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Abstract Magnesium nanopowder has attracted many interests in the recent years,

which has a very difficult and costly synthesis process because of its high activity.

In this work, magnesium nanoparticles stabilized with amorphous carbon (Mg–C

nanoparticles) were synthesized by submerged arc discharge technique in kerosene.

The arc discharge was generated between two electrodes of magnesium at the arc

current of 1 A and arc voltage of 50 V. Mg–C nanoparticles were characterized by

various techniques. Dynamic light scattering result indicated that size of magnesium

nanoparticles is about 35 nm. X-ray diffraction showed that the produced sample

consisted of hexagonal magnesium and amorphous carbon and there was no pres-

ence of magnesium oxides in the pattern. Field emission scanning electron micro-

scopy and transmission electron microscopy results illustrated that the sample has

morphology of agglomerated nanospheres. Energy dispersive X-ray spectroscopy

demonstrated formation of 57 percent magnesium and 43 percent carbon. Differ-

ential scanning calorimetry analysis showed that the amorphous carbon increased

ignition temperature of nanoparticles by 180 �C compared to pure magnesium

micron-sized powder. Therefore, Mg–C nanoparticles can have many applications

in different fields similar to magnesium nanopowders. However, by producing Mg–

C nanoparticles, there is no need for vacuum chamber or inert gases during pro-

duction and after that, since amorphous carbon protects magnesium nanoparticles

from oxidation.
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Introduction

In recent years, magnesium nanopowder has attracted much attention due to its great

heat of combustion and high flame speed [1]. Magnesium has superior properties for

hydrogen storage among the known metal hydrides because of its high theoretical

storage capacity and the reversibility of the hydrogen uptake [2–5]. Nanopowder of

pure magnesium or magnesium–aluminium alloys has numerous uses in pyrotech-

nics, incendiary devices, flares, and as a fuse for thermite [6–10]. Magnesium

powder can be used as a fuel, since its energy density is about ten times of hydrogen

[11–13]. Several metals such as boron, niobium and tantalum are produced with the

help of magnesium powder as a reducing agent [14–16]. Fine magnesium powder is

suitable for production of lightweight components with powder metallurgy

techniques [17, 18]. In addition, Mg–C films have a high potential in a wide range

of applications, including hydrogen storages and optical devices [19, 20].

Decreasing size of particles from micrometer to the nano range, change the type

of combustion from diffusion controlled to kinetically controlled, so the flame speed

increases [21]. Several methods such as chemical vapor deposition, gas atomization,

melt infiltration and sonoelectrochemistry have been used to prepare magnesium

nanoparticles [22–28].

Submerged arc discharge technique is an interesting method compared to other

approaches because of its simplicity in equipment, fewer production steps, low

impurity in product, and economical procedure to produce nanoparticles.

Recently, there have been many researches by submerged arc discharge

technique to produce carbonic nanostructures like single-walled and multi-walled

carbon nanotubes [28–30]. Over the past few years, various papers have been

published about synthesis of metal and metal oxides nanoparticles by arc discharge

in liquids such as MoS2, CuO, Ag, Au, TiO2, ZnO and WO3 [31–37].

In the current work, a simple route for synthesis of air-stable magnesium

nanoparticles is reported. Due to high activity of nanoparticles, the process of

production, transportation and storage of the nanoparticles are a big problem. With

the help of amorphous carbon as a stabilizer, there is no need for inert gases to keep

oxygen away or equipment for controlling the temperature. In addition, the

produced heat just after the ignition point of magnesium nanoparticles is about 2.5

times of micron-sized magnesium powder. To date there has been no published

report on synthesis of air-stable magnesium nanoparticles based on submerged arc

discharge technique.

Experimental Details

The submerged arc discharge system is shown in Fig. 1 schematically. Two

electrodes of pure magnesium as anode and cathode are connected to a DC power

source. The electrodes are separated by a gap in kerosene.

At first, there is no current flow because the kerosene is an insulator, but when the

micrometer reduces the gap, the voltage becomes sufficient for positive ions and
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electrons to produce a discharge channel. Motion of the ions and electrons

accelerate due to high conductivity of the channel. Therefore, collisions between

them occur and a channel of plasma is created. Formation of the plasma channel

leads to rise in the temperature and instant vaporization of the magnesium

explosively. As the potential difference is withdrawn, the flow current is interrupted

and the plasma channel collapses very quickly. The vapor temperature decreases

quickly due to radiation and heat exchange with kerosene, so the nucleation and

growth of Mg nanoparticles happen [38, 39].

