic shells due to knock-on colli-

sion. In order to achieve these, a minimum energy known as

the threshold energy (Td) must be transferred from an ener-

getic electron to a surface C-atom of nanotube

(Krasheninnikov and Nordlund, 2004). Transmission elec-

tron microscope (TEM) connecting with the radiation facili-

ty was utilized for the irradiation of CNTs. The set system

could create defects in CNTs by energetic electrons and con-

currently monitor the induced structural changes

(Krasheninnikov and Nordlund, 2004, Hashimoto et al.,
2004). 

Controlled irradiation seems decisive to bring CNTs in prac-

tical purposes. It was reported that electron irradiation of a

MWCNT having beam energy 300 keV and beam intensity

of 450 A/cm2 caused severe destruction of the tube which is

not desirable for their applications (Banhart et al., 2005). On
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the other hand, electron beam 400 keV and beam intensities

of 20 A/cm2 generates high defects in the graphitic shells of

a MWCNT and severely disordered the tube shells within a

few moments (Banhart et al., 1997). Exposure of SWCNTs

in the electron beam of energies 80 keV and 120 keV with a

dose of 1.35 x 1019 e cm-2 s-1 which corresponds to a beam

intensity of 2 A/cm2 transformed them to amorphous form

within a short exposure (Kis et al., 2004). Recently, it has

been reported that a low energetic electron beam 120 keV

and a low dose of 6 x 1018 e cm-2 s-1 could successfully gen-

erate the primary and secondary defects in the wall of a

SWCNT without its graphitic shell destruction (Hashimoto

et al., 2004). From the findings, it was predicted that diver-

sified applications of nanocarbon materials can be carried

out by taking the advantage of these instrumentally generat-

ed defects. The experimental findings has been reported by a

number of authors (Banhart et al., 1997, Hashimoto et al.,
2004, Banhart et al., 2005, Kis et al., 2004) as described

above are clearly informing that the applied electron beam

energy, set beam intensity and the irradiation time are the

important factors to generate usable defects in the CNTs.

Additionally, an optimization of the electron beam energy

and the irradiation exposure time is a crucial factor to con-

trol the structural transformations of CNTs having different

graphitic shell numbers and diameters. It should diminish the

unwanted damage and destruction of CNTs during their elec-

tron irradiation dealing.  

The present study reports elaborately the effects of 200 keV

energetic electron beam on the structural changes of

MWCNTs having outer diameters of about 8-17 nm and

graphitic shell numbers 6-19. The ability of electron irradia-

tion to tailor the defect and destruction of graphitic shell is

also described. The application feasibility of the irradiation

induced defects for the enhancement of hydrogen storage in

MWCNTs is briefly discussed.

Materials and Methods

Purified MWCNTs synthesized by chemical vapour deposi-

tion (CVD) technique over Mo-Co/MgO catalyst was used in

this study (Kibria et al., 2004). At first, a suspension of

MWCNTs in ethanol was made which was then sonicated for

about 0.5 h. Samples for the TEM studies were prepared by

pouring 1-2 drops of the sonicated solution on the holey car-

bon coated copper grids and drying in air at room tempera-

ture. Electron beam of energy 200 keV and dose of 2.16x

1017 e cm-2s-1 were applied directly from the transmission

electron microscope (TEM, Model 2000F, JEOL Limited,

Japan, operable up to 300 keV) batch wise on the chosen

CNTs at room temperature. The incident electron beam was

allowed to cover an area of 0.14 µm2. The employed electron

beam area and the dose of electrons were 1.4 x 101 times and

1.3 x 104 times lower than that used on a MWCNT which

severely destroyed it (Banhart et al., 2005). In order to

obtain clear pictures on the structural transformations of irra-

diated MWCNTs (outer diameters 17.11 nm, 15.85 nm and

4.75 nm), high resolution transmission electron microscopy

(HRTEM) images of the irradiated tubes were recorded by a

CCD-camera. Images of the irradiated tubes were recorded

up to their amorphization, i.e., the destruction of the tubes. 

