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Abstract 
Mössbauer spectroscopic investigation on 

bulk and supported iron-based silicides was 
reviewed. The bulk and supported iron-based 
silicides were synthesized by using various 
methods, such as mechanical alloying, pyrolysis 
of silicon-containing metallic precursor, 
and temperature programmed silicification. 
The information of phases, structure, and 
particle sizes of iron-based silicides have been 
identified by Mössbauer spectroscopy. Due to 
the dissolution of Si atoms into the iron lattice, 
the structure of particles changed from cubic 
iron to iron silicides (cubic B20 FeSi, cubic 
DO3 Fe3Si, hexagonal Fe5Si3, and orthorhombic 
FeSi2). Mössbauer spectroscopy was also a good 
tool to reveal the magnetic properties of iron-
based silicides. 57Fe Mössbauer spectra, M-H 
curves and FC and ZFC curves demonstrated 
that the as-prepared Fe3Si nanoparticles 
presented superparamagnetic behavior at 
room temperature and ferromagnetic behavior 
at low temperature. Especially, the reduced 
particle size had a great impact on the magnetic 
properties of the as-prepared nanoparticles, 
including saturation magnetizations, Curie 
temperatures and blocking temperatures. In 
addition, 57Fe Mössbauer spectroscopic results 
also provided strong evidence the relationship 
between the structure of iron silicides and 
catalytic properties. In Ni1–xFexSi2 catalysts, Fe 
atoms with higher d-electron counts substituted 
Ni atoms, which distorted the six rings in the 
structure. The DBT activity for the Ni1–xFexSi2 
has the following order: Ni0.75Fe0.25Si2 > NiSi2 

> Ni0.50Fe0.50Si2 ≈ Ni0.25Fe0.75Si2 ≈ Fe-Si. The 
positive synergistic effect on HDS activity can 
be correlated to the formation of Ni-Fe and Fe-
Si bonds, which may enhance the π adsorption 
of DBT, promoting the hydrogenation activity.

 
1. Introduction
Transition metal silicides represent a rich 

variety of refractory materials [1, 2], and 
have specific crystal and electronic structures 
different from those of their component metals 
due to the strong interaction between metals 
and silicon [3]. Transition metal silicides have 
received much attention because of their unique 
physical and chemical properties, such as high 
thermal stability, low electrical resistivity, low 
work function, and low density [4]. Such metal 
silicide materials could meet the requirements 
o f  modern  t echno log ica l  app l i ca t ions , 
including nanoelectronics [5, 6], field emitters 
[7], spintronics [8], thermoelectric [9, 10], 
solar energy conversion [11]. Meanwhile, in 
recent years, active research is being done 
on metal silicides usable as hydrogenation 
and hydrodesulfurization catalysts [12-19]. 
Especially iron silicide can be used as a potential 
candidate material in new silicon-compatible 
devices for photovoltaic [20] and spintronic 
[21] applications and the Kondo insulator FeSi, 
the semiconductor β-FeSi2, and the metallic 
compound α-FeSi2 have been found among 
them. 

Due to the effect of electronegativity, atomic 
size, and electron density, the crystal structure 
of transition metal silicides present great 
difference, including cubic (C1, L12, DO3, B20), 
hexagonal, tetragonal, and complex construction. 
For example, the Fe3Si crystallizes in the DO3 
structure, which composed by two sublattices in 
unit cell. One of sublattice contained 8 Fe atoms, 
and another sublattice contained 4 Fe atoms and 
4 Si atoms, which occupied the cube vertices 
alternately, as shown in Figure 1. However, the 
FeSi crystallizes in the B20 structure, which 
formed by the simple cubic structure composed 
by Fe atoms and Si atoms, respectively.  

General and rational chemical synthesis of 
silicide nanomaterials is challenging, due in part 
to the multiple stoichiometries and complex 
phase behavior exhibited by many silicide 
compounds. For instance, there are six known 
iron silicide intermetallic compounds (Fe3Si, 
Fe2Si, Fe5Si3, FeSi, a-FeSi2, and b-FeSi2) only 
three of which are stable at room temperature 
(Figure 2) [22]. In such complicated materials 
systems careful control and characterize over 
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Figure 1. Unit cells of Fe3Si with the DO3 structure and FeSi with the B20 structure.

Figure 2. Fe-Si binary phase diagram (reprinted from SGTE binary alloy databases) [22].

synthesized phases can be quite difficult. In 
the recently year, multiple chemical methods 
have been developed for generating iron 
silicide nanostructures with controlled size 
or phase, such as chemical vapor transport 
[23, 24], chemical vapor deposition [12, 25],  
wet chemistry method [26] and direct silane 
silicification method [27] for nanowires or 
nanoparticles. 

 In addition, 57Fe Mössbauer spectroscopy 

is a well-known tool for clarifying the chemical 
state and relative amount of the iron species 
[28]. Aiming to characterize many kinds of iron-
bearing environmental and chemical state during 
the formation of iron silicides, our group studied 
the structure of iron silicides by Mössbauer 
spectroscopy. 57Fe Mössbauer spectra were 
recorded at room temperature using a Topologic 
500 A spectrometer with a proportional counter. 
Moving 57Co(Rh)  in a constant acceleration 
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mode was used as the radioactive source. 
All of the spectral analyses were conducted 
assuming a Lorentzian lineshape for computer 
folding and fitting. The Doppler velocity of the 
spectrometer was calibrated with respect to α-Fe 
foil. And the free recoil fraction was assumed 
to be the same for all iron species. In this way, 
Mössbauer parameters such as the isomer shift 
(IS), the electric quadrupole splitting (QS), 
the full linewidth at half maximum (LW), the 
magnetic hyperfine field (H), and the relative 
resonance areas of the different components of 
the absorption patterns (RI) were determined.

In our previous research, multiple ways to 
synthesis the iron-based silicides have been 
developed, including mechanical alloying, 
pyrolysis of si l icon-containing metall ic 
precursor [29, 30], and temperature programmed 
silicification [31-33]. The composition and 
structure of iron-based silicides has been studied 
by 57Fe Mössbauer spectroscopy in detail. 57Fe 
Mössbauer spectroscopic results provided strong 

evidence the relationship between the structure 
and magnetic/catalytic properties.   

