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Abstract 

Iron oxide nanoparticles have attracted considerable interest in various applications owing to 

their unique properties like their extraordinary magnetic properties, surface area to volume 

ratio, easy separation and larger surface area. multi-walled carbon nanotubes(MWCNTs) have 

been investigated considerably, as they have high aspect ratio and good thermal, mechanical, 

optical, and electrical capabilities. The conjugation between Fe3O4 nanoparticles and MWCNT 

has been found to have enhanced properties. This composite has been found to have multiple 

applications in biomedical, electronics, etc. In this work, we have used NANOCORPSTM 

VX100 Nanomaterial Synthesizer for the synthesis of Fe3O4 NP/MWCNT nano-composite. 

The material was characterized and was found to be successfully synthesized. 
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1. Introduction 

Carbon nanotubes (CNTs) are of significant 

attention in a variety of disciplines owing to 

its desirable chemical and physical 

characteristics. CNTs can either be single- 

walled carbon nanotubes(SWCNTs), multi- 

walled carbon nanotubes(MWCNTs), nano 

diamonds (NDs), graphene or fullerene [1]. 

Due to the Sp2 bonds between the carbon 

atoms, MWCNT have a greater tensile 

strength even as compared to steel [2]. The 

atomic structure in a MWCNT greatly 

reduces the collision between conduction, 

and the robust bonds between carbon atoms 

permit smooth tolerance of large amounts 

of electrical current [2]. Due to the hollow 

structure of MWCNTs, the space inside can 

be used to encapsulate metal NPs (like iron 

oxide NPs) which can enhance their 

magnetic properties. Iron oxide NPs have 

diameters between 1-100nm, and the two 

forms of iron oxide NPs are maghemite and 

its reduced version magnetite [3]. 

MWCNTs-iron oxide NP conjugates have 

fascinated a lot of interest due to their 

extensive use in many fields and its super 

magnetic properties. 

Conjugating iron oxide NPs with nano 

organic molecules like MWCNTs enhance 

the repulsive forces on NPs, balancing out 

the van der Waals and magnetic forces. [4]. 

Furthermore, conjugating the iron oxide- 

NPs with MWCNTs offers a promising 

application in many fields, and thus has 

been extensively examined due to the 

conjugate’s unique chemical and physical 

properties. Bare iron oxide NPs 

(specifically magnetite) is easily oxidised 

upon contact to air, because they render 

large amounts of surface energies due to 

their high surface area-volume ratio [4], 

and bare MWCNTs do not contain any 

magnetic properties that limits its use for 

biomedical applications [5]. Thus, 

conjugation of MWCNT-iron oxide NPs 

brings about synergistic effects by 

combining thermal, optical, and chemical 

properties of both MWCNT and iron oxide 

NPs that facilitates in functionalization and 

stabilization of the nano-system [1, 4]. 

Most research has been aimed towards 

developing efficient strategies for the 

preparation of such conjugates in order to 

get extremely stable and efficient carbon 

nanotubes. One commonly used method is 

filling process, which is one of the most 

facile approaches of fabricating carbon 

nanotubes [5]. This method is carried out by 

first filling the CNT pores with Ferro fluid, 

After that, the precursor of the magnetic 

species is filled and the precursor is 

reduced. [6]. In one study, Bio et al. 

fabricated CNTs by feeding Fe NPs into its 

pores, and subsequently minimizing the 

metal compounds to form magnetic metals 

[7]. Advantages of the filling procedure are 

that the operation is cost efficient, the raw 

materials are easy to find and the procedure 

is extremely convenient to perform [5]. 

However, this process renders a weak 

reproducibility because the lack of control 

over the mass ratio of carbon and magnetic 

precursor. which consequents in the pore 

getting blocked. Another method used to 

synthesize conjugates of metal oxides such 

as Fe3O4 and MWCNT is the sol-gel 

process [5]. In this process, hydrolysis and 

condensation of the precursor is key to this 

method, and factors such as temperature, 

pH, and precursor concentration are the 

most important that governs the ultimate 

shape, properties, size and quality of the 

conjugates [8]. Modugno et al. synthesized 

iron oxide-MWCNT nano system using the 

sol gel method [1]. In their approach, 

MWCNT was initially stimulated by 

carboxylic acid groups, following a sol-gel 

procedure wherein Fe3O4 were bonded to 

the surface of MWCNTs as they were 

getting simultaneously synthesized [1]. The 

cost-effectiveness of the sol-gel technique 

is its main advantage and operates at low 

temperatures averting the oxidation of 

precursors is another advantage. On the 

other hand, a major limitation of this 

process is that there is a relatively high 

chance of the product getting contaminated 

[5]. 
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Chemical Vapor Deposition is a popular 