For preparing the system, kerosene was poured in a plastic container until the

spark gap completely goes under the kerosene. Magnesium electrodes work at the

arc current of 1 A and arc voltage of 50 V. In the container, a pump was designed

and the pump flow was focused on the spark gap. The pump flow used to cooling the

kerosene and electrodes, better kerosene ionization, disperse the nanoparticles and

prohibition of agglomeration. After a few hours, deposited black particles were seen

at the bottom of container. The kerosene was centrifuged with rotational speed of

1500 rpm and time of 15 min, and then the solid part was separated and dried.

Results and Discussion

The mean particle size and size distribution of magnesium nanoparticles in kerosene

were determined by dynamic light scattering (DLS) using a ZEN3600 Zetasizer

(Malvern Instruments Ltd). The analysis was carried out at temperature of 25 �C
using as-produced Mg–C nanoparticles in kerosene after ultrasonic treatment for

5 min. Sample measurement was repeated five times, and the mean result was

Fig. 1 Schematic diagram of submerged arc discharge technique in kerosene
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recorded. Figure 2 shows one sharp peak in the size distribution of the sample. This

sharp peak shows the average particle size for 99 percent of sample is 35.5 nm and

width of the peak is 5 nm so the particle size distribution is very narrow. The second

peak indicates that the average particle size for one percent of sample is 158 nm,

and width of the peak is 39 nm. Presence of the small peak is because of

unstable power swings that lead to instability in sparks.

X-ray powder diffraction of the nanoparticles was performed on X Pert-Pro MPD

diffractometer (PANalytical) with a copper anode (Cu Ka radiation, 40 kV, 40 mA).

As presents in Fig. 3, shows that in the studied powder sample (as produced in

kerosene), crystalline magnesium and amorphous carbon are present.

Different peaks corresponding to the planes have been marked. The diffraction

peaks which appeared at 2h = 32.5�, 34.7�, 36.9�, 48.2�, 57.8�, 63.5�, and 69.1�,
matched well with the diffraction peaks of (100), (002), (101), (102), (110), (103)

and (112) crystal planes of Mg standard data (JCPDS card PDF file no. 35-0821).

The cell constants are calculated to be a = 0.32094 nm and c = 0.52103 nm, which

are in consistent with the Mg standard data. From the well-known Scherrer formula

based on the full width at half-maximum (FWHM) of different diffraction peaks, the

average crystallite size is calculated to be 43 nm. Compounds such as magnesium

oxides and magnesium carbides cannot be found in this pattern but there is a shift in

the baseline. Amorphous phase of carbon can be detected by X-ray diffraction

(XRD) in form of a wide peak in the background of the pattern. Because of

scattering from a vast range of directions, the amorphous phase is revealed as a shift

in the baseline. Therefore, the resultant nanoparticles were magnesium with

hexagonal structure and amorphous carbon.

Fig. 2 Size distribution of magnesium nanoparticles by the DLS technique for magnesium–carbon
nanoparticles dispersed in kerosene
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Figure 4a shows field emission scanning electron microscopy micrograph that

was captured by Hitachi S-4160 FE-SEM device. Sample was prepared using Mg–C

nanoparticles (centrifuged and dried). Micrograph in Fig. 4 indicates that the sample

consisted of agglomerated spherical Mg–C nanoparticles and the size of nanopar-

ticles is consistent with the result of DLS analysis. Figure 4b shows the energy

dispersive X-ray spectroscopy (EDS) of Mg–C nanoparticles.

