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A B S T R A C T   

Nanostructured ferrites such as SrFeO3-x, SrFe2O4 and SrFe12O19 have great potential applications as permanent 
magnets due to their dynamic structures and excellent magnetic properties. However, the crystal structures of 
SrFeO3-x and SrFe2O4 nanomaterials remain controversial and their magnetic properties have large room for 
improvements. Attempting to tackle these problems, we fabricated strontium ferrite nanofibers with Sr:Fe ratios 
of 1:1, 1:2, and 1:12 using electrospinning followed by annealing at 850 ◦C in air. Scanning electron microscopy 
and transmission electron microscopy (TEM) examinations showed that the nanofibers with average diameters of 
130–140 nm are made of nanograins. Through X-ray diffraction and TEM analysis, the crystal structures for 
nanofibers with Sr:Fe ratios of 1:1, 1:2, and 1:12 were identified as tetragonal SrFeO2.86, orthorhombic SrFe2O4 
and hexagonal SrFe12O19, respectively. Extensive high-resolution TEM examinations showed the formation of 
stacking faults and edge dislocations in SrFeO2.86 nanofibers, and edge dislocations in SrFe12O19 nanofibers. 
Hysteresis loop measurements showed the three nanofibers had a similar coercive force (Hc), but different 
saturation magnetization (Ms) and residual magnetization (Mr). SrFe12O19 nanofibers possessed the largest Ms 
and Mr, while SrFeO2.86 nanofibers showed the lowest. The experimental Mr values agreed well with magnetic 
moments obtained from density functional theory calculations. This work clarifies the crystal structure of Sr-Fe-O 
nanofibers, and provides a good candidate for permanent magnet applications.   

1. Introduction 

Permanent magnets are prevalent in modern life, which have been 
applied to motors, read-heads, and sensors in automobiles, computers 
and household electronics [1]. In the past decades, rare earth materials 
such as Nd-Fe-B alloys have dominated the commercial market due to 
their superior magnetic properties. However, long-standing drawbacks 
such as low coercivity, low temperature stability and poor corrosion 
resistance hinder their practical applications in certain areas [2]. Thus, 
people have been hunting for substitutes that are more tolerant to harsh 
environments. As a good alternative, ferrite magnets [3–5] like Pb-Fe-O, 
Ba-Fe-O and Sr-Fe-O have been found to possess high coercive force, 
good temperature stability and excellent corrosion resistance, which 
have triggered great interest in the research community. 

Recently, researchers have carried out extensive research on fabri-
cation, structure characterization and magnetic properties of nano-
structured Sr-Fe-O ferrites. Most research focuses on helimagnetic 
SrFeO3 and SrFeO3-x [6,7], ferrimagnetic SrFe2O4 [8–12] and SrFe12O19 
[13–16]. It has been found that these ferrite nanostructures show 

considerable enhancements in magnetic properties compared to their 
bulk counterparts. This opens up new prospects for the applications of 
ferrite nanostructures as permanent magnets. 

For fabrication of these ferrite nanomaterials, researchers have used 
various techniques such as co-precipitation method [6,7], sol-gel 
method [8–10,14], citrate autocombustion technique [11], electro-
spinning [12,13], hydrothermal method [15], and ultrasound radiation 
[16]. Among these techniques, electrospinning has proven to be an easy 
and reliable method to produce ferrite nanofibers because their anisot-
ropy, dimension and microstructure can be tuned to obtain excellent 
magnetic properties. Up to now, electrospinning has been adopted to 
fabricate SrFe2O4 [12] and SrFe12O19 [13] nanofibers, but no reports 
have been found for the fabrication of pristine SrFeO3-x nanofibers. 

Regarding the crystal structure of Sr-Fe-O ferrites, although some 
progress on structural characterization has been achieved, there are still 
controversies for SrFeO3-x and SrFe2O4 nanostructures. For bulk SrFeO3- 

x, with an increase of oxygen vacancies, four distinct phases were found 
with cubic (x ≈ 0), tetragonal (x ≈ 0.125), orthorhombic (x≈ 0.25), and 
brownmillerite (x ≈ 0.5) structures. [17] However, only cubic structures 
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(a ≈ 3.87 Å) were reported for SrFeO3-x nanoparticles with different 
oxygen stoichiometries (x = 0.135 [6], x = 0.05 [7]). For nanostructured 
SrFe2O4, there are huge discrepancies on its crystal structure. Studies on 
nanoparticles predominantly reported a cubic structure but with 
different lattice parameters (a = 8.25 Å [8], a = 6.62 Å [9]), while others 
claimed an orthorhombic [10] or monoclinic [11] structure. For nano-
fibers, quite few reports were found for SrFe2O4, in which an ortho-
rhombic structure was proclaimed [12]. In contrast to above two 
ferrites, a hexagonal structure is widely acknowledged for SrFe12O19 
nanostructures [13–16]. Therefore, it is imperative to explore and 
clarify the crystal structures for SrFeO3-x and SrFe2O4 nanomaterials. In 
addition, the crystal structures for these three nanostructured ferrites 
were mainly determined using X-ray diffraction (XRD) analysis but 
lacking corroboration from transmission electron microscopy (TEM) 
examination. Thus, extensive TEM investigation is urgently required to 
clarify their structures and explore the microstructural defects in the 
nanostructured ferrites. 

