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ABSTRACT 

In this report, we have illustrated the synthesis of the Ni-filled multiwalled carbon nanotubes (MWCNTs) on both metallic and 
non-metallic substrates, by using thermal CVD technique. Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) 
have been used to characterize the surface morphology and crystalline nature of the MWCNTs encapsulated with Ni nanorod. 
These filled MWCNTs have exhibited strong magnetic response due to encapsulation of pure phase of Ni. Magnetic Force 
Microscopy (MFM) study of such filled tubes reveals the pole formation in the Ni nanorod and confirms magnetization 
direction perpendicular to tube axis. Filling occurs in a fragmented manner confirmed by MFM and each fragment found to 
have north and south poles along the axis perpendicular to the tube i.e. radial direction of tube. Copyright © 2016 VBRI Press. 
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Introduction  

Metal-filled multiwalled carbon nanotubes (MWCNTs) 
have potential industrial application in various fields of 
science and technology. The injection or filling of metal 
into the MWCNT may significantly amend their 

mechanical [1], electrical [2] and magnetic properties [3-7]. 
The metal-filled MWCNTs have variety of industrial 

applications such as catalysts [8], electronic devices [9], 

magnetic tape [10], and biosensors [11]. Filling of 

MWCNT can be accomplished either in-situ or ex-situ [12]. 
Among all, routes of in-situ filling have been preferred 
because of the easy way and filler exhibit high integrity in 
properties. In-situ filling can be made by various methods 

such as Arc discharge [13], Laser ablation [14], Plasma 

enhanced CVD [15] and Thermal CVD [16, 17]. Generally, 
in order to study the magnetic properties of ferromagnetic 
materials filled inside MWCNT, Fe, Co and Ni have 

selected as filler in the most of published reports [17-22]. 
Among all metals, which have been filled to the date, filling 
with Fe, or Fe3C has been reported by most of the 

researchers [20, 23-25]. This happens due the high 
solubility of carbon in Fe. However, due to low binding 
energy of carbon with Fe, crystalline quality of MWCNT 
grown by using Fe as catalyst is low as compared to 
MWCNT grown by using Ni or Co as catalyst. Filling of 
the pure phase of Fe is very difficult because of the rapid 
formation of Fe3C, which dominates over Fe phase 
formation. The carbide formation deteriorates the magnetic 
properties of the filled MWCNTs. MWCNTs filled with 
pure phase exhibit extraordinary magnetic properties. 
However, very few researchers have published the CVD 
method to grow pure Fe, Ni, Co; Ni/Pt filled MWCNTs 

[20, 21, 22, 26]. For the application of nanorod filled inside 

MWCNT as nanomagnet, it is important to first investigate 
magnetization behaviour and then pole formation in 
ferromagnetic nanorod filled inside the MWCNT. Another 
burning issue related to on-going research in area of 
MWCNT is to grow the MWCNT on conducting,          
non-conducting, magnetic or non-magnetic substrates. 
Among them MWCNTs grown on conducting substrate are 
of high importance. Reason is, if MWCNT follow root-

growth mechanism depending on catalyst nature [27] then 
substrate-MWCNT interface has low contact resistance and 
substrate can used as a one contact for the devices. 
Objective of present study is two folds: (1) to grow pure 
Ni-filled MWCNTs on various substrates, and (2) to study 
the magnetization behaviour in confined nanorod by using 
MFM. 
 

Experimental 

Materials and synthesis method 

Thermal chemical vapour deposition (Thermal CVD) 
technique was used to grow Ni- filled MWCNTs. In the 
technique quartz tube of inner diameter (ID) 3.5 cm and 
length of 60.0 cm was used as a reactor. The system has a 
10.0 cm pre-heating zone (100 - 150 

o
C) and 15.0 cm 

heating zone (800 – 900
 o
C). To grow samples on quartz we 

have taken mixture of nickelocene and benzene of ratio 
0.015 gm/ml. The mixture was first introduced in pre 
heating zone where solution vaporized and then vapour 
were introduced in to hot zone by using Ar/H2 mixture as a 
carrier gases. Flow of Ar/H2 gas mixture (Ar-100 sccm, H2-
50 sccm) was optimized for growth on all substrates. After 
the completion of reaction, system was set to cool down to 
room temperature in the presence of Ar. In order to grow 
MWCNTs on SiO2/Si, Copper (Cu) and Stainless Steel (SS) 
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temperature was set at 830 
o
C. When temperature of 

furnace reaches to reaction temperature, substrates were 
brought in to the hot zone in such a manner that the dense 
vapours immediately diffused on the substrates at set 
reaction temperature. After synthesis substrates were found 
to be fully covered by black thick layer of MWCNTs.  
 