2. Rapid preparation of Fe3Si-Al2O3 
nanocomposite by mechanical alloying and 
heat treatment

2.1. Synthesis of Fe3Si-Al2O3 nanocomposite
Commercial Fe3O4, Al, and Si powders 

as raw materials were milled in a QM-3SP04 
planetary ball mill (Nanjing, China). The ball-
to-powder mass ratio was 30:1, and the rotation 
speed was 500 r/min in the mechanical alloying 
process, as shown in Figure 3. Fe3O4, Al, and Si 
powders with their molar ratios of 3:8:3, 3:8:4.5 
and 3:8:9 were milled for a certain time and then 
annealed at 900 oC for 1 h in H2, which were 
respectively designated as 1Si-xh-900, 1.5Si-
xh-900 and 3Si-xh-900. The reaction is shown 
in the Eqn. (1) below:

3Fe3O4 + 3Si + 8Al → 3Fe3Si + 4Al2O3        (1)

Figure 3. Powder XRD patterns of the samples obtained after ball-milling and annealing at 900 oC for 
1 h in H2.
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Powder XRD patterns of the samples 
obtained after ball-milling and annealing at 900 
oC for 1 h in H2 are shown in Figure 3. From 
the above analysis, the crystalline phase of the 
samples milled for 4 h transformed from Fe to 
a mixture of Fe3Si and Fe with the proportion 
of Si in raw materials increasing. For sample 
3Si-4h, diffraction peaks at 28.4o, 47.3o, 56.1o, 
76.4o and 88.1o were attributed to Si (111), 
(220), (311), (331) and (422) (PDF No. 27-
1402), respectively. Although the proportion of 
Si in raw materials further increased, no Fe3Si 
or other iron silicide was generated. Similar 
to the dilution effect of CaCl2 reported by D. 
Restrepo et al. [34], the addition of excess Si 
might decrease the particle sizes of Fe and Si 
and consequently facilitate the formation of 
Fe3Si. However, seriously excess Si could not 
be grinded to sufficiently fine particles under a 
fixed output of the ball mill in our experiments, 
which made it hard to produce Fe3Si. In order 
to promote the complete reaction between 
Fe and Si, the samples milled for 4 h were 
further annealed at 900 oC for 1 h in H2. For 
sample 1Si-4h-900, the intensity of diffraction 
peaks indexed to Fe and Al2O3 became much 
stronger, indicating that the obtained Fe-Al2O3 

nanocomposite had better crystalline form 
and larger particle size after high temperature 
treatment. For sample 1.5Si-4h-900, only Fe3Si 
was observed, which revealed that unreacted Fe 
in sample 1.5Si-4h all transformed to Fe3Si under 
900 oC in H2. For sample 3Si-4h-900, diffraction 
peaks at 40.8o, 41.3o, 45.3o, 46.6o and 47.1o were 
due to Fe5Si3 (210), (102), (211), (300) and (112) 
(PDF No. 89-2047), and diffraction peaks at 
34.6o, 45.1o, 49.7o, 69.4o, 76.5o and 80.0o were 
indexed to FeSi (111), (210), (211), (311), (320) 
and (321) (PDF No. 38-1397). In addition, the 
phase Fe3Si also existed in sample 3Si-4h-900. 
Because of obviously excess Si, unreacted Fe in 
sample 3Si-4h transformed to a mixture of Fe3Si, 
Fe5Si3 and FeSi under 900 oC in H2. Especially, 
no Al2O3 was observed in samples 1.5Si-4h-900 
and 3Si-4h-900, since good crystalline form of 
Al2O3  might be influenced by excess Si under 
high temperature treatment.

2.2 Mössbauer spectra of Fe3Si-Al2O3 
nanocomposite

57Fe Mössbauer spectra of the as-prepared 
samples measured at room temperature are 
shown in Figure 4 and corresponding Mössbauer 
parameters are listed in Table 1. The Mössbauer 

Figure 4. 57Fe Mössbauer spectra of samples (a) 1Si-4h-900, (b) 1.5Si-4h-900, and (c) 3Si-4h-900.
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spectrum of sample 1Si-4h-900 could be fitted 
into four sextets and a doublet. One sextet with 
IS = -0.11 mm/s and H = 33.8 T was indexed 
to Fe0, which accounted for 36.3%. The two 
sextets with IS = 0.12 mm/s, H = 19.1 T and 
IS = -0.08 mm/s, QS = 0.02 mm/s, H = 30.9 T 
were respectively assigned to the Fe atoms at 
nonequivalent lattice sites A and B of Fe3Si with 
the cubic DO3 structure [30, 32, 35]. However, 
no diffraction peaks due to Fe3Si were observed 
in the XRD pattern of sample 1Si-4h-900, which 
indicated that Fe3Si might exist in an amorphous 
state. The doublet with IS = -0.14 mm/s and 
QS = 0 mm/s can probably be identified as 
amorphous metallic iron, which accounted for 
4.3%. The Mössbauer spectrum of sample 1.5Si-
4h-900 was composed of five sextets. Except 
two sextets corresponding to Fe3Si, the other 
two sextets with IS = 0.18 mm/s, H = 17.6 T 
and IS = 0.21 mm/s, QS = -0.19 mm/s, H = 11.9 
T were respectively indexed to the two types of 
Fe atoms in Fe5Si3 [30, 36], which accounted 
for 11.5%. Similarly, above Fe5Si3 might be 
amorphous, because no diffraction peaks due 
to Fe5Si3 were observed in the XRD pattern of 
sample 1.5Si-4h-900. The Mössbauer spectrum 
of sample 3Si-4h-900 could be fitted into three 
sextets and a doublet. The doublet with IS = 0.15 
mm/s, QS = 0.48 mm/s was assigned to FeSi [32, 
37], which accounted for 24.4%. Besides, Fe3Si 

and Fe5Si3 also existed in sample 3Si-4h-900. 
Especially for samples 1Si-4h-900 and 1.5Si-
4h-900, the sextet with IS = 0.06 (0.08) mm/s, 
H = 25.0 (25.2) T had not obtained a reasonable 
attribution and needed further confirmation. In 
a word, 57Fe Mössbauer spectra revealed the 
existence of amorphous phases Fe3Si and Fe5Si3, 
which effectively supplemented XRD result.