As for magnetic properties of ferrite nanostructures, most research 
focused on nanoparticles. For nanofibers, contrary to abundant in-
vestigations on ferrimagnetic SrFe12O19, research on helimagnetic 
SrFeO3-x and ferrimagnetic SrFe2O4 is very rare. For SrFe12O19, both 
nanofibers and nanoparticles show excellent magnetic properties 
[13–16]. For SrFeO3-x, both cubic SrFeO3 and tetragonal SrFeO2.875 are 
quoted as helimagnetic [17–19], but hard magnetic properties, charac-
teristic of helimagnetism, are not present in hysteresis loops for nano-
particles [6,7]. In addition, the magnetic parameters for SrFeO3-x were 
all obtained from nanoparticles. For SrFe2O4, previous studies mainly 
focused on magnetic properties of nanoparticles [8,9,11], and no mag-
netic parameters were obtained for nanofibers. Thus, it is necessary to 
study and compare the magnetic properties of the three ferrite nano-
fibers. In addition, it is desirable to correlate magnetic properties with 
microstructure of the three ferrite nanofibers. 

To understand the origin of magnetism in the ferrites, researchers 
have carried out extensive density functional theory (DFT) calculations 
[20–22]. For SrFe12O19, most calculations adopted a hexagonal struc-
ture with a ferrimagnetic state. For example, Hmŏk et al. [20] obtained a 
total magnetic moment of 36.7 μB. For SrFe2O4, most calculations 
focused on monoclinic structure with different magnetic states. Calcu-
lations of ferromagnetic, antiferromagnetic, and ferrimagnetic states 
yielded a total magnetic moment of 8.56 μB, 0 μB, and 0.03 μB, respec-
tively [21]. For SrFeO3 and SrFeO2.875, their helical magnetic structure 
cannot be reproduced due to limitations of theoretical modelling. 
Therefore, most studies used a ferromagnetic model to replace its helical 
magnetic ordering. Shein et al. [22] calculated a total magnetic moment 
of 3.65 μB for cubic SrFeO3 using this approximation. Up to now, no DFT 
calculation has been found for the magnetic moments of orthorhombic 
SrFe2O4 and tetragonal SrFeO3-x. Furthermore, there is no direct com-
parison of magnetic moments obtained from hysteresis loops and theo-
retical calculations in previous work. 

In this paper, Sr-Fe-O nanofibers with different stoichiometries were 
prepared by electrospinning followed by high-temperature annealing. 
Their morphology, crystal structure, and microstructural defects were 
characterized using scanning electron microscopy (SEM), XRD, and 
TEM. The valence states of iron in three ferrite nanofibers were deter-
mined using X-ray photoelectron spectroscopy (XPS). The magnetic 
properties of the three ferrite nanofibers were investigated using hys-
teresis loop measurements, and compared with the magnetic moments 
obtained by DFT. 

2. Experimental 

The ferrite nanofibers with different stoichiometries were fabricated 
by electrospinning technique followed by a high-temperature annealing. 
The gel solution for electrospinning was prepared by adjusting the molar 
ratios (1:1, 1:2, and 1:12) of strontium acetate [(CH3COO)2Sr] and iron 
acetylacetonate [Fe(acac)3], mixing them with 3 mL ethanol and 3 mL 

glacial acetic acid under stirring, and adding 0.630 g poly-
vinylpyrrolidone (PVP, molecular weight: 1,300,000) into the solution. 
The gel solution was stirred vigorously for 6 h before electrospinning. In 
the electrospinning process of each ferrite, the gel solution was filled 
into a plastic syringe with a stainless-steel needle with an inner diameter 
of 0.6 mm. The needle was connected to a variable voltage range of up to 
25 kV. The collector of the nanofibers consisted of a steel plate wrapped 
with oil paper rotating at 550 rpm. A high voltage of 18 kV was applied 
between the needle and the collector at a distance of 15 cm. The injec-
tion rate was 0.35 mL/h; the temperature was 25 ◦C; the humidity was 
~60%. After the electrospinning, the nanofiber membrane was first 
dried in air at 50 ◦C for 2 h to evaporate organic solvents and then 
annealed at 850 ◦C in air for 2 h with a heating rate of 5.0 ◦C/min. The 
annealing temperature of 850 ◦C was chosen to ensure formation of 
single-phase pristine Sr-Fe-O nanofibers [12,13,23] and sufficient 
reduction of carbon content in these nanofibers. The obtained nanofiber 
membranes with Sr:Fe ratios of 1:1, 1:2 and 1:12 were labeled S-F-1, S-F- 
2, and S-F-12, respectively. Specimens for TEM observations were pre-
pared by dispersing the nanofiber membranes in ethanol through ul-
trasonic treatment, and dripping several drops onto a holey‑carbon- 
film-supported Cu grid. 

The morphology of the membranes was examined using a field- 
emission SEM (FE-SEM, Sigma 500) operating at 10 kV. The crystal 
structures were analyzed by an X-ray diffractometer (XRD, Bruker D8 
Advance) with Cu-Kα radiation (λ = 1.5406 Å). XPS (Thermo Scientific 
K-Alpha+) spectra were acquired with an Al Kα X-ray source (hν =
1486.6 eV). Bright-field (BF) images, selected-area electron diffraction 
(SAED) patterns, and high-resolution TEM (HRTEM) images were ob-
tained using a field-emission-gun TEM (JEOL JEM 2100F). The 
magnetization versus magnetic field hysteresis loops were measured by a 
vibrating sample magnetometer (VSM) equipped on a physical proper-
ties measurement system (PPMS, Quantum Design) at room 
temperature. 

DFT calculations were performed to obtain magnetic moments for 
three ferrites using Vienna ab initio Simulation Package (VASP). The 
Perdew-Burke-Ernzerhof (PBE) functional and projector augmented 
wave potentials were adopted to describe the exchange-correlation and 
electron-ion interactions. The cutoff energy for the plane-wave basis was 
set as 400 eV and the resolution for k-point meshes was set to be 2π ×
0.03 Å− 1, ensuring that an equilibrium structure can be reached. The 
crystal structures were considered to be fully optimized until the cor-
responding energy change and the force acting on each atom were <1.0 
× 10− 5 eV/atom and 0.01 eV/Å, respectively. Based on the optimized 
structures, the most stable spin configurations were obtained through 
self-consistent calculations. 