Results and Discussion

HRTEM images of an irradiated MWCNT with respect to

the period of exposure to irradiation are shown in Figures

1(a-f). For better illustration the tube is designated as 'Tube

A'. The non-irradiated tube consisted of 19 graphitic shells

and its outer and inner diameters were 17.11 nm and 4.87

nm, respectively. From Figure 1a, it may be seen that the

tube has shrunk towards the interior hole within a few sec-

onds of irradiation exposure. The extent of tube contraction

within 5.5 seconds of electron irradiation was found to be

0.44-0.62 nm. During this contraction in tube, the graphitic

interlayer distances remained almost equal to that of the non-

irradiated tube. The measured interlayer distances are

0.34+ 0.02 nm and almost equal to the value reported earlier

for that of MWCNTs (Banhart et al., 1997). From Figure 1b,

it can be seen that within 15s of exposure, the tube lost a

fraction of its innermost graphitic shell. As a result, the inner

diameter of the tube increased remarkably. No noticeable

contraction of the tube occurred within this period of irradi-

ation. On increase in irradiation exposure up to 1 minute, the

tube contraction value remained almost same but that of the

interior hole remarkably increased because of further loss of

the remaining fraction of the innermost graphitic shell as

shown in the Figure 1c. At this stage, the increase in interior

hole found to be 0.71 nm which is equal to the sum of two

graphitic layers. Within 2 minutes of irradiation exposure,

numerous irradiation effects such as significant bending of

the graphitic walls, decrease in inner hole diameter and the

presence of enormous amounts of knocked-on carbon

deposits inside the graphitic layers as marked by a circle

were observed (Figure 1d). On continuation of irradiation up 
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Fig. 1:   High resolution transmission electron microscopy (HRTEM) images of an electron irradiated MWCNT

(Tube A) with respect to the irradiation exposure time: (a) 5.5 seconds, (b) 15 seconds, (c) 1 minute, (d) 2

minutes, (e) 4 minutes and (f) 8 minutes, respectively. 
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Fig. 2:   High resolution transmission electron microscopy (HRTEM) images of an electron irradiated MWCNT

(Tube B) with respect to the irradiation exposure time: (a) 5.6 seconds, (b) 30 seconds, (c) 1 minute, (d) 3

minutes and (e) 5 minutes, respectively
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to 4 minutes, almost all the graphitic walls has lost their

ordering status as presented in the Figure 1e. On increase in

irradiation time further to 8 minutes, the tube lost its

graphitic structure and transformed to amorphous carbon

like as shown in Figure 1f.

It was mentioned earlier that one of the objectives of the

present investigation is to clearly understand the effects of

electron beam irradiation on the structure of MWCNTs hav-

ing different inner and outer diameters. Similar irradiation

investigations as carried out on 'Tube A' were therefore car-

ried out on two other categories of MWCNTs. Results of

electron irradiation investigation of MWCNTs and the

effects of irradiation exposure using electron beam of ener-

gy 200 keV are summarized in Table I. 

Figures 2(a-e) show the HRTEM images of an irradiated

MWCNT designated as 'Tube B'. Its number of graphitic

shells was more than three times lower and both the outer

and inner diameters were comparably narrower than that of

'Tube A'. From Figure 2a, it may be seen that within 5.6 s of

irradiation, a noticeable contraction of the tube occurred.

The tube contraction value was found to be 0.23-0.60 nm.

The trend of contraction is analogous to that observed for

Tube A. Fractional destruction of the innermost graphitic

shell is observed clearly. Deposition of enormous amounts of

knocked-on carbons can be seen in the interlayers and the

interior hole of the tube. From the image 2b, it can be seen

that the second innermost graphitic shell started to destroy

within 30s of irradiation exposure. No noticeable tube con-

traction was occurred within this period of exposure. On

increase in irradiation period up to 1 minute, the third inner-

most graphitic shell started to suffer from destruction as

shown in Figure 2c. On continuation of irradiation up to 3

minutes, all the graphitic shells were deformed as presented

in Figure 2d. From the image 2e, it is clear that the tube fully

destroyed within 5 minutes of irradiation exposure. 

Figures 3(a-f) show the HRTEM images of an irradiated

MWCNT designated as 'Tube C'. The non-irradiated tube

consisted of 14 graphitic shells. Its outer diameter stands in

the midst of 'Tube A and B' but the inner diameter was more

than 1.4 times higher than that of 'Tube A and B'. In this case,

the extent of tube contraction within 7.5 s of electron irradi-

ation found to be 0.55-1.45 nm as shown in Figure 3a. From

the image shown in 3b, it can be seen that no further change

in tube diameter observed on increase in irradiation exposure

up to 15s. But on continuation of irradiation up to 1 minute,

the tube diameter and that of the interior hole drastically

decreased as shown in Figure 3c. The extent of tube shrink-

age reached to 1.01-1.71 nm but no noticeable deformation

of the graphitic shells was observed. On increase in irradia-

tion time up to 2 minutes, the extent of tube contraction

reached to about 1.7 nm as shown in Figure 3d. The inner-

most graphitic shell destroyed fractionally as marked by a

rectangle. A small area of graphitic walls marked by a circle

started to deform. Moreover, a little deposit of knocked-on

carbon atoms from the graphitic shells holed the positions in

the interlayers and also the interior hole of the tube. On con-

tinuation of irradiation up to 4 minutes, a radical change in

the status of the graphitic shells was observed as shown in

the Figure 3e. It may be seen that almost all the graphitic

shells had lost their ordering status. Moreover, bending of

graphitic walls towards the interior hole is clearly observed

in a place of the tube. This bending structure decreased the

tube hole remarkably. On further increase in irradiation time,

the graphitic layers started to break down, began to scatter

and progressively captured the total area of the interior hole.