synthesis approach in which the process is 

carried out in a reactive gas compartment 

[5]. The compartment is filled with gases 

that have deposition material and coatings 

that are applied to the substrate [9]. In a 

report, Tian et al. synthesized CNTs filled 

with iron by the “floating catalyst CVD 

method” wherein ferrocene was used as an 

iron source as well as a catalyst precursor 

[10]. The main advantage of this technique 

is that the CNT structure is highly 

controlled, however, the method is 

expensive and requires high energy 

procedures [5]. Another well-known 

procedure is the Self-assembly method in 

which a spontaneous organized structure is 

formed or “self-assembled” from a 

haphazard system of components already 

existing in the system [5]. In this regard, 

Zhang et al. used this approach for the 

preparation of CNT in a two-step method in 

which they first obtained hydrophilic CNTs 

using an oxidizing agent, followed by 

assembling of iron oxide NPs on CNTs 

surface [11]. The primary benefit of the 

self-assembly approach is that it allows 

good control over MCNTs characteristics, 

however, the major disadvantage of this 

approach is the heterogeneity of the product 

[5]. 

There are numerous applications of the 

MWCNT-iron oxide NPs conjugates, of 

which drug delivery is one of the most 

prominent. CNTs like MWCNTs are 

widely used in drug carrier applications 

because of its exclusive spectroscopic 

characteristics, as well as their ease of 

doping with agents that further facilitates 

their functionality [5]. Conjugation of 

MWCNTs with magnetic NPs such as iron 

oxide NPs greatly enhances its potential as 

a nano-vector as a drug delivery system 

[12]. CNTs have also extensively been used 

in gene delivery systems owing to their 

biocompatibility and non-toxicity and there 

are one of the most important techniques 

that can be employed to enhance the 

efficiency to deliver the exogenous DNA in 

the target cells is conjugating the MWCNT 

with iron oxide NPs [5] can facilitate direct 

delivery of DNA into the nucleus. Another 

interesting application of these MWCNT- 

iron oxide NPs conjugate is in hyperthermia 

[13]. 

These conjugates are also of great use in 

theranostic applications such as to detect 

rare-tumour looking cells [5]. These 

conjugates penetrate cells without causing 

damage which renders them useful for the 

function. In this regards, Shen et al. 

conjugated MWCNTs with iron oxide and 

non-covalently functionalised with PL- 

PEG [14]. Other potential application 

explored for MWCNT-iron oxide conjugate 

is in their numerous fields of industry. Few 

examples are using it as a contaminant 

absorbent (for heavy metal or organic 

compounds), electrochemical sensors, and 

magnetic storage medium. Chen et al. 

constructed MWCNT/iron oxide magnetic 

nanocomposites in order to absorb Nickel 

and Strontium ions from wastewater [15]. 

Table1 lists the different routes for 

synthesis of Fe3O4 and MWCNT conjugate 

along with their merits and demerits. 

Table 1. Merits and Demerits of each of the Synthetic methods. 

Method Merits Demerits Ref. 

Chemical 

precipitation 

co- Simple 

method. 

and effective Large size distribution. [16] 

Hydrothermal, Simple and facile method, Calcination at high [17] 

Phase Ferromagnetic property is temperature is required.   

transformation kept intact in the synthetic    

method method    
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In situ thermal 

decomposition 

method 

Size can be controlled. Magnetic properties is 

influenced by the reaction 

conditions. 

[18] 

Chemical 

reduction 

method 

Size is controlled, 

provides active sites of 

attachment of Fe3O4. 

May result in agglomeration. [19] 

Green synthesis The reducing agents or 

solvents are not used, 

highly  time  saving  and 
cost saving. 

Agglomeration may be directly 

proportional to the 

concentration  of  the  metal 
precursor used for the reaction. 

[20] 

Solvo-thermal 

method 

Size & distribution of NPs 

can be changed depending 

on concentration. 

The presence of water affected 

the crystal structure of Fe3O4 

and dispersion on surface of 

MWCNT 

[21] 

Microwave 

assisted method 

Fast method, binding 

efficiency is high, water 

dispersible particles with 

superparamagnetic 
properties. 

Cannot be scaled up. [22] 

Spontaneous 

redox reaction 

Effortless method, 

presence of high defects 

on the surface of MWNT 

is  favorable  for  redox 

reaction and for catalytic 

application. 

