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MgsN, powder of high quality has been synthesized by the direct nitridation reaction of Mg powder with
N3 gas in 1.01/min for 60 min at a temperature between 650 °C and 800 °C. Thermal gravimetric analy-
sis (TGA) and differential thermal analysis (DTA) were employed to investigate the thermal nitridation
behavior of Mg powder. X-ray diffraction (XRD) indicates that MgsN, powder has a cubic structure with
a lattice constant a=0.997 nm. The scanning electron microscopy (SEM) images of Mgz N, powder show
that Mgz N, powder is of a rod-like structure. The Fourier transformed infrared (FTIR) spectra indicate a
high quality of the Mg3N, powder fabricated in this way.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays the chemistry of metal-nitrides is an active research
area in material science. Magnesium nitride (Mg3sN,) powder is
a well-known solid catalyst and is used as an additive in a range
of applications, including fabricating special alloys and ceramics,
catalyzing polymer cross-linking reactions and hydrogen storage
materials [1-4]. Recently, magnesium nitride has also been used as
a catalyst in the preparation of some nitrides, such as AIN nanocrys-
tals [5], cubic boron nitride [6], nanocrystalline boron nitride [7],
as nitriding agents in the preparation of Group Illa nitrides MCls
(M=Sc, Y, La) [8] and as a convenient source of ammonia in the
preparation of primary amides and dihydropyridines [9,10]. MgO
nanobelts with a pure morphology and high yield were generated
by the direct evaporation of Mg metals under the conditions of ini-
tial N, gas and subsequent N,/O, atmosphere [11]. The methods
for the fabrication of magnesium nitride include Mg direct reac-
tion with N, by the addition of MgO as a catalyzer [12], Mg direct
reaction with NH3 [13], the explosion of Mg winding in the ambi-
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ence of N, [14,15], low pressure chemical vapor deposition method
[16], reactive pulsed laser deposition method [17], a novel electro-
chemical process [18], and carbon nanotubes as nanoreactors for
fabrication of single-crystalline MgsN, nanowires [19]. Some of the
methods require expensive equipments, and some of them only get
a lower production ratio. The direct reaction between Mg powder
and N is a valuable method used in large-scale industry.

Magnesium nitride has an anti-bixbyite structure with the body-
centered cubic cell with space group Ia-3 (#206), a=0.99528(1) nm
[20]. Its physical properties have been hardly characterized exper-
imentally. Reckeweg et al. reported in 2003 that the band gap of
Mg3N, was 2.8 eV (direct) through reflectance measurements [21].
The band gap values of MgsN, calculated by different methods
were reported to be from 1.10eV to 2.25 eV [22-24]. Jiao Hao et al.
took the experimental and theoretical studies on structural phase
transformations of Mgz N, at high pressure in 2009, and got that a
reversible, first-order structural phase transition from the ambient
cubic phase (Ia-3) to a high-pressure monoclinic phase (C2/m) is
found to start at about 20.6 GPa and complete at about 32.5 GPa, and
further predicted a second phase transition from the monoclinic
phase to a hexagonal phase (P-3m1) around 67 GPa [25].

This paper reports that Mgz N, powder of high quality has been
synthesized by direct nitridation reaction of Mg powder with N, gas
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in 1.01/min for 60 min at a temperature between 650 °C and 800 °C.
X-ray diffraction (XRD), scanning electron microscopy (SEM) and
Fourier transform infrared spectroscopy (FTIR) techniques were
used to examine the structure and chemical bonding states of
MgzN; powder. Thermal gravimetric analysis (TGA) and differ-
ential thermal analysis (DTA) were employed to investigate the
thermal nitridation behavior of Mg powder.

2. Experimental

About 5g of pure Mg powder (purity 99.5%, average diameter <4 pum, maxi-
mum diameter <13 wm), put in a quartz boat, were placed in a quartz reaction tube
equipped in the resistance heated horizontal tube furnace. The Mg powder was
nitrided in a flow of super pure N, gas (purity 99.999%) of 1.01/min under atmo-
spheric pressure and at a given temperature for 60 min. After nitridation, the quartz
boat was cooled down to room temperature in the flow of super pure N, gas.

The nitridation behavior of Mg powder was analyzed by using the thermal gravi-
metric analysis (TGA) and the differential thermal analysis (DTA), in which several
milligrams of Mg powder within an open Pt crucible were heated in the furnace of a
thermal analysis system (Beijing optical apparatus company, WCT-2A) in the envi-
ronment of Ar and/or N, gas at a heating rate of 10°C/min from room temperature
to 1000 °C, with Al, 03 as the reference material.

The structural properties of MgszN, powder were analyzed by using X-ray
diffraction (XRD, Rigaku D/Max-yA with CuKa radiation). The morphology of Mgz N,
powder was examined using scanning electron microscopy (SEM, JEOL Hitachi-800).
Fourier transform infrared (FTIR) measurements were performed only in the mid-
dle infrared range of instrument (400-4000 cm~'). The room-temperature infrared
transmission spectra were investigated using an FTIR spectrometer (Nicolet, 5DX).