The stoichiometry of sample was examined by EDS spectrum from sample in

Fig. 4a. Magnesium, carbon, oxygen and gold signals have been detected. For the

better result, powder sample was dispersed in ethanol but this dispersion leads to

formation of magnesium hydroxide. In addition, a drop of the suspension was

Fig. 3 X-ray diffraction spectra of magnesium–carbon nanoparticles, with phases and respective crystal
planes (Miller indexes) identified

Fig. 4 The magnesium–carbon nanoparticles sample analysis after centrifuging and drying, a scanning
electron microscopy micrograph and b energy dispersive X-ray spectroscopy
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deposited on a SiO2 lamer substrate that has oxygen in its structure. Therefore,

about 22 % oxygen is detected in results. To prove the last statement as was seen in

XRD analysis, there was no peak for magnesium oxides in as-produced nanopar-

ticles. Presence of gold in the sample is because of Au coating for sample

preparation before spectroscopy. By ignoring oxygen, the weight percentage of

magnesium and carbon will increase to 57 and 43 respectively. EDS analysis shows

that the nanospheres in SEM micrograph, are only made up of carbon and

magnesium.

Figure 5 shows the transmission electron microscopy (TEM) images of

magnesium–carbon nanoparticles. TEM specimens were prepared by dispersing

the Mg–C nanoparticles (after centrifuging) in ethanol and homogenizing with

ultrasonic treatment. A drop of this suspension was deposited on a carbon coated

TEM grid. TEM images as well as selected area electron diffraction (SAED)

patterns were collected using a Zeiss EM10C operated at 80 kV.

Figure 5a shows a big nanoparticle with diameter of about 80 nm that it seems to

be a mixture of two kinds of elements. The SAED pattern in Fig. 5 clearly shows the

hexagonal spots of magnesium planes and exhibits the broad, diffuse rings

characteristic of an amorphous phase of carbon. Therefore the diffraction pattern

confirms that the nanoparticles are poly crystalline and has a hexagonal crystal

structure. Figure 5b indicates that the nanoparticles are agglomerated or clustered

together due to the high surface energy.

Thermograms in Fig. 6 were obtained using a Mettler Toledo differential

scanning calorimetry (DSC) system. About 3 mg of the sample (after centrifuging

and drying) were heated from 25 to 700 �C, under air atmosphere in platinum

crucibles at a heating rate of 10 �C/min.

In Fig. 6a, the DSC curve of Mg–C nanoparticles is seen, which shows

exothermic peaks at 352 and 568 �C. The first peak corresponds to oxidation of

some magnesium nanoparticles in the surface of nanospheres and the second peak is

created because auto-ignition of the nanospheres. In addition, the amount of

released heat in the second peak is about 5 times of the first peak. Therefore, by

ignoring the small oxidation in the surface of nanospheres, the auto-ignition

Fig. 5 Transmission electron microscopy images of the magnesium–carbon nanoparticles after
dispersing nanoparticles in ethanol, a magnesium–carbon mixture in one nanosphere and
corresponding selected area electron diffraction, b agglomerated nanoparticles
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temperature of Mg–C nanoparticles can be considered about 568 �C in air. The

DSC curve of micron-sized magnesium powder (Merck) is seen in Fig. 6b, which

shows ignition temperature of powder is about 386 �C. As a result, according to

Fig. 6, the existence of the amorphous carbon leads to increasing the ignition

temperature of the product by 180 �C compared to pure magnesium micron-sized

powder. In addition, the produced heat just after the ignition point of magnesium

nanoparticles is about 2.5 times of micron-sized magnesium powder.

Conclusion

Magnesium–carbon nanoparticles have been synthesized using a simple, inexpen-

sive method that was electric arc discharge with magnesium electrodes in kerosene.

The average size of magnesium nanoparticles was found to be 35 nm.

Due to high activity of magnesium nanoparticles that leads to oxidation by

ignition, the process for producing and maintenance after that is a big problem. By

using kerosene in submerged arc discharge technique, there is no need for providing

vacuum chamber or using inert gases during production for preventing from

oxidation. Also after producing nanopowder, with the help of amorphous carbon,

there is no need for inert gases to keep oxygen away or equipment for controlling

the temperature.

Presence of amorphous carbon leads to ignition of magnesium in higher

temperatures but it does not have any disturbance for burning magnesium as a fuel.

When magnesium nanoparticles starting to burn, because of its great heat of

combustion, all of the carbon in the product turns to soot and exits from reaction

instantly.

The suggested method for decreasing the percentage of carbon is giving energy

to the carbon so amorphous carbon turns to soot and exits from reaction easily. This

energy can be provided by heating the sample at 100 �C. Although amorphous

carbon cannot be removed completely from the product; the percentage can be

decreased greatly.
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