The presence of high defects 

cannot be used for other 

applications. 

[23] 

One pot 
hydrothermal 

method 

Uniform morphology of 

Fe3O4 nanoparticles and 

wrapping of Fe3O4 on 

MWNT surface, electrical 

and magnetic properties of 
MWNT and Fe3O4 

nanoparticles are retained. 

High temperature for 

calcination is necessary 

[24] 

Pulsed laser Avoids harsh chemicals. 

Reduces processing time 

The pulsed laser power may 

disrupt or break the MWNT 

structures 

[25] 

CVD The nanoparticle 

dispersion on the MWNT 

is homogeneous. 

Noticed aggregation of 

nanoparticles according to the 

concentration  of  precursors 
used 

[26] 

Electrochemical 

Synthesis 

Cost-effective, easily 

available, high degree of 

control   over   other 

methods, high purity of 

the product 

Determination of the reaction 

mechanism needs more studies 

to achieve a full understanding 

of the process. 

This 

work 

 

In our current work, we have synthesized 

Fe3O4 and MWNT nano-conjugate using 

the nanomaterial synthesizer manufactured 

by NANOCORPSTM VX100. We have also 

synthesized iron oxide nanoparticles 

(Fe3O4) using this instrument. We have 
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characterized the synthesized Fe3O4 

nanoparticles and the Fe3O4 – MWNT 
nano-conjugate using XRD, TEM and 

Raman spectroscopy. 

 

2. Materials And Methods 

 

2.1 Synthesis of Iron oxide nanoparticles 

(Fe3O4) 
For  synthesis  of  Fe3O4 NPs, 

NANOCORPSTM VX100 Nanomaterial 

Synthesizer was used. The iron electrodes 

were spaced 4 cm apart and fixed. 2M 

sodium chloride was added in 200 mL 

double distilled de-ionized water for 

preparation of electrolyte. 3V DC voltage 

was given to the electrochemical cell under 

constant magnetic stirring. After 5 minutes, 

formation of gas bubbles was observed 

followed by change in colour of the 

solution. The whole experiment was carried 

out at 70°C. The black precipitate obtained 

was then ultra-sonicated for 30 minutes. 

The solution was then kept on magnetic 

stirring overnight. Following that, the 

material was washed and purified using 

ultracentrifugation multiple times. The 

sample was stored at room temperature. 

2.2 Synthesis of Fe3O4 and MWNT 

conjugate 

For the synthesis of the Fe3O4 and MWNT 

conjugate nanocomposite, 

NANOCORPSTM VX100 Nanomaterial 

Synthesizer was used. 2M sodium chloride 

was added in 200 mL double distilled de- 

ionized water for the preparation of 

electrolyte. The electrolyte solution was 

then sonicated for 3 hours at 37 ° c with 200 

mg of MWNT. Iron electrodes were spaced 

4 cm apart and fixed. The electrochemical 

run was performed at 3V DC voltage under 

constant magnetic stirring. The 

development of gas bubbles was instantly 

noticed. The electrolytic solution changed 

colour to an opaque black precipitate after 

a few minutes of operation. The experiment 

lasted 5 minutes at a temperature of 70 

degrees Celsius. The residue obtained after 

the experiment was ultrasonicated for 

fifteen minutes. In addition, the solution 

was kept separate from the rest of the batch 

for overnight stirring. The following day, 

the sample was washed and purified using 

ultracentrifugation numerous times to get a 

pure stock solution in powder form. 

 

2.3 Characterizations/Instruments 

A Jeol 2100F microscope was used to 

conduct transmission electron microscopy 

(TEM) on all of the sample. XRD carried 

out using PANalytical X'Pert Pro X-ray 

diffractometer. Energy-dispersive X-ray 

study was carried out using EDX integrated 

system with a Zeiss EVO 40 Scanning 

electron microscope. Magnetic study was 

done with the Physical property 

measurement system (PPMS) from 

Cryogenics limited. WITec Denmark's 

combined confocal Raman AFM system 

was used for Raman spectroscopy. 

 

3. Results And Discussion 

 

3.1 Morphology characterization of 

Fe3O4 
Synthesized Fe3O4 nanoparticles surface 

morphology analysed using TEM. TEM 

image of Fe3O4 is shown in Figure 1(a). 

Average particles size was in the range of 

60-80 nm. Figure 1(b) shows the HRTEM 

image of Fe3O4 NPs.d-spacing was 0.257 

nm [27]. 
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Figure 1. TEM images of Fe3O4 NPs ; (a) TEM image, and (b) HRTEM image. 
 