3. Iron silicide on silica prepared by 
pyrolysis of ferrocene-polydimethylsilane 
composites

3.1. Synthesis and Mössbauer spectra of 
iron silicide on silica

Iron silicides nanoparticles with a size of 
about 6-9 nm well dispersed on silica have 
been prepared by pyrolysis of ferrocene-
polydimethylsilane composites. Typically, 
a certain amount of ferrocene and 1.0 g of 
polydimethylsilane (PDMS) (mferrocene : mPDMS 
= 3:1, 3:2, 1:1, 2:3 and 1:3) in 150 mL of 
tetrahydrofuran were stirred for 12 h. Orange 
powder (Fe(Si(CH3)2R)2) was obtained after 
rotary evaporation and vacuum drying. The 
obtained composites were respectively heated 
to 600 oC, 700 oC and 800 oC at a rate of 10 
oC min-1 in Ar, and then maintained at these 
temperatures for 120 min. The black solids 
resulted from thermolysis of the composite 

Table 1. 57Fe Mössbauer parameters of samples 1Si-4h-900, 1.5Si-4h-900 and 3Si-4h-900.

Isomer shift (IS) is referred to arufa-Fe foil at room temperature. Uncertainty is ±5% of the reported value.

mm/s mm/s mm/sH
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with mass ratio of ferrocene and PDMS 1:1 
at different temperatures were respectively 
designated as Ar-600, Ar-700 and Ar-800.

In order to reveal the particle distribution 
and crystalline structure, the as-prepared 
s a m p l e s  w e r e  i n v e s t i g a t e d  b y  T E M 
measurements, as shown in Figure 5a-c. It 
revealed that iron silicide nanoparticles were 
highly dispersed and uniformly deposited on 
amorphous silica support. And statistics of about 
100 nanoparticles for each sample suggested 
that average particle sizes of the samples Ar-
600, Ar-700 and Ar-800 were respectively 7.6 
nm, 12.6 nm and 16.2 nm with corresponding 
standard deviations of ±1.5 nm, ±2.1 nm and 
±2.2 nm. Corresponding size histograms of 
iron silicide nanoparticles are listed in Figure 
5g-i. By comparing the three samples, it was 
found that the particle sizes increased with 
increasing the pyrolysis temperature due to the 
aggregation effect under higher temperatures. 
The representative high-resolution TEM images 
are shown in Figure 5d-f and corresponding 

FFT patterns are shown in the insets. For the 
sample Ar-600, the measured lattice spacing of 
the particle was 0.201 nm, which was in good 
accordance with the (220) plane of Fe3Si (JCPDS 
PDF45-1207). The same phase Fe3Si was also 
observed in the sample Ar-700. For the sample 
Ar-800, the measured lattice spacing was 0.194 
nm, matching well with the (112) plane of 
Fe5Si3 (JCPDS PDF89-2047). It was concluded 
that highly dispersed iron silicide (Fe3Si and 
Fe5Si3) nanoparticles on silica had been prepared 
by pyrolysis of ferrocene-polydimethylsilane 
composites. 

57Fe Mössbauer spectra of the samples Ar-
600, Ar-700 and Ar-800 measured at room 
temperature are shown in Figure 6. And the 
Mössbauer parameters are listed in Table 2. 
The Mössbauer spectrum of the sample Ar-
600 could be fitted into two sextets and an 
asymmetric doublet. The two sextets with IS 
= 0.21 mm/s, H = 19.8 T and IS = 0.06 mm/
s, H = 31.2 T were attributed to the Fe atoms 
on nonequivalent lattice sites A and B of Fe3Si 

Figure 5.  Representative TEM and high-resolution TEM images of the samples (a, d) Ar-600, (b, e) 
Ar-700, and (c, f) Ar-800. (Insets: FFT patterns of the corresponding particles) (g-i) size histograms of iron 
silicide nanoparticles in the corresponding samples.
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Figure 6. 57Fe Mössbauer spectra of the samples (a) Ar-600, (b) Ar-700, and (c) Ar-800.

Table 2. 57Fe Mössbauer parameters of the samples Ar-600, Ar-700 and Ar-800.

Isomer shift (IS) is refered to arufa-Fe foil at room temperature. Uncertainty  is ±5% of the reported value.

mm/s mm/s mm/s

magnetic relaxation

magnetic relaxation

magnetic relaxation
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with the cubic DO3 structure, respectively [32, 
35]. As shown in Figure 7a, Fe atoms on sites 
B have eight nearest-neighbor Fe atoms, while 
Fe atoms on sites A have four nearest-neighbor 
Fe atoms and four Si atoms. The asymmetric 
doublet was speculated to be the magnetically 
relaxed subspectrum arising from low-size 
Fe3Si particles, which accounted for 83.1% [38]. 
Similarly, for the sample Ar-700, the Mössbauer 
spectrum was fitted into two sextets for Fe3Si 
and an asymmetric doublet for its magnetic 
relaxation. And the percentage of low-size Fe3Si 
particles in the sample Ar-700 decreased to 
53.9% because of partial particles aggregating 
with the temperature increasing. The Mössbauer 
spectrum of the sample Ar-800 was composed of 
four sextets and an asymmetric doublet. The two 
sextets with IS = 0.25 mm/s, H = 19.6 T and IS 
= 0.07 mm/s, H = 30.3 T were assigned to Fe3Si, 
while the other two sextets with IS = 0.24 mm/s, 
QS = -0.16 mm/s, H = 14.9 T and IS = 0.17 mm/
s, QS = 0.09 mm/s, H = 11.3 T were assigned to 
the two types of Fe atoms in Fe5Si3, respectively. 
Figure 7b illustrates its projection onto the basal 
plane.34 The Mössbauer parameters of Fe5Si3 
obtained here were a bit different from those 
reported in the literature [36, 39], which were 
not consistent either and further confirmation is 
needed. And the percentage of low-size Fe3Si 
(and Fe5Si3) particles in the sample Ar-800 
sequentially decreased to 43.8%. On the other 
hand, 57Fe Mössbauer spectra indicated that all 
the three samples displayed superparamagnetic 
behavior at room temperature due to small sizes 
of Fe3Si (and Fe5Si3) nanoparticles.

