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Abstract 

In this paper, a facile synthesis process is proposed to prepare multi-walled 

carbon nanotubes/magnetite (MWCNTs/Fe3O4) hybrids. The process involves two 

steps: 1) water-soluble CNTs are synthesized by one-pot modification using 

potassium persulfate (KPS) as oxidant. 2) Fe3O4 is assembled along the treated CNTs 

by employing a facile hydrothermal process with the presence of hydrazine hydrate as 

the mineralizer. The treated CNTs can be easily dispersed in aqueous solvent. 

Moreover, X-ray photoelectron spectroscopy (XPS) analysis reveals that several 

functional groups such as potassium carboxylate (–COOK), carbonyl (–C=O) and 

hydroxyl (–C–OH) groups are formed on the nanotube surfaces. The MWCNTs/Fe3O4 

hybrids are characterized with respect to crystal structure, morphology, element 

composition and magnetic property by x-ray diffraction (XRD), transmission electron 

microscopy (TEM), XPS and superconducting quantum interference device (SQUID) 

magnetometer. XRD and TEM results show that the Fe3O4 nanoparticles with 

diameter in the range of 20-60 nm were firmly assembled on the nanotube surface. 

The magnetic property investigation indicated that the CNTs/Fe3O4 hybrids exhibit a 

ferromagnetic behavior and possess a saturation magnetization of 32.2 emu/g. Further 

investigation indicates that the size of assembled Fe3O4 nanoparticles can be turned 

by varying experiment factors. Moreover, a probable growth mechanism for the 

preparation of CNTs/Fe3O4 hybrids was discussed.  
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1. Introduction 

Carbon nanotubes (CNTs) have been widely applied as a promising material in 

many areas of nanoscience due to their outstanding physical and electrical properties 

such as high tensile strength, elastic modulus, excellent thermal and electrical 
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conductivity [1-3]. With the great progress achieved in this field, CNTs have been 

used to synthesize not only various polymer/CNTs composites [4-8] but also various 

CNTs/metal oxide hybrids [9-13], where CNTs can serve as high-performance 

supporting materials. The decoration of CNTs with metal oxide nanoparticles can give 

them new properties and potentials for various applications [14-18]. Among them, the 

CNTs coated Fe3O4 nanoparticles have attracted much increasing interest because of 

the excellent magnetic and biocompatible properties, which make them to be applied 

in electrochemical biosensing [19], biomanipulation [20], targeted drug delivery [21] 

and contaminant treatment [22]. A few efforts have been devoted to prepare hybrid 

materials of CNTs and Fe3O4 [23-28], however, surface modification of CNTs and 

subsequent assembly with synthesized Fe3O4 nanoparticles via covalent or 

noncovalent bonding is the most common preparation route. For example, Choi et al. 

prepared CNTs/Fe3O4 hybrids based on the physically absorption between the 

PAAm-Fe3O4 nanoparticles and acids-treated CNTs [23]. And these methods often 

require complicated and time consuming operations. An alternative promising avenue 

to prepare CNTs/Fe3O4 hybrids is in-situ synthesis methods such as high-temperature 

decomposition route [25] and solvothermal method [26-28]. However，these research 

groups often need costly raw materials and/or kinds of organic solvents. 

    This paper aims at reporting a cheap and green in-situ synthesis method to 

prepare CNTs/Fe3O4 hybrids, which eliminates both harsh treatment conditions and 

the need for organic solvent. In the first step, we prepare water-soluble CNTs by 

one-step functionalization route which was designed by ourselves [29]. Actually, we 

introduce potassium carboxylate group (–COOK) on the nanotube surfaces by mild 

oxidation process using potassium persulfate (KPS). It must be remembered that the 

most common way to generate carboxylic acid group (–COOH) at nanotube surfaces 

consists of treating the CNTs under strong oxidizing conditions, which usually 

accompanies with a cutting process and deeply etching. Moreover, compared to 

carboxylic acid groups (–COOH), the potassium carboxylate group (–COOK) on 

nanotube surfaces is easier to be ionized in aqueous media, which causes the charged 

metal ions to attach to the nanotube surfaces easily. In the second step, we used these 

functionalized CNTs to prepare CNTs/Fe3O4 hybrids by a hydrothermal process using 

ferrous sulfate hydrate (FeSO4·7H2O) as a single iron precursor (with electromagnetic 

stirring). This facile and economical preparation route paves the way for wide 

potential application of CNTs/Fe3O4 hybrids.  

2. Experimental 

2.1 Materials 

All reagents were used of analytical grade without further purification. 