3. Results and discussion

3.1. Thermal gravimetric analysis and differential thermal
analysis

The TGA and DTA are employed to investigate the thermal
behaviors of Mg and MgsN, powders. Fig. 1(a) reveals the TGA and
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Fig. 1. DTA and TGA curves of Mg powder in different atmospheres. (a) Ar atmo-
sphere; (b) N, atmosphere.

DTA curves of Mg powder with a heating rate of 10°C/min from
room temperature to 1000°C in Ar atmosphere. From Fig. 1(a), it
can be seen that there is a sharp endothermal peak in DTA curve
but no weight changing in TGA curve as a result of the meltage of
Mg powder at about 650 °C, and also there is an evident endother-
mal peak in DTA curve that goes with an evident weight loss in
TGA curve as a result of the vaporization of Mg powder at approx-
imately 689-892 °C. A slight weight loss of about 2% below 600 °C
is attributed to the release of H,0, CO,, N, and O, from the surface.
When the temperature is about 650 °C (the melting point of metal
Mg), the solid state Mg powder is melted into the liquid state Mg.
When the temperature is about 689 °C, some of the liquid state Mg
will be vaporized into the gas state Mg. The higher the temperature
is, the faster the vaporization rate is. Above 892 °C, all of the liquid
state Mg will be vaporized.

Fig. 1(b) displays the DTA and TGA curves of Mg powder with a
heating rate of 10°C/min from room temperature to 1000 °C in N,
atmosphere. The relation between DAT curve and temperatures, as
well as that between TGA curve and temperatures is very complex.
From the room temperature to 550 °C, a slight weight gain of about
1% is attributed to the adsorption of N,. An evident weight gain
with an evident exothermal peak indicates that the initial thermal
nitridation takes place at about 550 °C. The higher the temperature
is, the faster the nitridation rate is. The nitridation of Mg pow-
der in N, atmosphere is associated with the following chemical
reaction:

3Mg + Ny — MgsN,

Due to the competition between the exothermic nitridation
process and the endothermic melting process, and that between
the nitridation process (exothermic reaction, gaining weight) and
the vaporization process (endothermic reaction, losing weight),
the complicated relation between DAT curve and temperatures,
and that between TGA curve and temperatures can be made clear.
When the temperature is below 550°C, solid state Mg powder is
stabilized. When the temperature is between 550°C and 650°C,
the exothermic nitridation process of solid state Mg powder has
the priority, and there is an evident weight gain with an evident
exothermal peak. At 650°C, the endothermic melting process of
solid state Mg powder has the priority, and there is an evident
endothermal peak with no weight changing. Between 650°C and
700°C, the exothermic nitridation process of liquid state Mg has
the priority, and there is an evident weight gain with an evident
exothermal peak. There is a solid state Mg3N, shell covering the
surface of liquid state Mg, which slows down the vaporization pro-
cess. At about 719 °C, the vaporization process has the priority, and
there is an evident endothermal peak with a slight weight loss.
At about 738 °C, the nitridation process has the priority again, and
there is an evident exothermal peak with an evident weight gain.
At about 750°C, the nitridation process and the vaporization pro-
cess get a temporary equilibrium, and there is no heat flow and no
weight changing. At about 810°C, the vaporization process has the
priority again, and there is an evident endothermal peak with an
evident weight loss. At about 868 °C, the nitridation process has the
priority, and there is an evident exothermal peak with an evident
weight gain. Above 900 °C, all of the liquid state Mg will be nitrided
into Mg3N,, and/or be vaporized into gas state, and the nitridation
reaction of Mg with N, will be completed.

Compared with the oxidation reaction between metal Mg and
0,, the nitridation reaction between metal Mg and N, is very slow.
Due to the competition between the nitridation process (gaining
weight) and the vaporization process (losing weight), the maxi-
mum of weight increases of 15% is much lower than the theoretical
weight increase value (38.4%).
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Fig. 2. DTA and TGA curves of Mg3zN, powder in N, atmosphere.

There are three solid phases of MgzN, (o, B and v) at atmo-
spheric pressure [26,27]. At 550°C the low-temperature a-phase
transforms to 3-phase, and at 788 °C the (3-phase to y-phase. Fig. 2
reveals the DTA and TGA curves of MgzN, powder (synthesized
at 750°C for 60 min) with a heating rate of 10°C/min from room
temperature to 1000°C in N, atmosphere. At about 550°C, the
endothermic phase transformation of a-phase to (3-phase has the
priority, and there is an evident endothermal peak with no weight
changing. At about 785 °C, a small endothermal peak indicates the
phase transformation of 3-phase to y-phase. At about 650°C, the
endothermic melting process of solid state Mg powder cannot be
found and there is no solid state Mg in the Mg3N, powder.