3.2. Magnetic properties of iron silicide on 
silica

So as to understand the magnetic properties 
of the samples, M-H curves were measured 
at 27 oC. Figure 8a revealed that all the three 
samples exhibited paramagnetic behavior at 27 
oC. And the samples were all almost saturated 
at the magnetic field of 10 kOe. The saturation 
magnetizations (9.9 emu/g at 27 oC) of the 
sample Ar-600 (small Fe3Si nanoparticles on 
silica) were much lower than those (21.1 emu/
g at 27 oC) of the sample Ar-700 (large Fe3Si 
nanoparticles on silica), which was attributed 
to obvious decrease of the Fe3Si nanoparticle 
size in the sample Ar-600 [40]. Meanwhile the 
saturation magnetizations (20.1 emu/g at 27 oC) 
of the sample Ar-800 (large Fe3Si and Fe5Si3 
nanoparticles on silica) were slightly lower than 
those of the sample Ar-700, which might result 
from the lower saturation magnetization of Fe5Si3 
than that of Fe3Si. The saturation magnetization 
value of Fe5Si3 was uncertain since few reports 
had been published about it, while the saturation 
magnetization value of Fe3Si thin film was 
reported to be 590 emu/cm3 (82.0 emu/g) [41]. 
It was rational that saturation magnetizations 
of all the three samples were much lower than 
82.0 emu/g because of the reduced particle sizes 
and a diamagnetic contribution from the silica 
support.

FC and ZFC curves were measured for 
the three samples to further reveal their 
magnetic properties. As shown in Figure 8b, the 
intersections of FC and ZFC curves manifested 
that Curie temperature (TC) of the sample Ar-600 

Figure 7. The structures of (a) Fe3Si and (b) Fe5Si3 projected onto the basal plane.
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Figure 8. The M-H curves (a) and the FC and ZFC curves (b) of the samples Ar-600, Ar-700 and Ar-800.

was about 27 oC and Curie temperatures of the 
samples Ar-700 and Ar-800 were both close to 
77 oC and even above 77 oC. It had been reported 
that Curie temperature of Fe3Si was 530 oC [42].  
The Curie temperatures of the samples Ar-600 
and Ar-700 decreasing was supposed to be a 
consequence of the reduced Fe3Si nanoparticle 
size [43]. Curie temperature of Fe5Si3 was 
reported to be 112 oC [44]. In addition, the ZFC 
curves indicated that blocking temperatures 
of the samples Ar-600, Ar-700 and Ar-800 
were -193 oC, -168 oC and -63 oC, respectively. 
In other words, the as-prepared iron silicide 
(Fe3Si and Fe5Si3) nanoparticles would exhibit 
superparamagnetic behavior above the blocking 
temperatures. In summary, all the three samples 
presented superparamagnetic behavior at 27 
oC. Especially, the reduced nanoparticle sizes 
had great impacts on the magnetic properties of 
the samples, such as saturation magnetizations, 
Curie temperatures, and blocking temperatures.

4. Synthesis and phase transition of 
iron silicides by temperature programmed 
silicification 

4.1. Synthesis and Mössbauer spectra of 
iron silicide-silica core-shell structure

Fe@SiO2 and FeSi2@SiO2 nanoparticles 
with core-shell structure can be synthesized 
by temperature programmed silicification of 
Fe2O3 nanoparticles, using silane as silicon 
source. Fe2O3 nanoparticles were reduced at 
400 oC in flowing hydrogen (30 mL/min) for 3 
h in a quartz microreactor and then underwent 
silicification at various temperatures (350 oC, 
450 oC, 550 oC) for 15 min in a 110 mL/min 
SiH4/H2 mixture (VSiH4:H2 = 1:10). To avoid the 

further oxidation, the samples were passivated 
in 1% O2/Ar overnight. The obtained solids 
were designated as Fe@SiO2, Fe&FeSi2@SiO2, 
FeSi2@SiO2, respectively.

Figure 9 shows XRD patterns of samples 
prepared at different conditions. For the Fe@
SiO2 sample, diffraction peaks at 2θ = 44.67o, 
65.02 o and 82.33 o can be found, which are 
assigned to Fe (110), (200), and (211) (JCPDS 
06-0696),  respectively.  With increasing 
silicification temperature, a mixture of phases 
was formed in the Fe&FeSi2@SiO2 sample. 
Small diffraction peaks at about 29.06o and 
49.44o corresponding to the FeSi2 (JCPDS 20-
0532) appeared, while the peaks corresponding 
to Fe (200) and Fe (211) became weaker and 
stronger, respectively. When the silicification 
temperature increased to 550 oC, the FeSi2@
SiO2 sample was formed. The diffraction 
peaks belonging to FeSi2 became stronger and 
the peaks belonging to Fe almost vanished 
completely except for a very weak Fe (110) 
signal. These results suggest that the Si atoms 
were deposited on the Fe surface and then 
diffused into the crystal lattice of iron atom to 
form FeSi2. Interestingly, the peaks of Fe2O3 and 
SiO2 cannot be found in the silicified samples 
upon exposure to the air. A similar phenomenon 
was observed previously in the literature for 
the SiO2-coated Fe sample [45]. This suggests 
that the SiO2 may be amorphous, and exists on 
the surface as a shell that protects the metallic 
Fe and FeSi2 from oxidation. However, for 
the Fe@Fe2O3 sample prepared without the 
silicification, peaks at 35.7o and 83o belonging 
to Fe2O3 (119) and (4, 0, 12) (JCPDS 25-1402), 
respectively, can be detected in addition to those 
corresponding to bcc-Fe. The formation of Fe2O3 
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Figure 9. XRD patterns of Fe@Fe2O3, Fe@SiO2, Fe&FeSi2@SiO2, and FeSi2@SiO2 samples.

was due to the outer layer of the iron particle 
reacting with the O2 when exposed to air. FeSi2 
is formed by the reaction between iron and Si, 
according to following reaction pathways in the 
Eqn. (2-3) below:

Fe(s) + Si(s) → FeSi2(s)                                        (2)                                           
Fe(s) + SiH4(g) → FeSi2(s) + H2(g)           (3)                        

In order to determine the chemical state and 
coordination of the iron species in the samples, 
57Fe Mössbauer spectra were measured at room 
temperature. The results were shown in Figure 
10, with the hyperfine interaction parameters 
summarized in Table 3.  The Mössbauer 
spectrum of Fe@Fe2O3 (Figure 10a) could be 
fitted into a Fe3+ doublet and a sextuplet for Fe0. 
The IS value is considered the most important 
Mössbauer parameter that is influenced by 
the chemical state of iron [46]. The obtained 
57Fe Mössbauer parameters of IS = 0.39 mm/
s and QS = 0.88 mm/s could be attributed to 
Fe3+, which is in good agreement with typical 
reported Fe3+ IS values that are less than 0.4 
mm•s-1 [47]. This doublet accounted for about 
38% of the total spectral area; the sextuplet with 
IS = 0 and QS = 0 could be attributed to Fe0, 
which accounted for the remaining 62% of the 
total spectral area.

The Mössbauer spectrum of Fe@SiO2 is 
shown in Figure 10b. There was only a sextuplet 

for Fe0, with no other spectrum being detected, 
indicating that there was only one chemical state 
for iron. For the Fe&FeSi2@SiO2 sample, the 
Mössbauer spectrum (Figure 10c) could be fitted 
with a doublet and a sextuplet. The sextuplet 
associated with Fe0 accounted for 66% of the 
total spectral area, while the doublet having 
57Fe Mössbauer parameters of IS = 0.14 mm/
s and QS = 0.47 mm/s accounted for about 
34% and is attributed to FeSi2 [48]. When the 
silicification temperature was raised to 550 oC 
to form FeSi2@SiO2, the Mössbauer spectrum 
(Figure 10d) could also be fitted into a doublet and 
a sextuplet. The sextuplet could again be ascribed 
to Fe0, while the doublet with the 57Fe Mössbauer 
parameters of IS = 0.12 mm/s and QS = 0.44 mm/
s are attributed to FeSi2 [48]. Compared to the 450 
oC silicification temperature, the FeSi2@SiO2 had 
a stronger FeSi2 intensity (79%) and a weaker 
Fe0 intensity (21%). The structures of the core 
changed from cubic Fe to orthorhombic FeSi2 
with increasing silicification temperature, due to 
the dissolution of Si atoms into the iron lattices. 
Interestingly, the Fe2O3 phase was not detected 
by 57Fe Mössbauer spectrum in the samples with 
silicification compared with the Fe@Fe2O3. This 
is attributed to the shell of SiO2 protecting the 
core metallic Fe and FeSi2 from oxidation when 
exposed to air, similar to the XRD patterns (cf. 
Figure 9).
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Figure 10. Mössbauer spectra of Fe@Fe2O3 (a), Fe@SiO2 (b), Fe&FeSi2@SiO2 (c), and FeSi2@SiO2 (d).

Table 3. 57Fe Mössbauer parameters of Fe@ Fe2O3, Fe@SiO2, Fe&FeSi2@SiO2, and FeSi2@SiO2 samples.

4.2. Magnetic properties of silicide-silica 
core-shell nanoparticles

M a g n e t i c  p r o p e r t i e s  o f  t h e  c o r e -
shell nanoparticles were studied by using 
a commercial  superconducting quantum 
interference device (SQUID) magnetometer. 
Figure 11 shows the hysteresis loops measured 
at -268 oC and 27 oC, respectively, and all 
curves show non-zero coercivities and romance 
magnetizations, provide a ferromagnetic 
signature. All four samples were almost saturated 
at a magnetic field of 20 kOe. The saturation 

magnetizations (Ms), residual magnetizations 
(Mr) and coercive force (Hc) decreased with 
increasing silicification temperature. Compared 
with the uncoated iron (Ms 221.71 ± 0.08 emu/
g) [49], the saturation magnetization of the Fe@
SiO2 (180.50 emu/g at -268 oC and 173.93 emu/
g at 27 oC) nanoparticles obviously decreased 
because the diamagnetic contribution of the 
silica shell resulted in a low mass fraction of 
the magnetic substance. FeSi2 nanowires were 
found to have ferromagnetic behavior measured 
at -271 oC and at room temperature [50], the 

(mm/s)

(mm/s) (mm/s)

(mm/s)

(mm/s) (mm/s) LW (mm/s)

0.40
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saturation magnetization values (measured 
at -268 oC) are positive and quite small [51]. 
The Cr-doped β-FeSi2 and Ni-doped β-FeSi2 
single crystals were also reported to have quite 
small saturation magnetizations (below 0.02 
emu/g) at different temperatures, and provide 
a ferromagnetic signature at low temperatures 
[52]. However, intrinsic β-FeSi2 was reported 
non-magnetic [53], and ferromagnetism was 
found only at temperatures below -173 oC [54]. 
The ferromagnetism with certain saturation 
magnetization (46.72 emu/g at -268 oC and 
45.03 emu/g at 27 oC) for FeSi2@SiO2 was 
probably attributed to the contribution of 
the small fraction of Fe in the FeSi2@SiO2 
sample. Thus, with increasing FeSi2 content, 
and corresponding decrease in Fe content, the 
saturation magnetizations decreased. 

4.3. Thermally induced phase transition 
of iron silicides

 In order to confirm the crystal structure 
t ransformat ion  af ter  anneal ing  a t  h igh 
temperature in Ar atmosphere, 57Fe Mössbauer 
spectra were measured at room temperature as 

shown in Figure 12. The Mössbauer parameters 
are listed in Table 4. The Mössbauer spectrum of 
Fe@FeSi2 (Figure 12a) could be fitted into two 
doublets and a sextet. The doublet with IS = 0.29 
mm/s and QS = 0.44 mm/s could be attributed 
to α-FeSi2, and the doublet accounted for 15.5% 
of the total spectral area. The doublet (IS = 0.10 
mm/s, QS = 0.42 mm/s) could be attributed to 
β-FeSi2, which is in good agreement with the 
literature [55], and accounted for 52% of the 
total spectral area. The α-structure is developed 
from the β-structure by the formation of Fe 
vacancies [56]. The sextet with IS = -0.01 mm/
s, QS = -0.01 mm/s and H = 33 T is attributed to 
Fe0, which accounted for the remaining 32.5% 
of the total spectral area.