It may be seen that after 8 minutes of irradiation exposure,

the tube completely destroyed and transformed to amor-

phous type carbon as shown in Figure 3f. 

The HRTEM images presented in Figures 1-3 conclusively

indicate that the set electron irradiation condition remark-

ably affected the structures of the MWCNTs. The sequences

of the structural changes of the tubes identified to be the con-

traction of the graphitic shells towards the interior hole, par-

tial and then full destruction of the innermost graphitic shell,

commencement of the deformation of remaining graphitic

layers, spreading of the deformed graphitic layers towards

the interior hole and finally the transformation of the tube to

an amorphous like structure, i.e. the destruction of the tube.

From Table I, it can be seen that the destruction period of the

innermost graphitic shell of the investigated MWCNTs fol-

lowed the trend of Tube B < Tube A < Tube C. It informs that

the tube having the smallest innermost diameter was affect-

ed by the electron irradiation most quickly. This happened

because of exhibiting the largest curvature-induced strain in

the atomic network of the innermost shell of the 'Tube A'. It

was reported that due to having curvature-induced strain in

the shells of CNTs, the theoretical Td value, i.e., the mini-

mum initial kinetic energy of a C-atom to escape from the

graphitic wall of nanotube is quite different than that of the

flat graphitic structures. The Td value should drop sharply 
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Fig. 3:   High resolution transmission electron microscopy (HRTEM) images of an electron irradiated MWCNT

(Tube B) with respect to the irradiation exposure time: (a) 7.5 seconds, (b) 15 seconds, (c) 1 minute, (d) 2

minutes and (e) 4 minutes and (f) 8 minutes, respectively
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with decreasing the tube/shell diameter because of increas-

ing induced strain. Thus, the Td value for displacing a C-

atom is lower for a single-walled carbon nanotube (SWCNT)

and correspondingly for the innermost shell of a multi-

walled carbon nanotube (MWCNT) (Smith et al., 2001,

Krasheninnikov and Nordlund, 2004). As for example, when

the Td value is 15 eV, the kinetic energy of electron is equal

to 82 keV and it is very close to the experimental value 86

keV for SWCNTs with diameters of about 1 nm. At electron

energies 139 keV, every C-atom on a SWCNT is susceptible

to ballistic ejection (Smith et al., 2001). Thereby, the inner-

most shell of the investigated tubes suffered knock-on

destruction more easily. 'Tube C', the tube having the largest

innermost diameter, showed the highest contraction value

towards the interior hole. It can be seen that its contraction

became insignificant when its innermost shell started to

destroy. In case of other two tubes no further contraction was

observed after affecting their innermost shell by irradiation.

It indicates that contraction of the graphitic shells of

MWCNTs stops when their innermost graphitic shell starts

to suffer from destruction during the electron beam irradia-

tion. Other mentionable finding is that MWCNTs having

inner shell/shells of diameter ~ 4.8 nm should suffer from

fractional destruction within 5-15 s of electron irradiation at

the set experimental condition. The used irradiation condi-

tion found appropriate to generate usable defects in the shells

of MWCNTs having inner diameter of about 7.0 nm. But the

irradiation exposing period should be less than 2 minutes. 

Presently observed contraction of the tubes is informing the

generation of electron irradiation induced defects in their

graphitic walls/shells. Irradiation induced defects are mainly

vacancies (Ajayan et al., 1998, Hashimoto et al., 2004).

Formation of vacancies usually destroys some of the stable

sp2 hybridization of the neighboring C-atoms to sp type C-

atoms. Such a sp type C-atom consists of a dangling bond 

(DB). Dangling bonds (DBs) are very reactive to foreign

atoms like hydrogen (Lu and Pan, 2005). The DBs of a sin-

gle vacancy (SV) and a double vacancy (DV) could adsorb

three and four hydrogen atoms, respectively. Recently,

authors (Khare et al., 2003, McDaniel et al., 2007) have

reported the presence of C-H bond in proton and Ar+ beam

irradiated SWCNTs. In this sense, it seems sensible to pro-

pose that the electron irradiation induced defects would con-

tribute to improve the hydrogen storage capacity of

MWCNTs for future applications.

Conclusions

An effort was taken to clearly uncover the electron irradia-

tion effects on the structure of MWCNTs having different

inner diameter and shell numbers. It was observed that the

electron irradiation could induce radical changes in the struc-

ture of the tubes. Irradiation found destroyed first the inner-

most graphitic shells of the investigated MWCNTs. Such a

shell of about 4.8 nm found ruins within 1 minute of irradi-

ation but that of diameter 7.0 nm tolerates irradiation up to

about 2 minutes. The findings could be used to process raw

MWCNTs for enhancing their hydrogen storage capability. 
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