3. Results and discussion 

SEM examinations were carried out to investigate the morphology of 
three ferrite nanofibers. Fig. 1 shows low-magnification and enlarged 
SEM images of the nanofibers with different stoichiometries. From 
Fig. 1, we can see that the nanofibers of S-F-1, S-F-2 and S-F-12 are all 
randomly oriented due to the bending and whipping movements of the 
electrospinning jet. From Fig. 1(a), (c) and (e), the average diameters of 
S-F-1, S-F-2, and S-F-12 are measured to be 131 nm, 139 nm, and 137 
nm, respectively. The average diameters for three different nanofibers 
are very close, which results from the same conditions adopted in the 
electrospinning and annealing process. Compared to the rigid nanofibers 
in Fig. 1(a) and (c), most nanofibers in Fig. 1(e) are bent, indicating that 
the nanofibers in S-F-12 are more flexible. In addition, branching occurs 
in some fibers of S-F-1 and S-F-2, but not in S-F-12. From the enlarged 
SEM images in Fig. 1(b), (d) and (f), we can see that all three nanofibers 
are composed of nanograins. It is believed that the formation of grain 
boundaries results from the rapid growth of crystal grains during the 
crystallization process at high temperatures, which can partially relieve 
the strain energy [24]. 
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Fig. 2 shows the XRD patterns of the nanofiber membranes with 
different stoichiometries. All peaks obtained from S-F-1, S-F-2, and S-F- 
12 are sharp and intense, indicating that they all have good crystallinity. 
In Fig. 2(a), all the peaks are consistent with those of tetragonal 
SrFeO2.86 (JCPDS card no.: 39–0954). Therefore, we can identify S-F-1 
as a tetragonal phase with lattice parameters a = 10.934 Å, c = 7.705 Å. 
In Fig. 2(b), a good match can be found between the peak positions of 

the S-F-2 and orthorhombic SrFe2O4 phase (JCPDS card no.: 48–0156). 
Thus, S-F-2 is identified as the orthorhombic SrFe2O4 with lattice pa-
rameters a = 8.031 Å, b = 18.208 Å, c = 5.454 Å. Careful examination of 
Fig. 2(b) shows that several peaks have different intensities with those in 
the standard XRD pattern. The largest difference can be found for the 
diffraction peak corresponding to (002) plane, which shows a much 
higher intensity than that in the standard pattern. This increase in 

Fig. 1. SEM images of S-F-1 (a, b), S-F-2 (c, d), and S-F-12 (e, f).  
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intensity results from the preferred orientation along [002] direction for 
the nanograins in the nanofibers, which is confirmed by the SAED 
pattern hereafter. From Fig. 1(c), the peak positions and intensities of S- 
F-12 are highly consistent with those of hexagonal phase SrFe12O19 
(JCPDS card no. 33–1340). Thus, S-F-12 can be identified as hexagonal 
SrFe12O19 with lattice parameters a = 5.887 Å, c = 23.037 Å. 

XPS spectra were acquired to analyze the surface composition and 
valence states of the elements in three ferrite nanofibers. Fig. 3 shows 
typical XPS spectra of Fe 2p, O 1s, and Sr 3d in the three nanofibers. For 
all three nanofibers, the Fe 2p peak consists of a doublet corresponding 
to Fe 2p3/2 and 2p1/2, whose peak positions and splittings are summa-
rized in Table 1. From Table 1, it can be seen that the Fe 2p peak posi-
tions and splittings vary for different fibers, which is ascribed to the fact 
that Fe possesses different valence states and chemical environments in 
the three ferrites. For SrFe2O4 and SrFe12O19, the valence state of Fe is 
+3, and part of the Fe3+ ions on the surfaces can be reduced into Fe2+

under XPS measurement conditions. Therefore, the doublet peaks are 
attributed to Fe2+ and Fe3+ 2p. It is known that in XPS spectra, Fe3+ 2p 
has a higher binding energy and a larger splitting than Fe2+ 2p. Thus, it 
can be deduced that Fe3+ is more abundant on the SrFe12O19 fiber sur-
face than SrFe2O4 since the Fe 2p of SrFe12O19 has a higher binding 
energy and a larger splitting. For SrFeO2.86, the Fe 2p3/2 and 2p1/2 peaks 
shift to binding energies of 710.9 eV and 724.4 eV, respectively, lower 
than those of SrFe2O4 and SrFe12O19. This can be attributed to the 
coexistence of Fe4+ and Fe3+ in SrFeO2.86, rather than Fe2+ and Fe3+. 
Peak fitting analysis of Fe spectra was carried out to qualitatively deduce 
the composition of Fe with different valence states. For SrFe2O4 and 
SrFe12O19, the Fe 2p3/2 peak can be fitted with two peaks at 710 eV and 
712 eV, corresponding to Fe2+ and Fe3+, respectively [25]. As for the Fe 
2p1/2 peak, the binding energies for Fe2+ and Fe3+ are 723 eV and 726 
eV, respectively [25]. The peaks at around 716, 720, 728 and 733 eV are 
satellite peaks of Fe 2p [25]. For both SrFe2O4 and SrFe12O19, Fe3+ 2p 
peaks have a larger area than Fe2+ 2p, hence there is more Fe3+ on both 
fiber surfaces. In addition, the peak area ratio of Fe3+ and Fe2+ in 

SrFe12O19 is bigger than that in SrFe2O4, indicating a higher proportion 
of Fe3+ exists on the SrFe12O19 fiber surface. For SrFeO2.86, the Fe 2p3/2 
and 2p1/2 peak can be fitted with Fe 2p peaks of SrFeO3-x and Fe3+, for 
which the Fe 2p3/2 peaks are located at 710.4 eV [26–28] and 711.0 eV 
[26], respectively. The peaks at around 716 eV, 728 eV, and 733 eV are 
satellite peaks of Fe 2p [25]. The Fe 2p peaks of SrFeO3-x have a larger 
area than Fe3+ 2p, showing that Fe atoms of SrFeO2.86 contributes to 
most of the surface Fe atoms. 