For the Ar-600 oC-2 h sample (Figure 12b), 
the Mössbauer spectrum could be well fitted 
into two doublets and two sextets. The doublet 
with IS = 0.27 mm/s and QS = 0.50 mm/s could 
be assigned to FeSi [37], which accounted for 
about 27% of the total spectral area, while the 
doublet with IS = 0.08 mm/s and QS = 0.43 mm/
s could be attributed to β-FeSi2 [55, 56], which 
accounted for 26% of the total spectral area. 

Figure 11.  The magnetization curves of Fe@Fe2O3, Fe@SiO2, Fe&FeSi2@SiO2 and FeSi2@SiO2 
measured at -268 oC (a) and 27 oC (b)

Figure 12.  57Fe Mössbauer spectra of Fe@FeSi2 (a), Ar-600 oC-2 h (b), and Ar-700 oC-2 h (c) samples.
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Table 4. 57Fe Mössbauer parameters of Fe@FeSi2, Ar-600 oC-2 h, and Ar-700 oC-2 h samples.

The Fe3Si with DO3 structure has two kinds of 
iron crystallographic sites, which can be well 
distinguished by Mössbauer spectroscopy [35, 
57]. The two sextets with IS = 0.27 mm/s, QS 
= 0 mm/s, H = 20 T and IS = 0.06 mm/s, QS = 
0.01 mm/s, H = 31 T could be attributed to the 
two kinds of Fe atoms in Fe3Si, respectively. 
These are consistent with those reported in the 
literature for bulk Fe3Si alloy [35, 58].

When the annealing temperature was 
increased to 700 oC, the Mössbauer spectrum 
(Figure 12c) could be fitted into a doublet and 
two sextets. The doublet with IS = 0.28 mm/
s and QS = 0.50 mm/s could again be ascribed 
to FeSi [37], which accounted for 32% of the 
total spectral area. Similar to the Ar-600 oC-
2h sample, the two sextets with IS = 0.27 mm/
s, QS = 0 mm/s, H = 20 T and IS = 0.07 mm/
s, QS = 0.01 mm/s, H = 31 T, could also be 
attributed to the two types of Fe atoms in Fe3Si, 
respectively [35, 58]. Compared with Fe@
FeSi2, it is interesting to note that FeSi and Fe3Si 
formed after annealing the sample at 600 oC, 
and the content of FeSi2 decreased from 69% 
to 26%, and there was no Fe0 detected from the 

Mössbauer spectrum. The Mössbauer results 
were in good agreement with the XRD result.

A b r i e f  s c h e m a t i c  f o r  t h e  c r y s t a l 
transformation after thermal annealing is shown 
in Figure 13. The mechanism of this process 
can be attributed to the diffusion of Fe and Si in 
opposite directions. Apparently, during thermal 
annealing, Si atoms (from the decomposition of 
SiH4) that were deposited on the surface of the 
particles diffused inward, and reacted with Fe 
forming Fe3Si and FeSi. It has been reported that 
FeSi is the first silicide phase among the possible 
iron silicides due to its favorable ΔGv, and Fe3Si 
phase is then generated subsequent to FeSi [59, 
60]. The possible reaction pathways have been 
proposed as follows in the Eqn. (4-6) below:

Fe+FeSi2 →2FeSi                                      (4)                                                   
5Fe+FeSi2 →2Fe3Si                                   (5)                                                  
FeSi+2Fe →Fe3Si                                      (6)                                                      

FeSi and Fe3Si formed while Fe and FeSi2 
disappeared when annealing the Fe@FeSi2 
sample (not exposed to the air before annealing) 
at 700 oC for 2 h in Ar atmosphere, which is due 

Figure 13.  Schematic illustration of the crystal transformation after annealing Fe@FeSi2 sample in Ar 
atmosphere.

LW (mm/s)
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Figure 14.  XRD patterns of Fe substituted Ni-Si intermetallics.

to the thermal interdiffusion of Fe and Si atoms. 
At higher temperature, the Si diffusion into the 
bulk Fe is dominant and therefore the content 
of Si on the surface decreased, while that in the 
core increased. This phenomenon is similar with 
the CVD of silicon and silicides on iron [61].

5. Synthesis of Fe substituted Ni-Si 
intermetallic catalysts by temperature 
programmed silicification

 
5.1. Solid-state structural chemistry of Fe 

substituted Ni-Si intermetallic catalysts
Fe substituted Ni-Si intermetallics with 

different stoichiometric proportion can be 
prepared by the temperature programmed 
silicification of the corresponding oxides. Figure 
14 shows the XRD patterns of Fe substituted Ni-
Si intermetallics. After the silicification at 450 
oC, it clearly shows that the diffraction peaks at 
28.6o, 47.4o, 56.3o, 69.3o, 76.6o, and 88.4o reflect 
the NiSi2 phase (JCPDS 43-0989). However, 
the phase of iron silicide is not formed, only the 
zero-valent iron and magnetite Fe3O4 phases 
can be found, comparing with the standard 
patterns (Fe, JCPD 06-0696, Fe3O4, JCPD 19-
0629). The formation of Fe3O4 is attributed to 
the oxidation of zero-valent iron when exposed 
in the air. When a few of Fe dopes into the Ni-