3.2 Structural characterization of Fe3O4 

nanoparticles 

Structural characterization of synthesized 

Fe3O4 NPs was carried out using XRD and 

selected area electron diffraction (SAED). 

The X-ray diffraction graph of 

nanoparticles is shown in Figure 2(a). The 

major peaks of Fe3O4 nanoparticles are 

present in the graph. The planes signifying 

these peaks are (220), (311), (400), (422), 

(511), (440), and (533) [28]. The SAED 

pattern using TEM was carried out and is 

shown In Figure 2(b). The planes obtained 

from the XRD graph can also be seen in the 

SAED pattern. This pattern typically 

signifies to the cubic crystal structure of 

Fe3O4 nanoparticles [29, 30]. 

 

 

Figure 2. Structural characterizations of Fe3O4 nanoparticles; (a) X-ray diffraction graph, and 

(b) SAED pattern using TEM. 
 

3.3 Morphology characterisation of 

multi-walled carbon nanotubes 

Surface morphology of MWNT was 

analyzed using TEM. The TEM image of 

multi-walled carbon nanotubes (MWNT) is 

shown in Figure 3(a). The average diameter 

was found to be in the range of 20-25 nm. 

HRTEM image of the multi-walled carbon 

nanotubes (MWNT) is shown in Figure 

3(b). The d-spacing was calculated to be 

0.35 nm [31]. 
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Figure 3. (a) TEM image of MWNT, and (b) HRTEM image of MWNT. 

 

3.4 Vibrational characterisation of 

MWNTs 

Molecular vibrational study of MWNTs 

was carried using Raman spectroscopy. The 

Raman spectra show a disorder-induced D 

band peak at 1343 cm-1, and G band peak at 

1576 cm-1. These bands are typical to the 

presence of MWNT. The peak of the 2D 

band at 2690 cm-1 and a weak G+D peak is 

also present in the sample [32, 33]. Figure 

4 shows the spectrum. 

 

 
Figure 4. Raman spectra of multi-walled carbon nanotubes (MWNT). 

 

3.5 Morphology characterization of 

Fe3O4 – MWNT nano-conjugate 
Surface morphology of the synthesized 

Fe3O4 and MWNT conjugate was analyzed 

using TEM. The TEM image of Fe3O4 

nanoparticles and MWNT conjugate is 

shown in Figure 5. The average particles 

size of Fe3O4 nanoparticles was calculated 

and was found to be in the range of 80-100 

nm. It can be observed from Figure 5 that 

successful conjugation between Fe3O4 and 

MWNT was achieved through the 

electrochemical method. 
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Figure 5. Transmission electron microscopy (TEM) images of Fe3O4-MWNT nano-conjugate 

at (a) 200 nm, and (b) 100 nm scale. 
 

3.6 Vibrational characterization of Fe3O4 

– MWNT nano-conjugate 

The molecular vibrational study for Fe3O4 

NPs and MWNT was carried using Raman 

spectroscopy. The Raman spectra show 

peaks corresponding to both MWNT and 

Fe3O4 nanoparticles. The disorder-induced 

D band at 1343 cm-1 and G band at 1576 

cm-1 are present which signifies to presence 

of MWNT in the sample. The peak of 2D 

band at 2690 cm-1 also a weak G+D peak is 

also present in the sample [32, 33]. The 

peaks corresponding to Fe3O4 nanoparticles 

are also present at 215, 276, 398, and 654 

cm-1 [34]. The spectrum is shown in Figure 

6 and signifies the successful synthesis of 

Fe3O4 nanoparticles and MWNT. 

 

 

 

Figure 6. Raman spectra for Fe3O4 nanoparticles and MWNT. 
 

3.7 Magnetic and Electrochemical 

impedance spectroscopy 

characterization of Fe3O4 – MWNT 

nano-conjugate 

The synthesized nanoconjugate of MWNT 

and Fe3O4 was characterized using VSM to 

study magnetic properties. VSM graph for 

the MWNT-Fe3O4 nanoconjugate is shown 
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in Figure 7. The hysteresis loop is the curve 