Since valence states of O and Sr are the same in the three ferrites, the 
discrepancies of O and Sr peaks are mainly attributed to different 
chemical environments. The O 1s peaks around 531 eV can be resolved 
into peaks for surface Sr–O groups and lattice O2− ions. For SrFeO2.86 
and SrFe2O4 nanofibers, these peaks are located at 531.2 eV and 529 eV 
[29,30], respectively. For SrFe12O19 nanofibers, the peak for Sr–O 
groups remains at 531.2 eV, while the peak for lattice O2− ions shifts to 
529.7 eV [30], indicating that electron emission is harder for lattice O2−

ions in the SrFe12O19 than those in SrFeO2.86 and SrFe2O4. The Sr 3d 
peaks can be fitted with a Sr 3d5/2 and 3d3/2 doublet. For SrFeO2.86, the 
Sr 3d5/2 and 3d3/2 peaks are at 132.9 eV and 134.7 eV, respectively [12], 
with a characteristic energy gap of 1.8 eV. While for SrFe2O4 and 
SrFe12O19, these two peaks shift to 133.1 eV and 134.9 eV, respectively 
[30]. Compared to SrFe2O4 and SrFe12O19, there is a shift to lower 
binding energy for the Sr 3d5/2 and 3d3/2 of SrFeO2.86, which is attrib-
uted to chemical environment change induced by the oxygen vacancies 
in SrFeO2.86. 

To further confirm the crystal structures of SrFeO2.86 nanofibers, 
extensive BF TEM and SAED examinations were carried out. Fig. 4 
presents the BF TEM images and SAED patterns of SrFeO2.86 nanofibers. 
Fig. 4(a) shows that all the nanofibers are composed of nanograins with 
an average dimension of 137 ± 45 nm, calculated from the histogram in 
Fig. 4(c). Fig. 4(b) shows the polycrystalline electron diffraction pattern 
obtained from the nanofibers in Fig. 4(a), in which the diffraction rings 
from inside to outside correspond to (220), (222), (141), (402), and 
(442) planes of tetragonal SrFeO2.86, consistent with the XRD result. To 
further clarify the structure of nanograins, we carried out systematic 
SAED examinations of single nanograins in different nanofibers. Fig. 4 
(d) shows a BF TEM image of a single fiber and Fig. 4(e) presents the 
SAED pattern obtained from the nanograin enclosed by a circle in Fig. 4 
(d). The [001] zone-axis diffraction pattern in Fig. 4(e) can be indexed 
using lattice parameters of tetragonal SrFeO2.86. Fig. 4(f) demonstrates a 
BF TEM image of another single fiber and Fig. 4(g) presents the [010] 
zone-axis SAED pattern for the nanograin enclosed by a circle in Fig. 4 
(f). From our extensive SAED examinations of the nanograins in the fi-
bers, it is concluded that they possess a tetragonal structure, in good 
agreement with our XRD analysis results. 

From our extensive HRTEM observations of SrFeO2.86 nanofibers, it 
is found that quite few nanofibers have perfect lattices, while most fibers 
have defects such as dislocations and stacking faults (SFs). Fig. 5(a) 
shows a [523] zone-axis HRTEM image of an individual SrFeO2.86 
nanofiber without lattice defects. To further demonstrate the perfect 
lattice, an enlarged image of the rectangular region in Fig. 5(a) is pre-
sented in Fig. 5(b). In Fig. 5(b), the interplanar spacings of two planes 
were measured to be 2.73 Å and 2.51 Å with an angle of 70.0◦, corre-
sponding to the (222) and (141) planes of tetragonal SrFeO2.86, 
respectively. In contrast to the above observation, Fig. 5(c) shows a 
[011] zone-axis HRTEM image of an individual SrFeO2.86 nanofiber with 
crystal defects. To further highlight the defects, Fig. 5(d) and (e) show 
enlarged images of the rectangular region in Fig. 5(c). In Fig. 5(d), the 
interplanar spacings of two planes were measured both as 2.73 Å, with 
an angle of 59.9◦, corresponding to the (222) and (222) planes of 
tetragonal SrFeO2.86. Careful examination of Fig. 5(d) reveals three SFs 
(SF1, SF2 and SF3) and two edge dislocations (D1 and D2) exist in this 
region. Such defects have not been observed in SrFeO2.86 before. 

In Fig. 5(d), three SFs, SF1, SF2 and SF3, are found between regions I 
and II, II and III, III and IV, respectively. These SFs can be clearly 

Fig. 2. XRD patterns obtained from S-F-1 (a), S-F-2 (b), and S-F-12 (c).  
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visualized from the slight deviation of the (222) planes labeled by three 
parallel white lines in regions I-IV. The formation of SFs is associated 
with oxygen vacancies in SrFeO2.86. Due to the non-stoichiometric na-
ture of SrFeO2.86, lots of oxygen vacancies exist in the nanofibers. During 
the growth of the nanofibers, when the oxygen vacancies gather 
together on the (222) planes, SFs with an intrinsic rather than extrinsic 
characteristic will form. Usually in face-centered-cubic structures, an 
intrinsic SF introduces a displacement of R= − 1

3 〈111〉 between (111) 
lattice planes [31]. However, it is rather difficult to determine the 
displacement of the SFs in SrFeO2.86 due to its complex structure. 