Characterization techniques 

As-grown samples were characterized with Bruker D8 
Advance X-Ray diffractometer and Hitachi S3100 
Scanning Electron Microscopy. Very few amount of sample 
dispersed in Isopropyl alcohol (IPA) and then sonicated for 
20 minutes to make a uniform dispersion. A single drop of 
dispersion of MWCNTs was used to make thin film on Si 
substrate. The thin film of MWCNTs on Si substrate was 
used in MFM study. 
 

 
 
Fig. 1. XRD diffraction pattern of the as-grown Ni-filled MWCNTs, 
which grow on wall quartz reactor. 

 

 
 

Fig. 2. SEM Images of Ni filled-MWCNTs grown on (a) Cu substrate, (b) 

SS substrate, (c) SiO2/Si (300 nm/500 m) substrate, (d) quartz. 

 

Results and discussion 

X-ray diffraction (XRD) measurement was performed on 
the as-grown filled MWCNTs scratched from the walls of 

quartz reactor. In Fig. 1, signature peak of MWCNT at      
2θ =26.33° position, reflected from (002) plane of graphite 
(PCPDF 75-2078) was observed. Diffraction peaks at        

2θ = 44.62°,
 
51.9° and 76.50° positions are indentified and 

found to be of (111), (200) and (220) planes of the fcc Ni 
(PCPDF 87-0712). Filling of fcc Ni having symmetry with 
intimate walls MWCNT have been also reported in Ref. 

[26] and reported results are matched with observed values. 
XRD profile confirmed that MWCNTs filled with fcc Ni 
have high crystalline quality. This is evident by FWHM 
(2°) and intensity of peak observed at (2θ =26.33°) 
position. 

Growth possibility of MWCNTs on various substrates 
has been demonstrated and confirmed by SEM images as 

shown in Fig. 2. Variation in density of MWCNT with 
morphological change clearly depicts the influence of the 
substrates on MWCNT growth.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. MFM topography of Ni filled MWCNTs by using magnetic tip in 
taping mode.  

 

MWCNTs grown on Cu (Fig. 2(a)) are less curly than 
that grown on other substrates. MWCNTs are well 
separated while CNTs on SS grown in bunches of high 
density. On SiO2 coated Si substrate, MWCNTs are 
observed to be grown more vertical and have uniform 
morphology. In powder samples scratched from the walls of 
quartz reactor, MWCNTs are found to be grown randomly. 
As-grown MWCNTs have shown strong magnetic 
interaction when they are brought close to the bar magnet. 
This confirms the presence of Ni as either filler or catalytic 
impurities. Further, fragmented filling of Ni inside the core 
of MWCNT have been confirmed by MFM and shown in 

Fig. 3. Detailed MFM studies of Ni-filled MWCNT have 

shown in Fig. 4. In order to corroborate tip-sample 
interaction, MFM studies including amplitude and phase 
changes have been performed for hard disk also (shown in 

Fig.5). MFM measurement performed on Ni-filled 
MWCNT with the lift height of 50 nm.  

Image in Fig. 3 is the topographic image of Ni filled 
CNTs captured by using magnetic tip in taping mode. 
Bright contrast in topographic image, if captured by using 
the magnetic tip in taping mode, directly measures the 
dominating interaction between tip-Ni while other 
interaction like, between CNT and tip are minimized. So, 
intensity can be assumed as a direct measure of the 
interaction strength. Therefore, filled parts of MWCNT 
respond very strongly to the magnetized tip and have both 
vander waal and magnetic interaction. Consequently, filled 
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parts of MWCNT can be identified by the contrast 
variation. Filling inside the MWCNT was found to be 
fragmented as confirmed by the intensity variation along 

tube axis (as shown in Fig. 3). 
 

 
 

Fig. 4. MFM studies with lift height 50 nm (a) Topography, (b & C ) 
Phase, and (d) amplitude images of Ni filled MWCNT. (e-o) 
corresponding profiles of filled and unfilled regions represented by lines 
in planes (a-c).  

 
In the present study, MFM measurements were taken in 

two passes across each scan of the sample. In the first pass 
surface topography was scanned which is represented in 

(Fig. 4(a)). The topographical trace and retrace were 
performed in tapping mode of AFM. In second pass, the 
probe was lifted to the desirable height from the surface so 
that short-range forces (vander walls force) get minimize. 
At this height the tip was able to trace and retrace only 
magnetic responses. The magnetic interaction depends on 
the factors like: lift height, coercivity and the magnetic 
moment of the tip as well as magnetic stray field intensity 

of the sample [28]. In this scan mode, a force acts between 
magnetic tip and sample magnetic stray field and this force 
gradient results in change in phase as well as amplitude 

with which cantilever vibrates [28]. The shift in phase and 
amplitude are exceedingly informative in analyzing 

magnetic response. In Fig. 4 (b, c and d) these shifts are 
explained along with their corresponding line profiles. 