Si intermetallic, excepting the NiSi2 phase in the 
sample of Ni0.75Fe0.25Si2, the diffraction peaks 
at 44.3o,51.5o, and 75.9o also appear, indicating 
the formation of Ni-Fe alloy (FeNi3, awaruite, 
JCPD 38-0419). In addition, by comparison 
with the ICSD file (FeSi, fersilicite, JCPD 38-
1397), those peaks at 45.1o, 49.7o, and 79.9o are 
attributed to the FeSi lattice planes (210), (211), 
and (321), respectively. This means the present 
of Ni promote the formation of iron silicide 
due to the catalytic of Ni in decomposition of 
SiH4 [33]. When the Ni:Fe molar ratio reaches 
1:1, the intensity of peaks of NiSi2 and FeSi 
decrease significantly but the positons of the 
XRD peaks assigned to FeNi3 phase shifted to 
lower diffraction angle. Meanwhile, some new 
peaks at 43.6o, 50.8o, and 74.7o appear, which act 
in accordance with the standard pattern (JCPD 
47-1405), meaning the formation of Fe0.46Ni0.36. 
Further increasing the content of Fe to Ni:Fe 
molar ratio of 1:3, the phase of NiSi2 and FeSi 
are disappeared. The main peaks are attributed 
to the phase of γ-Fe2O3 (maghemite-Q, JCPD 
25-1402). The relatively weak peak at 44.6o 

can be attributed to NiFe (kamacite, JCPD 37-
0474). Therefore, in the Fe substituted Ni-
Si intermetallics, the doping Fe bond with Ni 
preferentially to form the Ni-Fe alloys. Zero-
valent iron is hardly silicified than metallic 
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nickel due to the higher free energy, however, 
the present of metallic Ni can promote the 
reaction of SiH4 with iron. Due to the formation 
of the cubic phases of NiSi2 and FeSi and the 
deviation of ionic radius of Ni2+ (0.069 nm ) 
and Fe2+ (0.078 nm), the Fe substituting Ni in 
the Ni-Si intermetallic may influence the metal-
silicon and metal-metal interactions, leading 
to a strong modification of the geometry and 
electronic structure [62].

57Fe Mössbauer spectroscopy is a well 
known tool for clarifying the chemical state 
and relative amount of the iron species. For the 
catalysts, Mössbauer spectroscopy can get the 
following information, including identification 
of phases, determination of oxidation states, 
structure information, determination of particle 
size, and kinetics of bulk transformations.

 Room temperature 57Fe Mössbauer spectra 
of samples of Ni0.75Fe0.25Si2, Ni0.50Fe0.50Si2, 
Ni0.25Fe0.75Si2, and Fe-Si are shown in Figure 
15. The related hyperfine interaction parameters 
are summarized in Table 5. In the Mössbauer 
spectrum of Ni0.75Fe0.25Si2, one resolved doublet, 
one singlet, and one sextuplet can be easily 
identified. The IS value is considered the 

most important Mössbauer parameter that is 
influenced by the chemical state of iron. The 
doublet having 57Fe Mössbauer parameters of 
IS = 0.27 mm/s, QS = 0.43 mm/s accounted 
for about 56.4% and is attributed to FeSi [63] 
,while the sextuplet with IS = 0.02 mm/s, QS = 
0.05 mm/s, and H = 27.3 T could be attributed 
to FeNi3 [64], which accounted for 33.1% of 
the total spectral area. The single with the IS 
= −0.03 mm/s can be ascribed to cubic silicide 
like FeSi2, which accounted for 10.5% [65]. 
The cubic structure can be expected because 
of zero quadrupole splitting which indicates 
spherical symmetry in the surroundings of the 
iron atoms. The theoretical calculations based on 
electron transport model confirmed the structure 
of nickel silicide changed when Fe atoms with 
higher d-electron counts substituted Ni atoms, 
which distorted the six rings in the structure and 
is traced to the formation of Ni-Fe bonds [62]. 
Therefore, Fe atoms occupy the relative sites in 
the Ni0.75Fe0.25Si2 material, which preferentially 
bond with Ni to form alloy and combine with Si 
to form silicide. 

Similarly, for the sample Ni0.50Fe0.50Si2, the 
Mössbauer spectrum is fitted into two doublet 

Figure 15.  57Fe Mössbauer spectra of Fe substituted Ni-Si intermetallics.
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for FeSi and ferrosilite (FeSiO3) and two sextets 
for FeNi3 and Fe0.64Ni0.36. The doublet with IS = 
0.42 mm/s and QS = 2.49 mm/s can be assigned 
to trace FeSiO3 (only accounted for 2.6%) 
[66, 67]. The formation of ferrosilite in the Fe 
substituted Ni-Si intermetallics can be attributed 
to the uncompleted silicification of iron oxides 
or the oxidation of the formed iron silicide. Due 
to the Fe:Ni molar ratio increasing, the account 
of Ni-rich Fe-Ni alloy decrease to 20.0%, while 
the Fe-rich Fe-Ni alloy (Fe0.64Ni0.36) with the 
account for 35.7% is appeared,  which has the 
57Fe Mössbauer parameters of IS = -0.06 mm/s, 
QS = -0.08 mm/s, and H = 30.4 T. 

For the Ni0.25Fe0.75Si2 sample, the Mössbauer 
spectrum could be fitted with three sextets and 
two doublets. One sextuplet associated with 
Fe0.64Ni0.36 accounted for 28.4% of the total 
spectral area, while the two sextuplets with IS 
= 0.29 mm/s, QS = -0.03 mm/s, and H = 47.8 
T and IS = 0.63 mm/s, QS = -0.35 mm/s, and 
H = 44.4 T are assigned to the two types of 
FeNi, respectively. In addition, two resolved 
doublets can be easily indentified, one attributed 
to FeSiO3 and the other to Fe2O3. The present 

of Fe2O3 can be attributed that the zero-valent 
Fe is hardly silicided due to the content of Ni as 
catalyst decreasing, but oxidized by air during 
the passivation. This result is similar with the 
XRD result.

When the bulk Fe treated in SiH4/H2 at 
450 oC to form Fe-Si, the Mössbauer spectrum 
could also be fitted into two doublets and three 
sextuplets. The sextuplet with IS = 0.01 mm/s, 
QS = 0 mm/s could be attributed to Feo, which 
accounted for 22.4% of the total spectral area. 
The other two sextuplets can be identified to Fe3+ 
in the tetrahedral site of spinel magnetite and the 
Fe irons located in the octahedral site [68]. The 
value of the mean isomer shift and hyperfine 
fields are similar to the bulk Fe3O4, which due to 
the partial oxidation of Zero-valent Fe [31]. The 
two doublets could again be ascribed to Fe2O3 
and Si doped Fe2O3, respectively. The doublet 
with IS = 0.73 mm/s and QS = 1.08 mm/s is 
consistent with the reported Fe3+ value at six-
coordinated sites in silicates and oxides [69]. 
During the silicifiaction process, the Si atoms 
are doped into the lattice of Fe2O3 and formed 
Fe-Si-O bond.