To determine the Burgers vectors of the two edge dislocations, Bur-
gers circuits are drawn in a close-up view of the region containing two 
edge dislocations, as shown in Fig. 5(e). For D1, the extra half atomic 
plane is inserted from above, whereas for D2, the half atomic plane is 
inserted from below. Therefore, we can regard D1 as a positive perfect 
dislocation, and D2 as a negative perfect dislocation. The Burgers vec-
tors of D1 and D2 are determined to be b = 1

2 〈211〉, but with opposite 
signs. If D1 and D2 are on the same gliding plane, they will attract and 
annihilate with each other. However, the two edge dislocations in Fig. 5 
(e) did not annihilate with each other, meaning that they are in fact on 
different gliding planes. For two edge dislocations with opposite signs, 
the theoretical equilibrium configuration is that the angle between the 
dislocation lines is 45◦ [32,33]. Therefore, the dislocations D1 and D2 
should form an equilibrium configuration and the angle between their 
dislocation lines should be 45◦. The formation of these dislocations can 
release the strain due to lattice distortions induced by oxygen vacancies 
in the nanofibers. 

To further prove the orthorhombic structure for SrFe2O4 nanofibers, 
thorough TEM investigations were carried out. Fig. 6 shows BF TEM 
images, SAED patterns, and HRTEM images of SrFe2O4 nanofibers. Fig. 6 

Fig. 3. XPS spectra of Fe, O, and Sr in SrFeO2.86 (a, b, c), SrFe2O4 (d, e, f), and SrFe12O19 (g, h, i) nanofibers.  

Table 1 
Binding energies and splitting (in eV) of core-level peaks for Fe in the three 
ferrite nanofibers.  

Sample Fe 2p3/2 Fe 2p1/2 Fe 2p1/2 - 2p3/2 

SrFeO2.86 710.9 724.4 13.5 
SrFe2O4 711.7 725.2 13.5 

SrFe12O19 712.2 726.0 13.8  
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(a) shows a low-magnification BF TEM image of nanofibers, whose 
diffraction pattern is presented in Fig. 6(b). The diffraction rings from 
inside to outside correspond to (002), (122), (202), (322), and (233) 
planes of orthorhombic SrFe2O4, which agrees well with XRD results. 

The intensified (002) XRD peak is reflected in the polycrystalline elec-
tron diffraction pattern. From Fig. 6(c), we can see that all the nano-
fibers are composed of nanograins. Fig. 6(d) shows the distribution is 
more biased towards smaller particles, with an average dimension of 

Fig. 4. (a) BF TEM images of SrFeO2.86 nanofibers, (b) corresponding SAED pattern, and (c) statistical analysis for the dimension of nanograins in the nanofibers. (d) 
[001]-oriented nanograin in a single nanofiber and (e) SAED pattern. (f) [100]-oriented nanograin in a single nanofiber and (g) SAED pattern. 
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106 ± 43 nm. Fig. 6(f) shows a SAED pattern obtained from an indi-
vidual nanograin enclosed by a circle in Fig. 6(e). The zone-axis of this 
SAED pattern is determined to be [158] using the lattice parameters of 
orthorhombic SrFe2O4. In addition, HRTEM examinations were per-
formed to confirm that the nanofibers have an orthorhombic structure. 
Fig. 6(g) shows a [102] zone-axis HRTEM image of a thin edge region in 
an individual nanofiber. The inset in Fig. 6(g) demonstrates the corre-
sponding electron diffraction pattern, which can be indexed using lattice 
parameters of orthorhombic SrFe2O4. From the enlarged HRTEM image 
in Fig. 6(h), the interplanar spacings of two lattice planes are measured 
to be 2.87 Å and 2.64 Å with an angle of 63.4◦, corresponding to (231) 

and (241) planes of orthorhombic SrFe2O4, respectively. 
Fig. 7 presents the BF TEM images and SAED patterns of SrFe12O19 

nanofibers. Fig. 7(a) shows that the SrFe12O19 nanofibers are also made 
up of nanograins. The polycrystalline diffraction pattern in inset of Fig. 7 
(a) can be indexed from inside to outside with (1012), (1016), (1124), 
(2023), and (2025) planes of hexagonal SrFe12O19, consistent with our 
XRD result. From Fig. 7(b), an average dimension of 131 ± 43 nm is 
determined for the nanograins in the nanofibers. Fig. 7(c) shows an 
enlarged image of an individual nanofiber labeled by a white rectangle 
in Fig. 7(a). To confirm the hexagonal structure, [1210] zone-axis SAED 
pattern (Fig. 7 (d)) was obtained from a single nanograin in Fig. 7(c). 

Fig. 5. (a, c) HRTEM images of individual SrFeO2.86 nanofibers. (b) Enlarged image of rectangular region in (a). (d, e) Enlarged images showing lattice defects in 
region of interest in (c). 
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Fig. 6. (a) BF TEM images of SrFe2O4 nanofibers, and (b) corresponding SAED pattern. (c) BF TEM images of SrFe2O4 nanofibers, and (d) Statistical analysis of the 
dimension for the nanograins in the nanofibers. (e) [158]-oriented nanograin in a single nanofiber and (f) corresponding SAED pattern. (g) HRTEM image of a single 
nanofiber, inset showing its SAED pattern. (h) Enlarged HRTEM image of the region enclosed by a rectangle in (g). 
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The SAED pattern can be indexed using the lattice parameters of hex-
agonal SrFe12O19, proving that the produced nanofibers possess a hex-
agonal structure. 

From our HRTEM examinations of SrFe12O19 nanofibers, some 
nanofibers are found without lattice defects, while the others contain 
lattice defects such as edge dislocations. Fig. 8(a) shows a [1210] zone- 
axis HRTEM image of an individual SrFe12O19 nanofiber without lattice 
defects. Fig. 8(b) shows an enlarged image of the rectangular region in 
Fig. 8(a). It can be clearly seen from Fig. 8(b) that a modulated structure 
exists in this nanofiber, showing periodical dark and bright stripes along 
the [0001] direction, which might be caused by the cation ordering of Sr 
and Fe [34]. The interplanar spacings of two planes were measured to be 
2.49 Å and 2.30 Å with an angle of 102.5◦, corresponding to the (2022) 
and (00010) planes of SrFe12O19, respectively. To our knowledge, such 
modulated structure has not been reported in SrFe12O19 before. 