Multiwalled carbon nanotubes with a diameter of 20-30 nm, purchased from Wako 

Pure chemical Industries Ltd (Japan), were used as received. 

2.2 One-step functionalization of water-soluble MWNTs 

80 mg pristine MWNTs and 100 ml deionized water were added to a flask and 

dispersed with the aid of an ultrasonic water bath for 60 min at room temperature. 
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Then 0.9 g KPS was added to the flask and the pH of the reaction system was adjusted 

to 13 by adding concentrated KOH solution. The flask equipped with a reflux 

condenser and a magnetic stirring bar was kept at 85 C by vigorous mixing for 5 h, 

and then cooled down to room temperature naturally. The contents of the flask were 

carefully diluted with water and dispersed with the aid of ultrasonic water bath, 

followed by a centrifugation process at 3000 rpm for 5 min. The centrifugation 

process was expected to separate the impurities and bundled MWNTs from the 

solution. The supernatant solution was collected and filtered through a hydrophilic 

polytetrafluoroethylene membrane (47 mm/0.45 μm, from Millipore) and washed 

with distilled water repeatedly. Finally, the products were dried overnight at 80 C. 

2.3 Assembling Fe3O4 nanoparticals on water-soluble MWCNTs  

The assembling process of Fe3O4 on MWCNTs was carried out by a 

hydrothermal method according to ref [30] with some modification. In a typical 

procedure, water-soluble MWCNTs (30 mg) were dispersed into 100 ml deionized 

water by sonication. Then FeSO4·7H2O (86.9 mg) was added to the solution with 

stirring for 2 hours. After that, N2H4·H2O (62.5 mg) were added with stirring for 5 

min. The solution was transferred into high pressure microreactor MMJ-200 (Fig.1b, 

Omlab-tech. co., LTD, Japan). The microreactor was maintained at 150 C for 8 h 

with stirring and cooled naturally to room temperature. The black products in the 

solution were collected after being rinsed with deionized water repeatedly and dried at 

60 C for 8 h.  

2.4 Characterizations 

Transmission electron microscopy (TEM) and high-resolution transmission 

electron microscopic (HRTEM) images of the samples were observed through 

JEM-2010 electron microscope with an accelerating voltage of 200 kV. X-ray 

photoelectron spectroscopy (XPS) analyses were performed on a Kratos Axis Ultra 

DLD X-ray photoelectron spectrometer with a standard Mg Kα (1256.6 eV) X-ray 

source operated at 10 mA and 15 kV. All binding energies were referenced to Au 

(4f7/2) at 84 eV. Scanning electron microscopy (SEM) images of the products were 

observed using filed emission scanning electron microscopy (S-5000, Hitachi, Japan). 

The X-ray diffraction pattern (XRD) of the products was recorded on a Rigaku 

Geigerflex 2028 diffractometer (Rigaku, Japan) with CuKα radiation (1.5418 Å). The 

XRD data were collected over a 2θ range from 20 to 80°. Magnetic measurements 

were performed on a commercial superconducting quantum interference device 

(SQUID) magnetometer (Quantum Design, MPMS). Hysteresis loops were measured 

at 300K in a magnetic field of in the range of ±10 kOe. 

3. Results and discussion   

The pristine MWCNTs in our experiments were first treated by mild oxidation 

process using potassium persulfate (KPS). This one-step functionalization method is 

an effective method in preparing water-soluble MWCNTs by introducing the 

potassium carboxylate groups (–COOK) on nanotube surfaces as well as purifying. 

By this process, treated CNTs can be easily dispersed in aqueous solvent, which can 



be readily confirmed by visual inspection (see Fig. 1c). The results show that the 

treated nanotubes form stable suspensions without visible aggregation even after one 

month. Figure 2 illustrates the typical scanning electron microscopy (SEM) images 

and transmission electron microscopy (TEM) images of MWCNTs before and after 

KPS treatment. SEM image of pristine CNTs (Fig. 2a) represents the partial bundled 

morphology and amorphous impurities. Comparison of treated CNTs (Fig. 2b) with 

pristine CNTs (Fig. 2a) indicates the obvious reduction of amorphous nanoparticles 

and bundled CNTs. Also this phenomenon can be observed from TEM images of 

pristine CNTs (Fig. 2c) and the treated CNTs (Fig. 2d). Moreover, the treated CNTs 

by KPS modification show no obvious shortening, which is different from ordinary 

treatment by concentrated acid treatment.  

