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We have demonstrated the large-scale synthesis of highly magnetic and stable iron nitride nanoparticles 
through nitridation of zero-valent iron nanoparticles  
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ɛ-Fe3N magnetic nanoparticles with average size of 45 nm were 

synthesized by nitriding the zero valent iron nanoparticle precursors using 

ammonia gas as a reactive ambience. The technique reported in this study 

is found to be promising in producing highly stable ɛ-Fe3N magnetic 

nanoparticles and can be extended to other forms of Fe-nitrides. 

Nitrides of different transition metals have gained 

technological importance owing to their enhanced magnetic 

properties coupled with greater stability and corrosion 

resistance.
1,2

 It is found that the physical and chemical 

properties of these materials are essentially depending upon 

the nitrogen content in the system.
3
 Iron nitrides, as a subject 

of research revealed that the nitrogen content is dependent 

on the diverse crystal structures and phases of iron nitrides, 

such as γ-FeN (NaCl structure), ξ-Fe2N (orthorhombic 

structure), ɛ-Fe3-2N (hexagonal structure), γ’-Fe4N and α’’-

Fe16N2 (cubic structure).
4 

The manipulation of nitrogen content 

in the iron nitrides allows to tune the magnetic properties to a 

larger extent. For instance, α’’-Fe16N2 phases possess 

enhanced hard magnetic properties that can replace the 

existing rare-earth permanent magnets.
5
 Among the various 

synthesis strategies of iron nitride phases, the nitridation 

process is one of renowned techniques, which has greater 

ability in producing materials with required magnetic phases 

and high stability.
6
 However, the process of nitridation entails 

a customized environment, wherein a nitrogen-rich 

atmosphere is needed for the incorporation of nitrogen into 

Fe-lattices. Besides, this process also demands a highly 

reducing atmosphere to avoid possible oxidation. Under such 

circumstances, it becomes more difficult to control the size of 

particles especially at nanoscale. The methods, which 

addresses the above issues are often found to be chemical 

deposition techniques.
7
 Alternatively, we herein report a facile 

nitridation process to form the iron nitride phase through 

nitriding the freshly prepared zero-valent iron nanoparticles 

(ZVINPs), in the ammonia ambience under an optimized 

nitridation temperature. 

 The chemical regents used in the experiments were of high 

purity (99.99%), procured from Sigma Aldrich. Initially, the 

ZVINPs were synthesized by chemical reduction method. In a 

typical procedure, an equivalent gram of 0.04 M FeCl2 is 

homogeneously dissolved in 30 ml ethanol. To this, a 100 ml of 

0.1 M sodium borohydride (NaBH4) solution is added to 

precipitate the product that appeared to be black in colour, 

indicated the formation of ZVINPs (Fe
0
). Further, this 

precipitation was washed several times with ethanol and dried 

in vacuum at 120 
0
C for 1 h. To prepare the iron nitride NPs, a 

required amount of freshly prepared ZVINPs is taken in an 

alumina boat and loaded into a tubular furnace where the 

ammonia (NH3) gas is purged in the background at a flow rate 

of 100 mL/min. Then, the temperature of the furnace is raised 

to 650 
0
C and kept for 4 h to perform the nitridation process. 

 Both crystal structure and phase formation of the 

synthesized ZVINPs and ɛ-Fe3N NPs (FNNPs) were analysed 

using powder X-ray diffraction (XRD) technique and the 

obtained results are showed in Figs. 1(a) and(b), respectively. 

