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Ni3N/SiO2 nanocomposites were prepared via nitriding of Ni/SiO2 nanocomposite precursor in flowing 

ammonia. The intrinsic static and dynamic magnetic properties of as-prepared samples were 

investigated with a superconducting quantum interference device and an Agilent N5230A network 

analyzer, respectively. According to our results, it was found that pure phase nanocrystalline Ni3N 

could be obtained after Ni/SiO2 nanocomposite precursor was calcined under a flow of NH3 at 300 oC, 

and as-obtained nanocrystalline Ni3N is non-ferromagnetic under the static magnetic field and 

non-magnetic under the dynamic electromagnetic field.   

 

1. Introduction 
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The 3d transition metal nitrides are an interesting set of compounds that possess unique phase 

relationships, crystal structures, and optical, electronic and magnetic properties. Detailed information 

about the relative stability, structures, as well as the electronic and magnetic properties of the phases is 

of great interest for scientists in the fields of physics, chemistry and materials science.1,2 For example, 

some nitrides of transition metals and alloys can be used in corrosion resistant and optical coatings, 

electrical contacts, diffusion barriers, and magnetic data storage devices, while their corrosion 

resistance and magnetic properties such as magnetic moment and coercivity can be effectively 

manipulated by proper incorporation of nitrogen into the lattice.3  

However, relevant researches mainly focus on transition metal nitrides with high melting point, and 

few are currently available about the synthesis and characterization of metastable metal nitrides (e.g., 

nitrides of Ni, Co, and Cu),4 because metastable metal nitrides usually exhibit limited thermal stability 

and have complex phase diagrams that complicate the analysis of the experimental results.
5,6  

As a typical class of metastable nitride, Ni3N has been known to be rather stable at room temperature 

and is a potential material in some applications in the recent literatures, 7 e.g., in lithium ion batteries8,9
 

and in the field of catalysis.10,11 Some primary researches demonstrate that Ni3N can be obtained by 

heating a properly selected precursor, e.g., nickel metal, under ammonia flow.12 In general, it is 

difficult to obtain pure samples with high homogeneity using those methods and the product is not 

pure-phase Ni3N but actually a mixture of different nitride phases with very different physical 

properties or contain residual Ni metal, which adds to the diversity of the reported physical properties 

of as-synthesized Ni3N.13-16 Therefore, much remains to be clarified. For example, the magnetic 

properties of Ni3N is still debated in the literature, Vempaire et al reported that Ni3N phase is 

non-ferromagnetic,
14 but Gajbhiye et al claimed that Ni3N phase is a ferromagnetic with a weak 
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saturation magnetization.13 Such a diversification implies that it is imperative to develop a facile 

method for synthesizing highly pure Ni3N so as to provide the prerequisite for accurately evaluating the 

magnetic state.    

In the present research we adopt Ni/SiO2 nanocomposite as a precursor to synthesize Ni3N/SiO2 

composite via calcining in flowing ammonia. This strategy, thanks to the use of Ni powder with a samll 

size and the incorporation of SiO2 matrix, helps to provide highly pure Ni3N nanoparticles at a 

moderate nitriding temperature. This paper reports the synthesis of Ni3N/SiO2 nanocomposites at a 

relatively low temperature as well as gives unambiguous evidence for the their intrinsic static and 

dynamic magnetic properties.   

 

2. Experimental 

All the reagents are of analytical grade (Tianjin Kermel Chemical Company Ltd., Tianjin, China) and 

were used as-received. Based on our previous work, 17 Ni/SiO2 nanocomposites were prepared and used 

as the precursors (denoted as S-0). In a typical process, 9.48 g of NiCl2·6H2O, 40 mL of N2H4·H2O 

(80wt%), 1 g of NaOH, 200 mL of ethylene glycol, and 0.6 mL tetraethyl orthosilicate (TEOS) were 

uniformly mixed and the resultant mixture was heated to 70 oC and held there for 2-4 h. The resultant 

products were fully washed with ethanol, followed by drying in vacuum to afford Ni/SiO2.Then, 

as-obtained Ni/SiO2 was calcined in flowing ammonia at moderate temperatures of 280 oC, 300 oC, and 

350 oC for 5-48 h yielding nitrided products denoted as S-280-5, S-300-5, S-300-12, S-300-24, 

S-300-48, and S-350-5, respectively.  