To determine the elements and the valence state of carbon presented in the 

treated nanotube surface, X-ray photoelectron spectroscopy (XPS) analysis was 

carried out. The typical XPS spectra are presented in Fig. 3a. Survey scans of 

functionalized MWCNTs show the presence of carbon, oxygen and potassium. 

Obviously, the high resolution scans of C 1s of pristine MWCNTs and treated ones 

are quite different from each other (see the inset of Fig. 3a). In order to provide direct 

evidence for the added functional groups on the nanotube surfaces, the high resolution 

of C 1s was analyzed with a fitting routine by decomposing C 1s spectrum into 

individual mixed Gaussian-Lorentzian peaks after a Shirley background subtraction. 

The overall peak of C 1s in the region of 282–292 eV could be fitted by a 

superposition of four peaks（see Fig. 3b）, where the peaks of K 2p at 293.2 eV and 

295.9 eV, effecting C 1s spectrum, should be taken into account during curve fitting. 

The main binding energy peak (284.4 eV) is attributed to the C–C 1s, while the other 

three peaks are assigned to –C–OH (286.2 eV), –C=O (287.6 eV), and –COOK (288.9 

eV), respectively [31]. According to Fig. 3b, we can quantitatively calculate the 

content of potassium carboxylate group (about 8.5 %) based on the ratios of peak 

areas.  

Hydrothermal method has sparked much interest in recent years, due to its 

operational simplicity, and capability for large-scale production [32-35]. After the 

hydrothermal process of assembling the functionalized MWCNTs with Fe3O4, powder 

X-ray diffraction patterns (XRD) of the water-soluble CNTs and products were 

recorded (see Fig. 4). The XRD result shows that the product was a mixture of two 

phases, cubic Fe3O4 and MWCNTs. The diffraction peak at 26° can be indexed to (002) 

reflection of the MWCNTs (see the inset of Fig. 4), similar to the result in the 

literature [28]. All other diffraction peaks can be well indexed to the magnetic cubic 

structure of Fe3O4 (JCPDS 79-0419) with lattice constants of α=8.396 Å. And no other 

peaks due to the hematite were detected in the XRD patterns, indicating the formation 

of the pure magnetic products. The strong and sharp diffraction peaks reveal the well 

crystallization of the product. 

The structure and morphology of the obtained products were investigated by 

TEM. Figure 5a gives the representative TEM image of the products, which indicates 

that the MWCNTs were assembled with magnetite nanoparticles, and the diameters of 

nanoparticle are in the range of 20-60 nm. Although the products had been sonicated 
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in ethanol before TEM measurements, a great amount of magnetite nanoparticles are 

still found on the nanotube surface and this indicates the strong interaction between 

MWCNTs and magnetite nanoparticles. More detailed structural information of the 

products was provided by the high-resolution TEM (HRTEM) analysis, and Fig. 5b 

shows the HRTEM image taken from an individual hybrid structure. Clear lattice 

fringes are observed in HRTEM image, indicting that crystalline particles formed in 

the hydrothermal process. Moreover, the measured spacing of the crystallographic 

planes is about 0.48 nm, which is close to that of the (111) lattice planes of magnetite 

crystals. In order to examine the relationship between the mixing process and the 

formed nanoparticle size during the hydrothermal process, Fe3O4 nanoparticles were 

prepared with and without electromagnetic mixing. Fig. 5c (the synthesis process with 

mixing) clearly shows that the sizes of Fe3O4 particles are well controlled in the range 

of 20-70 nm. However, when the hydrothermal process without mixing, the particle 

sizes are very difficult to manipulate (see Fig. 5d). Therefore, in our system, the 

electromagnetic mixing are crucial to control the size of Fe3O4 nanoparticle assembled 

on the nanotube surface. 

X-ray photoelectron spectroscopy (XPS) was used to explore the surface 

chemistry of the MWCNTs/Fe3O4 hybrids. The typical survey spectrum of the 

products (see Fig. 6) shows the presence of Fe, O, N and C. The high resolution Fe 2p 

spectrum (see the inset of Fig. 6) shows that the binding energies of the Fe 2p3/2 and 

Fe 2p1/2 locates at 711.2 eV and 725.0 eV, respectively. The results agree with 

literature data for magnetite [36,37], thus substantiating the XRD result. Moreover, 

the Fe/O atomic ratio is about 3/4 based on the ratio of the peak areas and relative 

sensitivity factor. 