Contrary to the perfect fringes without defects, edge dislocations are 
observed in Fig. 8(c) and (d), viewed from [1100] direction. The inter-
planar spacing of two planes was measured both as 2.62 Å with an angle 
of 54.1◦, corresponding to (1124) and (1124) planes of SrFe12O19. In 
Fig. 8(c), an area with brighter contrast is enclosed by a rectangle. To 
clarify this contrast discrepancy, Fig. 8(d) shows an enlarged image of 
this rectangular region. In Fig. 8(d), two edge dislocations, labeled as D1 
and D2, were found above and below the bright spot, respectively. An 
analysis of the plotted Burgers circuits shows that Burgers vectors of D1 
and D2 are both b = 1

3 <2243>, with the same signs. For dislocations 
with the same sign, the theoretical equilibrium configuration is that one 
is located just above the other. [32] Here, D1 does not locate just above 
D2, meaning that they cannot form an equilibrium configuration. In 
addition, the interaction between them should be a repulsive force. 

Thus, the brighter contrast originates from the tensile strain field around 
the two edge dislocations. 

Fig. 9 shows the hysteresis loops of the randomly oriented SrFeO2.86, 
SrFe2O4 and SrFe12O19 nanofibers. The loops of the three ferrite nano-
fibers exhibit typical hard magnetic characteristics. Table 2 summarizes 
the magnetic parameters of randomly oriented nanofibers with different 
stoichiometries. From Table 2, the coercive forces (Hc) of the three 
ferrite nanofibers are close, with values around 6000 Oe. However, the 
saturation and remanent magnetisms (Ms and Mr) are considerably 
different. The Ms values for SrFeO2.86, SrFe2O4 and SrFe12O19 nanofibers 
are 3.18, 19.00, and 58.43 emu/g, and the Mr values are 1.19, 9.22, and 
29.75 emu/g, respectively. Among the three ferrite nanofibers, 
SrFe12O19 fibers have the largest Mr/Ms, suggesting they possess the 
strongest capability to retain magnetization. Taking into account Hc, Ms, 
Mr and Mr/Ms, SrFe12O19 nanofibers appear to be the best candidate for 
permanent magnets. 

Hc and Ms are correlated with the anisotropy constant K, which is 
described by Neel’s two sub-lattices model of ferrimagnetism [35]: 

Hc =
0.96 × K

Ms
(1) 

Using the data in Table 2 and Eq. (1), the K values of SrFeO2.86, 
SrFe2O4 and SrFe12O19 nanofibers are calculated to be 19,785, 119,581, 
and 349,667 Oe•emu/g, respectively. The drastic discrepancy in the 
anisotropy constant is mainly attributed to the different crystal struc-
tures of the three ferrites. 

As seen from TEM images, the nanofibers are composed of nano-
grains. To demonstrate the advantages of nanofiber morphology over 
nanoparticle, we compare the magnetic parameters of the three 

Fig. 7. (a) BF TEM images of SrFe12O19 nanofibers, inset showing polycrystalline diffraction pattern. (b) Statistical analysis of the nanograins in the fibers. (c) BF 
TEM image of a single nanofiber, and (d) SAED pattern obtained from a nanograin enclosed by a circle in (c). 
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nanofibers in our work and corresponding nanoparticles in previous 
studies. For SrFeO2.86, no magnetic parameters for nanoparticles can be 
found in the literature for comparison. However, SrFeO3-x nanoparticles 
are reported to have Hc, Ms and Mr values of 410.47 Oe, 1.166 emu/g 
and 0.225 emu/g, respectively [6], which are all much lower than those 
of SrFeO2.86 nanofibers in the present work. In addition, the cubic 
SrFeO3-x nanoparticles do not possess hard magnetic characteristic [6], 
while the tetragonal SrFeO2.86 nanofibers in present work do. For 
SrFe2O4, several reports can be found on magnetic parameters of 
nanoparticles. Ateia et al. obtained Hc, Ms and Mr values of 5396 Oe, 
15.1 emu/g and 7.9 emu/g for nanoparticles produced by citrate auto-
combustion technique [11], which are all less than the corresponding 
values in the present work. Mousavi Ghahfarokhi et al. achieved Hc, Ms 
and Mr values of 3069 Oe, 22.99 emu/g and 9.91 emu/g for SrFe2O4 
nanoparticles prepared by a sol-gel method [9], whose Hc is much lower 
than our SrFe2O4 nanofibers. For SrFe12O19, two previous studies 
measured Hc and Ms for nanoparticles: 4783 Oe and 56.97 emu/g re-
ported by García-Cerda et al. [14]; 1643 Oe and 24.7 emu/g reported by 

Fig. 8. (a, c) HRTEM images of individual SrFe12O19 nanofibers. (b) Enlarged image of rectangular region in (a). (d) Enlarged image showing lattice defects in region 
of interest in (c). 

Fig. 9. Hysteresis loops of randomly oriented SrFeO2.86 (blue curve), SrFe2O4 
(black curve) and SrFe12O19 (red curve) nanofibers. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 2 
Magnetic parameters of randomly oriented nanofibers with different 
stoichiometry.  

Ferrite Hc (Oe) Ms (emu/g) Mr (emu/g) Mr / Ms K (Oe•emu/g) 

SrFeO2.86 5973 3.18 1.19 0.37 19,785 
SrFe2O4 6042 19.00 9.22 0.49 119,581 

SrFe12O19 5745 58.43 29.75 0.51 349,667  
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Jean et al. [15]. Comparing with our SrFe12O19 nanofibers, it can be 
clearly seen that the Hc and Ms values are larger in our present study. 