plotted between the external magnetic field 

and magnetization (emu/g) of 

nanoconjugate sample. Hysteresis loop was 

plotted to study the magnetic property of 

the MWNT-Fe3O4 nanoconjugate. We can 

observe from the hysteresis loop that the 

synthesized nanoconjugate between 

MWNT and Fe3O4 nanoparticles exhibit 

ferromagnetic behaviour. The 

magnetization saturation value for the 

synthesized MWNT–Fe3O4 nanoconjugate 

was calculated to be 65.2 emu/g. The 

magnetization saturation in the case of 

Fe3O4 nanoparticles was achieved at 81.6 

emu/g which is higher compared to the 

magnetization saturation value for MWNT- 

Fe3O4 nanoconjugate. The presence of 

MWNT in the sample causes a magnetic 

dead layer. Also, it reduces the amount of 

Fe3O4 nanoparticles in conjugate sample 

thereby, leading to lower value of magnetic 

saturation in the case of MWNT-Fe3O4 

nanoconjugate [35]. 

 

 
Figure 7: Vibrating sample magnetometer (VSM) graph for Fe3O4 and MWNT 

nanoconjugate. 
 

The electrochemical impedance 

spectroscopy was carried out to study 

overall impedance of the system. The 

spectroscopy was done to evaluate the 

nyquist response i.e. the plot between the 

real component (Z’) and imaginary 

component (-Z’’) of the impedance. 

Nyquist plot for the Fe3O4 -MWNT 

nanoconjugate is shown in Figure 8(a). 

Impedance equivalent circuit used for 

fitting of the plot is shown in the inset of 

Figure 8(a). R1 represents the electrolyte 

resistance between working and reference 

electrodes in the equivalent circuit. Circuit 

also contains another resistance component 

R2 which is the charge transfer resistance. 

A constant phase element(CPE) is also 

present in parallel to the charge transfer 

resistance. This CPE is introduced where 

non-ideal behaviour of the capacitance is 

required to be simulated. Another 

component is also introduced in the 

equivalent circuit called the Warburg 

element, W, in series with the charge 

transfer resistance. The Warburg element 

signifies the diffusion process that occurs at 

working electrode's surface.The plot 

between real and imaginary component of 

impedance and phase shift with change in 

frequency is shown in Figure 8(b-d). These 

plots show the changes of real and 

imaginary components of the impedance 

with change in frequency. It can be 

observed that the real and the imaginary 

components of the impedance are very high 

in very low frequency region. These values 

reduce to around 160 Ω for real component 

and  around  13  Ω  for  the  imaginary 
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component in the high frequency region. 

Similar behaviour is also observed for the 

phase shift with change in frequency from 

low to high. 

The fitting of the nyquist plot was done 

using Zview software as per the equivalent 

circuit shown in the inset of Figure 8(a). 

The values calculated from the fitting of the 

curve as listed in Table 2. It can be observed 

from  the  Table  2  that  the  value  for 

electrolyte resistance between working and 

reference electrode is 12.54 Ω, which is 

low. The value for charge transfer 

resistance was found to be 0.189 kΩ-cm2. 

The values obtained from the fitting of the 

nyquist plot show that the Fe3O4-MWNT 

nanoconjugate has good electrochemical 

response and therefore can be used for 

electrochemical studies [36]. 

Table 2. Parameters calculated from fitting of the nyquist plot of Fe3O4-MWNT 

nanoconjugate. 

WE Fe3O4 - MWNT 

R1 (Ω) 12.54 

R2 (kΩ-cm2) 0.189 

CPE (S·sn-cm2) 3.36 × 10-4 

W (Ω-cm2) 1117.8 

n 0.147 

 

Figure 8: Electrochemical impedance spectroscopy of Fe3O4/MWNT nanoconjugate; (a) 

nyquist plot, (b) Z’ vs frequency, (c) –Z’’ vs frequency, and (d) phase shift vs frequency. 
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4. Conclusion 

In this work, iron oxide nanoparticles 

(Fe3O4), and Fe3O4 – MWNT nano- 

conjugate successfully synthesized using 

the NANOCORPSTM VX100 nanomaterial 

synthesis instrument. The synthesized 

nanoparticles and nano-conjugate has been 

successfully characterized using XRD, 

TEM, Raman spectroscopy, VSM and 

electrochemical impedance spectroscopy. 

The synthesis of nanoparticles and nano- 

conjugate using this instrument is single 

step and easy. It gives an advantage over 

other methods for synthesis of nano- 

conjugates which require use of different 

expensive chemicals and involve multiple 

steps. Using this instrument for synthesis of 

nanomaterials and nano-conjugates saves 

time and requires few chemicals. 

Therefore, this instrument is an inexpensive 

alternative over other synthesis methods 

and is capable of synthesizing and direct 

conjugation of a wide range of 

nanomaterials. 
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