A slight weight loss of about 1.5% below 500°C is attributed
to the release of H,0, CO,, N5 and O, from the surface of MgsN,
powder. From 500 °C to 900°C, a slight weight gain of about 1.5% is
attributed to the nitridation reaction between metal Mg at atomic
level and N,,. So, the Mgz N, powder is doped with Mg at the atomic
level (or Mg-doped Mg3N>). The purity of Mg3zN, powder is about
96%. The production ratio of Mgz N, powder is about 80%.

3.2. X-ray diffraction

Fig. 3 shows the XRD patterns of Mgz N, powder synthesized by
the nitridation reaction of Mg powder with N; gas in 1.0 I/min for
60 min at the temperatures of (a) 650 °C, (b) 700°C, (c¢) 750°C, and
(d) 800°C. The numbers above the peaks correspond to the values
of crystal face indices (hkl). In Fig. 3, only the peaks of Mg3N, can
be found, which suggests that almost all Mg atoms have turned
into Mg3zN, and there is no solid state Mg in the Mg3zN, powder.
It is also clear in the figure that all peaks fairly corresponds to
the data of Mg3sN, powder recorded in the JCPDS document (Pow-
der Diffraction File Compiled by the Joint Committee on Powder
Diffraction, 1985, Card No. #01-1289). Therefore, it can be con-
cluded that MgsN, is cubic in structure with a lattice constant
a=0.997 nm, which is in good agreement with the published value
(0.995 nm) recorded in the JCPDS document [20].

3.3. Fourier transform infrared

Fig. 4 displays the Fourier transformed infrared spectra of Mgz N,
powder synthesized at 750°C for 60 min. The absorption peaks
located at 408.8cm!, 443.6cm~1, 469.6cm~!, and 578.5cm™!
fairly correspond to the strong absorption peaks of MgsN, [28],
which indicates the Mg3sN, powder of high quality has been fabri-
cated in this way.
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Fig. 3. XRD patterns of the MgszN, powder synthesized at different temperatures.
(a) 650°C, (b) 700°C, (c) 750°C, (d) 800°C.

Since FTIR measurements were carried out at room temper-
ature with the samples exposed to the air, the H,O molecules
were absorbed on the surface, and a little of Mg3N, powder was
hydrolyzed by the following chemical reaction:

MgsN, + 6H,0 — 3Mg(OH), + 2NH3, NH3 + H,0 — NH4OH.
The absorption of H,0 at 1620cm~! corresponds to the H-OH

bending modes [29,30], and the absorption peak at 1400 cm~! cor-
responds to the 'y4-bending mode of NH4* [28].

100

80- 1620 1400

[=1]
o
1

Transmittance (%)
-y

n
(=]
1

578.5¢||[408.8

469.6 14438

0 +——r—
4000 3500

I L 1 X 1 Ll 1 b 1 X 1

3000 2500 2000 1500 1000 500
gl

Wavenumber (cm )

Fig. 4. FTIR spectrum of Mg3zN, powder synthesized at 750°C.
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(a) 650 °C

(c) 750 °C

(d) 800 °C

Fig. 5. SEM images of Mg3zN, powder synthesized at different temperatures. (a) 650°C, (b) 700°C, (c) 750°C, (d) 800°C.

3.4. Scanning electron microscopy

Fig. 5 shows the SEM images of Mg3zN, powder synthesized by
the nitridation reaction of Mg powder with N; gas in 1.01/min for
60 min at temperatures of (a) 650°C, (b) 700°C, (c) 750°C, and (d)
800°C, in which rod-like structure about 1 wm in diameter and
about 20 pm in length can be clearly observed. As the tempera-
ture increases, the diameter decreases and the length increases. It
can be seen that at low temperatures there are clear edges and cor-
ners, which become smoother and smoother as the temperature
increases.

4. Conclusions

Magnesium nitride (Mg3sN,) powder of high quality has been
synthesized successfully through the direct nitridation reaction of
Mg powder with N; gas in 1.0 I/min for 60 min at a nitridation tem-

perature between 650°C and 800°C. The TGA and DTA curves of
Mg powder in Ar atmosphere show that the melting point of metal
Mg is 650 °C. When the temperature is about 689 °C, some of the
liquid state Mg will be vaporized into the gas state Mg. The higher
the temperature is, the faster the vaporization rate is. The DTA and
TGA curves of Mg powder in N, atmosphere indicate that the ini-
tial thermal nitridation takes place at about 550 °C. The higher the
temperature is, the faster the nitridation rate is. X-ray diffraction
(XRD)indicates that Mgz N, powder has a cubic structure with a lat-
tice constant a=0.997 nm. The SEM images of Mgz N, powder show
that MgzN;, powder is of a rod-like structure. The Fourier trans-
formed infrared spectra of MgzN, powder indicate a high quality
of the Mg3sN, powder fabricated in this way.
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