 

 
 

Fig. 5. MFM phase image of hard disk drive. 

 

Fig. 4(b) represents the phase profile of Ni-filled 
MWCNT captured in lift mode. Remarkable, phase shifts 
have observed as confirmed by line profiling in filled parts 

as shown in Fig. 4(g) and (i). Along the tube axis bright 
contrasts appeared to be uniform. In line profile if we 
moves from darker to brighter portion the phase is shifted 
from 0 to 12.5° and again it goes down to 0º in darker 
region. The same phenomenon occurs in other filled part 
where phase shift goes to 20° degree and vice-versa. 
Importantly, there is no significant phase shift observed in 

unfilled part of MWCNT (Fig. 4h). The contrast in phase 
image has been reported to depend on nature of interaction 
which present between tip and sample, either attractive or 

repulsive [29]. Bright contrast is presumed due to repulsive 
magnetic interaction, and results in positive phase shift. 
Therefore, in the studied sample strong repulsive magnetic 
interaction was found to be acting between probe and filled 
parts of MWCNT. Similarly, line profiles were taken along 

the radial direction of the tube as shown in Fig. 4(k, l and 

m). Nearly exact phase shifts in positive direction have 
been observed. Uniformity of contrast as well phase shift 
confirmed the existence of single domain in both radial or 
along the axis of Ni nanorod. Consequently, in studied 
sample nickel nanorod having single domain structure is 
confirmed. In order to study the phase shift behaviour more 
extensively, we have compared the MFM phase image of 

standard hard disk drive (Fig. 5). In Fig. 5(a) the profile 
shows that from darkest to brightest region the phase 
shifted from -2.5° to 2.5° while in darkest contrast it again 
fell down to -2.5°. Therefore, for each cycle (darkest to 
brighter contrast), phase shifted from -2.5° to 2.5°. The 
negative shift occurs due to attractive magnetic force while 
positive is due to repulsion. This confirmed that in hard 
disk poles were formed perpendicular to bit length. 

However, line profile along the length of bit area (Fig. 5b) 
the phase shift was not negative anywhere but was positive 

in brighter contrast area with the same value as in Fig. 5b. 
In the scanned image along length of bit area has the darker 

contrast with almost negligible phase shift (Fig. 5b) is not 
as dark as appeared in perpendicular to the bits length 
because the less darker portion does not show any pole in 
that direction. Therefore, it has been confirmed that 
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transition in the direction of magnetization is only observed 
along the width of the bits. 

In Ni-filled MWCNT, the direction of magnetization 
was found to be perpendicular to the tube axis. This is 
evident by the result, i.e. no negative phase shift either 
along or perpendicular to tube axis. The line profile of 
MFM phase is somewhat similar to the line profile along 

length of bit area (in Fig. 5) of the phase image of the hard 
disk where only one type of interaction is observed (in 
bright contrast) and rest part does not seem to have 
magnetic responses. If direction of magnetization is along 
the tube axis then magnetic contrast should be bright at one 
end and negative at the other end because poles would be 
formed along the tube axis. Lutz et. al. have reported the 
direction of magnetization in case of Fe and Fe3C nanowire 

inside MWCNTs [29]. In their report they have mentioned 
the MFM images of both types of nanowires and explained 
the direction of magnetization taking contrast into account. 
However, they have reported that in case of Fe poles form 
along the tubes axis but in our case filling of Ni inside 
MWCNT causes pole formation perpendicular to the tube. 
The studied Ni-filled MWCNT are grown randomly and 
mostly found to be lying in substrate plane. So we assume 
that radial direction is perpendicular to substrate plane. As 

reported in Ref [30], a magnetic field gradient in radial 
direction was applied in order to maintain the temperature 
during growth. Instead of shape or magnetocrystalline 
anisotropy this gradient may be controlling the direction of 
magnetization in Ni nanorod. 
 

Conclusion  

We have demonstrated the growth of Ni filled MWCNTs 
on metallic and non-metallic both kinds of substrates. The 
filling of metal inside MWCNT takes place in fragmented 
manner which is confirmed by probing the filled MWCNTs 
with MFM. Positive variation in the phase in both 
directions along as well as perpendicular to the tube axis 
confirmed that in Ni nanorod poles are formed in radial 
direction. In magnetization shape anisotropy is not playing 
a decisive role. The strong magnetic interaction proposes 
that filled MWCNT can be used for storage devices capable 
of storing data for long term. 
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