 

Fig. 1. XRD pattern of (a) Zero-valent iron NPs (Fe
0
 NPs) and (b) ε-Fe3N NPs. 
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 The XRD patterns are found to be consistent with the 

JCPDS card # 87-0721 and # 72-2125 that corresponds to the 

body-centered cubic structure with Im3�m (229) space group of 

Fe
0
 (ZVINPs) and hexagonal structure with P312(149) space 

group of ɛ-Fe3N phases respectively. The average crystallite 

size of the ZVINPs and FNNPs was calculated from the 

Scherrer’s formula (t = 0.94 λ/β cosƟ) and found to be 11 and 

16 nm, respectively. It should be noted that no additional 

peaks corresponding to any other phase is observed in the XRD 

patterns. This indicates that the synthesized ZVINPs and FNNPs 

are stable and resistive to the formation of oxides. In addition 

to the structural analysis, the compositional analysis of the 

synthesized iron nitride nanoparticles was also carried out 

using the energy dispersive X-ray (EDX) spectroscopy analysis 

towards ascertaining the compositional confirmation of ɛ-Fe3N 

phase. The results of EDX analysis are provided in the 

electronic supplementary information (ESI) file.  

 The formation mechanism of FNNPs involves simultaneous 

surface reduction and diffusion processes under an adequate 

reactive gas ambience and temperature.
8
 In the nitridation 

process, the optimized temperature of 650 
0
C dissociates the 

NH3 gas into hydrogen and nitrogen species, according to the 

equation: 2NH3 � 3H2 + 2N. Subsequently, the hydrogen 

species reduces the surface of ZVINPs and the nitrogen species 

diffuse into the lattice of Fe that leads to the formation of 

FNNPs. The schematic representation of FNNPs formation and 

the photographic images of the synthesized ZVINPs and FNNPs 

are shown in Figs. 2(a)-(c). In a typical experiment, iron 

chloride precursor was taken around 0.47 g and the chemical 

reduction process yielded around 0.21 g of ZVINPs (Fig. 2(b)), 

while the nitridation of ZVINPs yielded around 0.23 g of FNNPs 

(Fig. 2(c)). Such enhanced yields obtained in a single-shot 

process provide a possible scope for the large-scale synthesis 

of FNNPs in a cost effective approach. 

 

Fig. 2 Schematic representation of (a) nitridation process and formation mechanism 

of ε-Fe3N NPs, and the photographic images of the synthesized powders of (b) Fe
0
 ~ 

0.21 g, (c) ε-Fe3N NPs ~ 0.23 g. 

 In another experiment, the nitridation process was not 

occurred when the nitrogen ambience (at a flow rate of 100 

mL/min) was employed (results are not shown here), 

indicating that the role of surface reduction by hydrogen 

species is found to be crucial as it modifies the surface of 

ZVINPs and makes the nitrogen diffusion effective and easier.
9
 

Such observations suggest that the formation of various nitride 

phases could be possible by controlling concentration of NH3 

gas (flow rate) and nitridation temperature with controlled 

heating rate and soaking period. 

 The size and morphology of the synthesized ZVINPs and 

FNNPs were analyzed using field emission scanning electron 

microscopy (FESEM) and the representative images obtained 

are shown in Figs. 3(a)-(d) and a few more images are provided 

in Fig. S2(a)-(d) as a supporting information (ESI). The 

morphology of the particles is found to be spherical for both 

the ZVINPs, as well as FNNPs and their average particle size is 

found to be 32 nm and 45 nm, respectively. The observed 

increment in the particle size of FNNPs compared to ZVINPs 

could be explained as follows. It should be noted that the 

formation of nanoscale iron nitride particles is essentially 

mediated by the ZVINPs, which is used as a precursor for 

FNNPs. Therefore, any changes in the particle size could be 

ascribed to the modifications occurred in ZVINPs during the 

nitridation process. Accordingly, in the course of nitridation 

process, there are essentially two factors which could 

influence the particle size of FNNPs: (i) the diffusion of N 

atoms into the lattices of Fe, which leads to the lattice 

expansion and (ii) the influence of nitridation temperature on 

the grain-size of particles. Considering, the concept of lattice 

expansion, it is possible for such microscopic changes occurred 

in Fe system, due to the diffusion of N atoms, could cause the 

macroscopic changes in the system, which is the increment in 

the particle sizes. Similarly, it is known that at the elevated 

temperatures, it is hardly possible to control the grain-size of 

the nanoparticles as the temperature becomes most 

influential factor on the particle growth due to the thermo-

dynamical properties of nanoparticles.  