DFT calculations were carried out to explore the origin of magnetism 
in these three ferrites. Fig. 10 shows unit cell configurations of the three 
ferrites. In Fig. 10, sets of equivalent positions are denoted using 
Wyckoff notation. Fig. 10(a) shows the unit cell of hexagonal SrFe12O19 
with space group P63/mmc. The Fe atoms in SrFe12O19 occupy five 
Wyckoff sites: three octahedral sites (12 k, 4f1, 2a), a tetrahedral site 
(4f2), and a trigonal bipyramidal site (2b). Fig. 10(b) demonstrates the 
unit cell of orthorhombic SrFe2O4 with space group Pbc21. The Fe atoms 
occupy four distinct tetrahedral sites: 4a1, 4a2, 4a3 and 4a4. To our 
knowledge, no unit-cell model of orthorhombic SrFe2O4 (a = 8.031 Å, b 
= 18.208 Å, c = 5.454 Å) can be found in previous studies. Considering 
the huge calculation load due to the large unit cell of SrFeO2.86, we adopt 
the unit cell of SrFeO2.875 instead, which has similar amount of oxygen 
vacancies and a tetragonal structure. Fig. 10(c) presents the unit cell of 
tetragonal SrFeO2.875 with space group I4/mmm. The Fe atoms are 
located at octahedral (8f), tetrahedral (4e), and octahedral (4d) lattice 

Fig. 10. Unit cells of SrFe12O19 (a), SrFe2O4 (b) and SrFeO2.875 (c). The small red balls denote O atoms, and the green balls represent Sr atoms. The Fe atoms are at 
non-equivalent lattice sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Magnetic moments of all atoms in the unit cell and total magnetization of 
SrFe12O19.  

Site Atom M (μB) 

12k 12Fe 14.668 
4f1 4Fe − 2.442 
4f2 4Fe 13.042 
2a 2Fe 2.221 
2b 2Fe 0.886 
2d 2Sr 0.008 
12k 12O 1.218 
4f 4O 0.256 

12k 12O 0.802 
6h 6O 0.074 
4e 4O 0.140 

Ʃ M (μB) 30.873 
Ʃ M (emu/g) per formula unit 81.20  
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sites. 
Tables 3, 4 and 5 summarize the calculated magnetic moments of all 

atoms in the unit cells in Fig. 10, and the total magnetization obtained 
from the self-consistent calculations. For the magnetic moment calcu-
lations, all three ferrites were assumed to be ferrimagnetic. It can be seen 
from the tables that the magnetism of the three ferrites mainly comes 
from the Fe atoms at non-equivalent lattice sites. For SrFe12O19, the 
magnetic moments of Fe atoms at 4f1 sites are anti-parallel to those of Fe 
at the other sites after structure optimization. For SrFe2O4, the Fe atoms 
at 4a2 sites have opposite magnetic moments to those at the other three 
sites. For SrFeO2.875, different to previous studies, we chose a ferri-
magnetic state instead of ferromagnetic state to replace the helical 
magnetic ordering. The magnetic moments of Fe atoms at 8f sites were 
set as positive, while the Fe atoms at 4e and 4d sites had negative 
magnetic moments. 

In the above tables, the theoretical total magnetic moment per for-
mula unit corresponds to Mr values obtained from the hysteresis loops. 
To compare these values, Ʃ M per formula unit was converted into emu/ 
g using the following equation. 

Ʃ Mf .u.(μB) =
Mw × Ʃ Mf .u.(emu/g)

5585
(2) 

Where Mw is the molecular weight of each ferrite, and Ʃ Mf.u. is the 
total magnetization per formula unit. The Ʃ Mf.u. (emu/g) for SrFe12O19, 
SrFe2O4 and SrFeO2.875 are calculated to be 81.20 emu/g, 37.70 emu/g 
and 3.92 emu/g, respectively, as summarized in Tables 3, 4 and 5. For 
each ferrite, the theoretical Ʃ Mf.u. value and experimental Mr value for 
nanofibers are of the same order of magnitude, but all Ʃ Mf.u. values are 
higher. This difference might be caused by some Fe ions with different 
valence states on the nanofiber surfaces, microstructural defects, and the 

spin-glass structure at grain boundaries in the nanofibers [36,37]. 

4. Conclusions 

In summary, three ferrite nanofibers with Sr:Fe ratios of 1:1, 1:2, and 
1:12 have been fabricated using electrospinning followed by annealing 
at 850 ◦C in air. The ferrite nanofibers with Sr:Fe ratios of 1:1, 1:2, and 
1:12 are identified as tetragonal SrFeO2.86, orthorhombic SrFe2O4 and 
hexagonal SrFe12O19, respectively. The nanofibers have average di-
ameters of 130–140 nm and are made of nanograins with average di-
mensions of 105–140 nm. HRTEM examinations reveal that stacking 
faults and edge dislocations exist in SrFeO2.86 nanofibers while edge 
dislocations exist in SrFe12O19 nanofibers. Hysteresis loop measure-
ments show that the three nanofibers have a similar Hc of ~6000 Oe, but 
different Ms and Mr. SrFe12O19 nanofibers have Ms of 58.43 emu/g and 
Mr of 29.75 emu/g; SrFe2O4 nanofibers possess Ms of 19.00 emu/g and 
Mr of 9.22 emu/g; SrFeO2.86 nanofibers show the lowest Ms and Mr 
values of 3.18 emu/g and 1.19 emu/g. Among the three ferrite nano-
fibers, SrFe12O19 nanofibers are the best candidate for permanent 
magnet applications. The magnetic moments obtained from DFT cal-
culations are of the same order of magnitude but all higher than Mr 
values acquired experimentally. This work sheds light on the crystal 
structure of Sr-Fe-O nanofibers, and provides a good alternative to 
replace rare earth alloys as permanent magnets. Future work will be 
carried out on formation mechanisms of these nanofibers, and further 
improvement on their magnetic properties. 