Table 5. 57Fe Mössbauer parameters of the Fe substituted Ni-Si intermetallics.

Isomer shift (IS) is refered to α-Fe foil at room temperature. Uncertainty is ±5% of the reported value. 

mm/s mm/s mm/s
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5.2. Dibenzothiophene hydrodesulfurization 
over Fe substituted Ni-Si intermetallics

The catalytic properties of Fe substituted 
Ni-Si intermetallics have been tested in the 
dibenzothiophene (DBT) hydrodesulfurization 
(HDS). The DBT HDS activities of the Fe 
substituted Ni-Si intermetallics catalysts are 
plotted as a function of the Ni metal fraction 
(Ni/(Ni+Fe)) in Figure 16a. Stating from the 
Fe-Si catalyst, the HDS activities are low up 
to the Ni0.50Fe0.50Si2 catalyst, but beyond this 
composition, the activity increases as the 
catalyst become Ni-rich Ni0.75Fe0.25Si2 catalyst, 
which had an activity (48.7 nmol/g/s) higher 
than that of NiSi2 catalyst (32.9 nmol/g/s). The 
DBT HDS results are consistent with those 
reported previously for NixCo1-xSi2 catalysts 
[19]. A Fe-Si catalyst had a very low DBT 
HDS activity (as did a CoSi2 catalyst), but the 
substitution of a small amount of Fe (or Co) into 
nickel silicide yielded catalysts (Ni0.75Fe0.25Si2 
and Ni0.75Co0.25Si2) that had DBT HDS activities 
(40-50%) higher than that of a NiSi2 catalyst. 
These results indicated that new sites were 
created, probably by the positive synergistic 
effect on HDS activity due to the addition 
of a second metal to nickel silicide, which 
are consistent with those studies by Smith 
and Bussell, who observed that unsupported 
Co0.08Ni2P and Fe0.03Ni1.97P2 catalysts had 
significantly higher activity than that of a Ni2P 
catalyst for HDS of DBT [70, 71]. Based on the 
Mössbauer spectroscopy results for the iron-
containing catalysts, the high HDS activity can 
be correlated to the modified nickel sites in the 
NiSi2 due to the formation of Ni-Fe and Fe-
Si bonds. An increase in the valence electron 

concentration through the Fe substitution 
weakens the Si–Si interactions but enhances 
the metal-silicon and metal-metal interactions, 
which may enhance the π adsorption of DBT, 
promoting the hydrogenation activity [72]. The 
selectivity results at steady state also showed 
remarkable dependency on compositions. As the 
formation of Fe substituted Ni-Si intermetallics, 
the product selectivity for Ni-rich Ni0.75Fe0.25Si2 
catalysts shows preference for biphenyl (82.0%), 
but to a less extent than that observed for the 
Fe-Si (88.7%) and NiSi2 (91.8%) catalysts. 
The substitution of Fe for Ni decreases the 
selectivity for the direct desulfurization (DDS) 
route, but greatly increases the selectivity for 
the hydrogenation pathway (HYD). This result 
can be associated with the formation of FeNi 
bimetallic alloys, which have been previously 
described and demonstrated improved catalytic 
hydrogenation performances with respect to pure 
Ni or Fe based catalysts [73, 74] .

As shown in the Figure 16b, the conversion 
of DBT over Fe substituted Ni-Si intermetallic 
catalysts increases with the increase of contact 
time in the HDS of DBT at 3 MPa H2 and 
340 °C. Typically, HDS conversion reaches 
32.5% over Ni0.75Fe0.25Si2 catalyst at the low 
contact time (1.26 min) and 75.8% at the high 
contact time (7.58 min). Among five catalysts, 
the nickel-rich Ni0.75Fe0.25Si2 catalyst with the 
major phase NiSi2 and FeNi alloy shows the 
highest conversion. Combined with the phase 
state analysis resultsof XRD and Mössbauer 
spectra, it can be ascertained that the formation 
of FeNi bimetallic alloy in the Fe substituted 
Ni-Si intermetallic dramatically promoted 
the HDS activity due to the alteration of the 

Figure 16.  a) DBT HDS activity and product selectivity versus nominal Ni metal fraction for 
Ni1−xFexSi2 catalysts. The reaction product to the red, green, and blue column is assigned to biphenyl, 
cyclohexylbenzene, and bicyclohexyl, respectively. b) Conversion of DBT versus the contact time at 3 MPa 
H2 and 340 oC over Fe substituted Ni-Si intermetallics.
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electronic structure by the chemical bonding 
between Ni and Fe. In the Fe substituted Ni-Si 
intermetallics, the Ni and Fe sites possess small 
positive charges. The DFT calculations have 
shown that the replacement of Ni atoms in NiSi2 
with Fe atoms (with higher d-electron counts) 
increases the d electron density of metal near the 
Fermi level because of an electron transfer from 
Ni to Fe [75]. As proposed by Ueckert et al., the 
metal site with a high electron density favors 
the formation of the π back bond between the 
aromatic ring and metal sites, which promotes 
the hydrogenation of the aromatic ring [76]. 
This may be one reason for the higher activity 
of the Ni-rich nickel iron bimetallic silicides.

6. Conclusion
This review covers Mössbauer spectroscopic 

studies of Fe-based silicides nanoparticles 
performed by our group. Using various synthesis 
methods, such as mechanical alloying, pyrolysis 
of silicon-containing metallic precursor, and 
temperature programmed silicification, we 
prepared the bulk and supported Fe-based 
silicides controllably from macroscopic scale 
to molecular level. These methods can also 
be derived to synthesis bimetallic silicides 
nanoparticles. Mössbauer spectroscopy has 
matured into one of the classical techniques 
for Fe-based silicides characterization. The 
technique is used to identify phases and provide 
information on the structure of silicides. In 
addition, Mössbauer spectra of iron silicides 
particles in applied magnetic fields can be used 
to determine particles sizes. 57Fe Mössbauer 
spectroscopic results provided strong evidence 
the relationship between the structure of iron 
silicides and magnetic/catalytic properties.   
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