The morphology of as-prepared samples was examined with a scanning electron microscope (SEM, 

JEOL JSM-5600LV) and a transmission electron microscope (TEM, JEOL JEM-2010). A Philips 
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X’Pert Pro X-ray diffractometer (XRD, Cu-Kα radiation, λ = 1.5406 Å) was performed to analyze their 

phase compositions and microstructures. Magnetic measurements were conducted with a 

superconducting quantum interference device (SQUID, MPMS XL-7, Quantum Design). Moreover, for 

the measurements of dynamic magnetic properties, as-synthesized Ni3N/SiO2 nanocomposites were 

mechanically mixed with paraffin wax at a mass ratio of 1:1 and pressed into cylindrically shaped 

compacts; and then the complex permeability of the cylindrical compacts was recorded in the 

frequency range of 2.0~18.0 GHz with an Agilent N5230A network analyzer. Just like SiO2, paraffin is 

a typical nonmagnetic and electromagnetic transparent material, which does not influence the native 

magentic and electrmagentic behavior of Ni3N.
18, 19

  

 

3. Results and discussion 

The XRD patterns of as-synthesized precursor S-0 and various nitridation products are presented in Fig. 

1. Precursor S-0 shows three characteristic peaks of face-centered cubic Ni (JCPDS 04-0850) at 2θ = 

44.5º, 51.8º, and 76.4º. Differing from the precursor, sample S-280-5 shows a new XRD peak of Ni3N 

aside from the XRD signal of Ni phase5, which proves that 5 h-calcination of precursor S-0 in flowing 

ammonia at 280 oC produces Ni3N via the reaction between Ni and NH3: 

3Ni + NH3 = Ni3N + 3/2H2 ↑                                                                                      (1) 

As the calcination temperature is increased to 300 oC, resultant product, S-300-5, shows characteristic 

peaks of Ni3N phase, and the diffraction peaks of Ni disappear. This suggests that pure-phase Ni3N can 

be successfully synthesized through nitriding nanocrystalline nickel at 300 oC under atmospheric 

pressure. However, the diffraction peaks of S-300-5 are slightly deviated to higher 2θ as compared with 

the standard XRD peaks of Ni3N (JCPDS 10-0280), which implies that the transformation from Ni 
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metal to Ni3N, upon 5-h calcination in flowing ammonia at 300 oC, might be incomplete. When the 

calcination time is extended to 12 h under 300 oC, the diffraction peaks of resultant products, sample 

S-300-12, S-300-24 and S-300-48, match the standard XRD card of Ni3N exactly, which means that the 

structure transition of the precursor is more completed thereat and this technique appears to be efficient 

for the synthesis of Ni3N.   

Interesting, sample S-350-5 shows only XRD signal of face-centered cubic Ni phase, which is because 

Ni3N is a thermal unstable material and is decomposed to metallic nickel and nitrogen gas upon heating 

above its decomposition temperature: 

2Ni3N = 6Ni + N2↑                                                                 (2) 

Therefore, it is suggested to calcine precursor S-0 at 300 oC for over 12 h in flowing NH3 so as to 

harvest single-phase Ni3N. Moreover, all as-synthesized products show no evident XRD peaks of SiO2, 

which implies that SiO2 in all as-synthesized Ni3N/SiO2 nanocomposites is of amorphous state.  

As shown in Fig. 2, as-prepared Ni/SiO2 and Ni3N/SiO2 nanocomposites appear similar morphology as 

irregular spheres and have an average size of 200 nm, which indicates that 300 oC calcination play very 

little affect on the morphology and size of the obtained particles.   

The room temperature magnetic hysteresis (denoted as H) loops of various Ni3N/SiO2 nanocomposites 

obtained under different nitriding conditions are shown in Fig. 3. It is seen that precursor S-0 has a high 

saturation magnetization and a low coercivity, which means that the precursor is softly ferromagnetic. 

As the precursor is heated at 280 oC for 5 h in flowing ammonia, resultant product, S-280-5, exhibits a 

lower saturation magnetization of 19.1 emu·g-1 than the precursor (26.1 emu·g-1). In combination with 

relevant XRD results, it can be supposed that the weak ferromagnetic signal of S-280-5 could be 

assigned to residual non-nitrided nickel in association with inadequate degree of nitriding at moderate 
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calcination temperature. As the calcining temperature is increased to 300 oC, for sample S-300-5, most 

of the starting ferromagnetic nickel has been transformed into non-ferromagnetic nickel nitride and a 

decrease of 99.8% of the magnetization is observed, which was assigned to residual non-nitrided nickel 

and is in agreement with results of some present studies 
(Fig. 3(a)) 7. Furthermore, the M (H) typical 

loops of Ni3N obtained at a longer time are still provided as a comparison (Fig. 3(b)). As expected, it 

was found that the magnetization of as-prepared Ni3N nanoparticles decreased sharply with extending 

nitridation time, which could be due to the adequate degree of nitriding. More importantly, when the 

nitridation time is long enough (48h), there is no ferromagnetic signal could be detected in sample 