 

Fig. 3 FESEM micrographs of (a) and (b) zero-valent iron NPs; showing the spherical 

morphology with average size of 30 nm and (c) and (d) ɛ-Fe3N NPs; showing spherical 

morphology with average particle size of 45 nm. 

 However, the nitridation process did not largely influence 

the particle size, morphology and their distributions, which 

could be attributed to the stability of the host ZVINPs. This 

suggests that the current strategy of nitriding the ZVINPs is a 
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straight forward method to produce highly stable nanoscale 

iron nitride phases.  

 The room temperature field-dependent magnetization (M-

H hysteresis) properties of synthesized ZVINPs and FNNPs 

analyzed using the super conducting quantum interference 

device (SQUID) magnetometer at a maximum applied field of 

16 kOe are shown in Figs. 4(a) and (b), respectively. The inset 

images of Fig. 4(a)-(b) placed at the bottom-right corner show 

the magnetically attractive nature of ZVINPs and FNNPs 

respectively, where they demonstrate excellent magnetic 

attraction even when the magnet is kept at a distance from 

the samples. 

 It is evident from the M-H curves that both the systems 

possess the room temperature ferromagnetic (FM) properties. 

The magnetic parameters such as the coercive field (Hc), 

saturation magnetization (Ms) and remanent magnetization 

(Mr) are found to be 335 Oe, 59.5 and 9.3 emu/g respectively 

for ZVINPs, and 65 Oe, 65.1 and 1.9 emu/g respectively for 

FNNPs. 

 

Fig. 4 Room temperature M-H hysteresis curve of (a) zero-valent iron NPs (Inset: 

Powders of ZVINPs), (b) ε-Fe3N NPs (Inset: Powders of ε-Fe3N NPs) (c) close image of 

M-H ZVINPs and (d) close image of M-H ZVINPs. 

 However, a noticeable difference is observed in the M-H 

curves where the hysteresis trend of FNNPs is appeared to be 

superparamagnetic (SPM). It should be noted that the SPM is 

the size effect of ferromagnetism. Alternatively, the SPM 

behaviour may also be manifested by the materials that 

possess an imbalanced distribution of up-spin states and 

down-spin states of the electrons in the system with easy axis 

of magnetization.
10

 In ε-Fe3N, the characteristic interactions 

between the electronic spins of Fe-lattice and N atoms causes 

the net magnetic moments in the system. Considering the 

crystal structure, ε-Fe3N is a hexagonal system where the 

nitrogen atoms occupy only one-third (1/3) of the octahedral 

interstitials.
11

 In such configuration, the spin of the electrons in 

nitrogen would be largely influenced. This in turn shields the 

4s electrons of Fe and enhances the interactions of Fe 3d-N 2p 

electrons, which establishes a covalent bond between Fe and 

N atoms.
12-14

 Therefore, the number of unpaired ‘d’ electrons 

available for the magnetization in Fe is reduced and leads to 

the alteration in the magnitude of the net magnetic moments 

in the FNNPs compared to ZVINPs that switches the system 

from ferromagnetic to superparamagnetic. Further, this SPM 

behaviour could also be substantiated from the observed 

smaller coercive field for the FNNPs, as compared to the 

ZVINPs (Figs. 4c and d). 

 The temperature dependent magnetization (M-T) of Fe
0
 

and ε-Fe3N nanoparticles in a constant applied field of 100 Oe 

is clearly manifested using the zero field cooled and field 

cooled (ZFC-FC) curves in Figs. 5(a) and (b) respectively.  

 

Fig. 5 Temperature dependent magnetic M-T curve (ZFC-FC profiles) of (a) zero-valent 

iron NPs and (b) ε-Fe3N NPs. 