CRediT authorship contribution statement 

Jiaju Wang: Data curation, Formal analysis, Investigation, Writing – 
original draft. Xuyan Xue: Methodology, Resources, Software, Super-
vision. Yiqian Wang: Funding acquisition, Conceptualization, Project 
administration, Writing – review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We would like to thank the financial support from the National 
Natural Science Foundation of China (Grant No.: 10974105), Shandong 
Province “Double-Hundred Talent Plan” Program (Grant No.: 
WST2018006), High-end foreign experts project of the Ministry of Sci-
ence and Technology, China (Grant no.: G2022025015L, 
G2022025016L). Y. Q. Wang would also like to thank the financial 
support from the Taishan Scholar Program, and Qingdao International 
Center for Semiconductor Photoelectric Nanomaterials and Shandong 
Provincial University Key Laboratory of Optoelectrical Material Physics 
and Devices. 

References 

[1] J.M.D. Coey, Permanent magnet applications, J. Magn. Magn. Mater. 248 (2002) 
441–456. 

[2] S. Sugimoto, Current status and recent topics of rare-earth permanent magnets, 
J. Phys. D. Appl. Phys. 44 (2011), 064001. 

[3] E. Allahkarami, A. Dehghan Monfared, L.F.O. Silva, G.L. Dotto, Lead ferrite- 
activated carbon magnetic composite for efficient removal of phenol from aqueous 
solutions: synthesis, characterization, and adsorption studies, Sci. Rep. 12 (2022) 
10718. 

Table 4 
Magnetic moments of all atoms in the unit cell and the total magnetization of 
SrFe2O4.  

Site Atom M (μB) 

4a1 4Fe 8.769 
4a2 4Fe − 8.362 
4a3 4Fe 3.941 
4a4 4Fe 8.209 
4a 4Sr 0.016 
4a 4Sr 0.027 
4a 4O 0.500 
4a 4O − 0.068 
4a 4O 0.507 
4a 4O 0.175 
4a 4O 0.057 
4a 4O 0.164 
4a 4O 0.240 
4a 4O 0.045 

Ʃ M (μB) 14.220 
Ʃ M (emu/g) per formula unit 37.70  

Table 5 
Magnetic moment of all atoms in the unit cell and the total magnetization of 
SrFeO2.875.  

Site Atom M (μB) 

8f 8Fe 22.298 
4e 4Fe − 9.592 
4d 4Fe − 10.736 
8i 8Sr 0.032 
8j 8Sr − 0.02 

16k 16O 0.076 
16m 16O − 0.08 
8h 8O 0.944 
4c 4O − 0.432 
2a 2O − 0.354 

Ʃ M (μB) 2.136 
Ʃ M (emu/g) per formula unit 3.92  

J. Wang et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0005
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0005
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0010
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0010
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0015
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0015
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0015
http://refhub.elsevier.com/S1044-5803(23)00242-5/rf0015


Materials Characterization 200 (2023) 112884

13

[4] M. Matsumoto, A. Morisako, S. Takei, Characteristics of Ba-ferrite thin films for 
magnetic disk media application, J. Alloys Compd. 326 (2001) 215–220. 

[5] Q. Fang, Y. Liu, P. Yin, X. Li, Magnetic properties and formation of Sr ferrite 
nanoparticle and Zn, Ti/Ir substituted phases, J. Magn. Magn. Mater. 234 (2001) 
366–370. 

[6] A. Abd El-Naser, E.K. Abdel-Khalek, E. Nabhan, D.A. Rayan, M.S. Gaafar, N.S. Abd 
El-Aal, Study the influence of oxygen-deficient (δ=0.135) in SrFeO3-δ nanoparticles 
perovskite on structural, electrical and magnetic properties, Philos. Mag. 101 
(2021) 710–728. 

[7] E.K. Abdel-Khalek, D.A. Rayan, A.A. Askar, M.I.A. Abdel Maksoud, H.H. El- 
Bahnasawy, Synthesis and characterization of SrFeO3-δ nanoparticles as 
antimicrobial agent, J. Sol-Gel Sci. Technol. 97 (2021) 27–38. 

[8] S.E.M. Ghahfarokhi, E.M. Shobegar, Influence of pH on the structural, magnetic 
and optical properties of SrFe2O4 nanoparticles, J. Mater. Res. Technol. 9 (2020) 
12177–12186. 

[9] S.E. Mousavi Ghahfarokhi, E. Mohammadzadeh Shobegar, M. Zargar Shoushtari, 
Effects of sintering temperature on structural, morphological and magnetic 
properties of strontium ferrite nanoparticles, J. Supercond. Nov. Magn. 32 (2019) 
1067–1076. 

[10] L. Bo, Y. Hu, Z. Zhang, J. Tong, Efficient photocatalytic degradation of Rhodamine 
B catalyzed by SrFe2O4/g-C3N4 composite under visible light, Polyhedron 168 
(2019) 94–100. 

[11] E. Ateia, S. Hussien, A. Mohamed, Tuning the structural and magnetic properties of 
the stuffed framework structures MeFe2O4 (Me=Ni, Ca, and Sr), J. Inorg. 
Organomet. Polym. Mater. 33 (2023) 216–227. 

[12] M. Haq, S.U. Din, S. Khan, B. Dan, X. Chen, L. Zhu, Ultrasensitive sensors based on 
PdO@SrFe2O4 nanosphere-modified fibers for real-time monitoring of ethanol gas, 
ACS Appl. Electron. Mater. 3 (2021) 1732–1746. 

[13] X. Shen, M. Liu, F. Song, X. Meng, Structural evolution and magnetic properties of 
SrFe12O19 nanofibers by electrospinning, J. Sol-Gel Sci. Technol. 53 (2010) 
448–453. 

[14] L.A. García-Cerda, O.S. Rodríguez-Fernández, P.J. Reséndiz-Hernández, Study of 
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