S-300-48, and the magnetic cycle could not saturate even added for a larger range of magnetic 

fields (±50 kOe) (Fig. 3(c) and (d)). With no ambiguity, it could be concluded that Ni3N is a 

non-ferromagnetic material and the weak paramagnetic signals detected might attribute to residual 

paramagnetic impurities, which is consistent to the results of all theoretical studies.20, 21  

Interestingly, when the nitriding temperature is elevated to 350 oC, resultant product, sample S-350-5, 

becomes typical soft ferromagnetic and exhibits a high saturation magnetization of 29.6 emu·g-1, which 

well conforms to the transformation from ferromagnetic Ni in the precursor to non-ferromagnetic Ni3N 

and then to ferromagnetic Ni again, depending on varying calcining temperature. In general, the 

magnetic properties of nanosized and ultrafine magnetic materials are dependent on many factors, such 

as morphology, grain size, crystallinity and so on.22 In the present research, the metallic nickel obtained 

form the decomposition of Ni3N has a higher saturation magnetization than precursor S-0, which might 

be because the former has a cleaner surface and contains a decreased amount of surface defects. 

Fig. 4 shows the frequency dependence of the complex relative permeability (µr = µr΄ + iµr˝) of 

precursor S-0 and products S-280-5, S-300-12, and S-300-48, where the real part of permeability (µr′) 
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represents the magnetic energy storage and the imaginary part (µr′′), refers to the energy loss. As shown 

in Fig. 4, along with the increase of nitriding degree, the real part of the complex permeability of 

Ni3N/SiO2 nanocomposites tends to approach to 1 in the whole test frequency, and the imaginary part 

of the complex permeability tends to approach to 0 therewith. Namely, the real part and imaginary part 

of the permeability of S-300-12 and S-300-48 obtained after complete nitriding are close to 1 and 0, 

respectively. This proves that pure phase Ni3N has indeed no response to dynamic magnetic field, 

which is consistent with its non-ferromagnetic properties. 

 

4. Conclusions 

In summary, a facile route has been established to synthesize Ni3N at a moderate temperature. The 

results indicate that calcining Ni/SiO2 nanocomposite in flowing ammonia at properly selected 

temperature and duration facilitates the doping of N atoms into the Ni lattice thereby affording 

pure-phase Ni3N via complete transformation from metallic Ni to the nickel nitride. The optimal 

calcination temperature and time are suggested as 300 oC and 48 h, under which Ni3N exhibit a 

non-ferromagnetic nature under both static and dynamic electromagnetic fields is harvested. As the 

nitriding temperature is elevated to 350 oC, incorporated N atoms will escape from the Ni3N lattice 

again thereby producing pure phase Ni whose saturation magnetization is even higher than that of the 

precursor S-0.   
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Captions 

 

Fig. 1. XRD patterns of as-prepared Ni/SiO2 and Ni3N/SiO2 nanocomposites. 

Fig. 2. SEM images of as-synthesized samples S-0 (a), S-300-12 (b), S-300-24 (c), and S-300-48 (d). 

The upper right inset shows the corresponding TEM image of S-300-24. 

Fig. 3. Room temperature magnetic hysteresis loops of precursor S-0 and products obtained under 

different nitridation conditions. 

Fig. 4. Frequency dependence of the complex relative permeability of precursor S-0 and products 

S-280-5, S-300-12, and S-300-48. 
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Fig. 1. XRD patterns of as-prepared Ni/SiO2 and Ni3N/SiO2 nanocomposites. 
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Fig. 2. SEM images of as-synthesized samples S-0 (a), S-300-12 (b), S-300-24 (c), and S-300-48 (d). 

The upper right inset shows the corresponding TEM image of S-300-24. 
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Fig. 3. Room temperature magnetic hysteresis loops of precursor S-0 and products obtained under 

different nitridation conditions.   
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Fig. 4. Frequency dependence of the complex relative permeability of precursor S-0 and products 

S-280-5, S-300-12, and S-300-48. 
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