 In the M-T curve of ZVINPs, it can be observed a rapid 

increase in the magnetization below 30 K during the ZFC 

measurement and a gradual increase in the magnetization 

above 30 K. On the other hand, only a slight increase can be 

noticed in the magnetization in the FC measurement. The 

initial magnetization of 2.97 emu/g during ZFC could be 

induced by the small applied field due to the high 

ferromagnetic nature of Fe
0
 nanoparticles. An abrupt 

enhancement in the magnetization bellow 30 K is due to the 

unblocking of Fe magnetic moments presumably located at 

surface of ZVINPs. As the surface phenomena is considerably 

large in the case of nanoparticles, the unblocking of the total 

surface magnetic moments result in a rapid augmentation in 

net magnetization. As the temperature increases, all the 

moments get released and dipoles get aligned in the direction 

of applied field, which gives a gradual raise in the net 

magnetization up to 300 K. The slight increase in the FC curve 

is the result of unsaturated condition. Absence of a specific 

blocking temperature (TB) could be due to the insufficient 

temperature or applied field for the total magnetization of the 

entire magnetic moments in ZVINPs.
15

 Further, the absence of 

any overlapping between ZFC and FC curves in the entire 

temperature range of 5 to 300 K is due to fact that the ZVINPs 

does not completely reached the superparamagnetic regime.
16

 

 In the case of ε-Fe3N nanoparticles, the observed rapid 

increase in magnetization up to 1.34 emu/g with increasing 

temperature up to 110 K could be due to the blocked state of 

the magnetic moments that indicates the emergence of the 

superparamagnetic properties in the system. Further increase 

in temperature causes a gradual decrease in the magnetization 

due to the release of blocked state of magnetic moments in 

the random directions.  
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 The ZFC-FC profile of ε-Fe3N NPs can be understood in the 

basis of alignment of magnetic dipoles in the system with 

respect to the variation in temperature in the presence of a 

small applied field (100 Oe).
17

 Initially, the system is frozen 

down to 5 K in absence of field, where the vector sum of 

randomly aligned magnetic dipoles in the ferromagnetic 

system has its minimum value. When a small magnetic field 

H<HK (HK is the uniaxial anisotropic field) is applied, the 

magnetic dipole of domains aligned along the easy axis which 

is parallel or anti-parallel directions to the applied field with an 

energy difference of Eb = KuV (where Ku is the uniaxial 

anisotropic constant and V is the particle volume).
18

 However, 

the net magnetization is the vector sum of magnetization of 

each magnetic dipole and hence, when temperature increases 

magnetization also increases and at a temperature above TB 

the magnetic dipoles of the domains abruptly switches 

between parallel and anti-parallel directions due to the low 

field-high temperature limit of the system and thereby the net 

magnetization is deteriorated in the system. In the FC 

measurements, the magnetization of the system increases 

with decreasing temperature and at sufficiently lower 

temperature, the magnetic moment reaches the stable state. 

Further, the observed thermo-irreversibility in the ZFC-FC 

curves indicates the existence of ferromagnetic-

superparamagnetic properties of the system that could be 

originated due to the inhomogeneous magnetic domains of 

the nanoparticles.
19, 20

 

 In conclusion, a facile nitridation process for the synthesis 

of nanosized ε-Fe3N particles is demonstrated. Zero-valent iron 

nanoparticles (ZVINPs) were used as precursor material for the 

synthesis of iron nitride nanoparticles (FNNPs), where the 

ammonia gas was used as the reactive ambience. The 

nitridation process essentially involves the surface reduction of 

ZVINPs by hydrogen and subsequent diffusion of nitrogen into 

the Fe-lattice. The XRD results confirmed the formation of Fe 

and ε-Fe3N phases in the ZVINPs and FNNPs, respectively. With 

the FESEM analysis, the morphology of the particles is found to 

be spherical and average particle size of ZVINPs and FNNPs is 

measured to be 32 and 45 nm, respectively. The magnetization 

studies by SQUID magnetometer revealed the ferromagnetic 

and superparamagnetic (SPM) behaviour for the ZVINPs and 

FNNPs, respectively. The manifestation of SPM characteristics 

in the FNNPs could be due to the interaction between the 

magnetic spins of Fe 3d-N 2p electrons in the system. The 

results of present study suggest that the current strategy of 

nitridation process would provide possible scope for large-

scale synthesis of stable and highly magnetic FNNPs.   
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