    In accordance with these results, a possible mechanism leading to CNTs/Fe3O4 

hybrids is proposed in Fig. 1a. After modification by KPS, the potassium carboxylate 

groups (–COOK) were formed on the nanotube surfaces, which makes the treated 

CNTs disperse easier in water with a stable manner. It is obvious that the negatively 

charged functional groups such as carboxylic anion (–COO
–
) on the nanotube surfaces 

can absorb positive charge Fe
2+

 species, which may act as the nucleation center. Those 

nuclei could initiate the growth of Fe3O4 nanoparticles, and then attach tightly to 

nanotube surfaces. In alkalescence medium, hydrazine hydrate can serve as either an 

oxidant or a reducer [30,38], 

As an oxidant: 

  

As a reducer: 


 

Where 0 is criterion electromotance. Thus, in the hydrothermal process, some of Fe
2+

 

would be in situ oxidized into Fe
3+

 and then coprecipitated into Fe3O4 crystallites, 

which would be anchored to the CNTs. The probable chemical mechanism for the 

hydrothermal formation of the Fe3O4 nanoparticles assembled on CNTs can be 



expressed as follow: 

 

Generally, the driving force for oriented aggregation of nanocrystals is attributed 

to the tendency to decrease the surface energy by self-organization. In our case, the 

assembling process of the Fe3O4 nanocrystals into nanoparticles is also contributed to 

oriented aggregation. Moreover, the size of assembled nanoparticles can be turned by 

varying experiment factors, such as the weight ratio of MWCNTs and iron precursor, 

and stirring speed during hydrothermal process.  

As a magnetic material, the magnetic property of the CNTs/Fe3O4 hybrids is 

important to its applications. The magnetization curves at 300K of the CNTs/Fe3O4 

hybrids are shown in Fig. 7a. The results show that the products have saturation 

magnetization of 32.2 emu/g, which is lower than that of the corresponding bulk (92 

emu/g, [39]) resulting from the existence of MWCNTs. And the coercivity is about 80 

Oe at 300K (see the inset of Fig. 7a). Therefore, the products show a soft 

ferromagnetic behavior, which is the same as Fe3O4. The separability of the products 

was tested by holding a commercial magnet close to the sample as shown in Fig. 7b. 

The black products were attracted toward the magnetite in a short period, indicating 

that it is possible to manipulate the products by an external magnetic field.  

4. Conclusion 

Water-soluble multiwalled carbon nanotubes (MWCNTs) were synthesized by 

one-pot modification using KPS. Based on water-soluble CNTs, the MWCNTs/Fe3O4 

hybrids were successfully prepared by a facile hydrothermal process with 

electromagnetic stirring. For water-soluble CNTs, the effectiveness of modification 

route was confirmed by FESEM, TEM and XPS. For the CNTs/Fe3O4 hybrids, the 

XRD, TEM and XPS results revealed that the MWCNTs were assembled with 

magnetite nanoparticles, and the diameters of nanoparticle in the range of 20-60 nm. 

The SQUID result shows that the MWCNTs/Fe3O4 hybrids exhibit a ferromagnetic 

behavior and possess a higher coercivity. Further investigation shows that the size of 

assembled Fe3O4 nanoparticles can be turned by varying experiment factors.  
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Figure captions 

 

Figure 1. (a) Schematic illustration of preparation of CNTs/Fe3O4 hybrids; (b) The 

photograph of high pressure microreactor MMJ-200; (c) The water-solubility of 

pristine CNTs and treated CNTs. 

Figure 2. FESEM images of (a) pristine CNTs and (b) treated CNTs; TEM images of 

(c) pristine CNTs and (d) treated CNTs. 

Figure 3. (a) XPS spectra of pristine CNTs and treated CNTs (the inset shows the 

high-resolution scan of C 1s region); (b) The curve fitting of the carbon 1s of treated 

CNTs. 

Figure 4. XRD pattern of CNTs/Fe3O4 hybrids (the inset shows the XRD pattern of 

treated CNTs). 

Figure 5. (a) Typical TEM image of CNTs/Fe3O4 hybrids; (b) The HRTEM image of 

individual hybrid structure; (c) The TEM images of Fe3O4 nanoparticles by 

hydrothermal process with electromagnetic mixing; (d) The TEM images of Fe3O4 

nanoparticles by hydrothermal process without mixing.  

Figure 6. XPS spectrum of CNTs/Fe3O4 hybrids (the inset shows the high-resolution 

scan of Fe 2p region). 

Figure 7. (a) Hysteresis loops of the CNTs/Fe3O4 hybrids measured at 300 K; (b) 

Separation CNTs/Fe3O4 hybrids from solution under an external magnetic field. 
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