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Abstract
Maghemite (γ-Fe2O3) nanoparticles were synthesized via a sol–gel process with (Fe(NO3)3 9H2O) as a starting material 
and annealed in an Ar/H2 (5%) balanced gas atmosphere. According to x-ray analysis, the average particle size was found to 
be 7.0 nm with a narrow size distribution for samples annealed at 150°C. Transmission electron microscopy (TEM) analy-
sis also confirmed a particle size of 7.2 nm. The structural and magnetic properties were analyzed using x-ray diffraction 
(XRD), vibrating-sample magnetometry (VSM), and Mössbauer spectroscopy, and were found to have a spinel structure 
and exhibit superparamagnetic behavior. TEM was carried out to monitor the size and morphology of the particles. The 
hyperfine fields at 4.2 K for the A and B sites were determined to be 509 kOe and 476 kOe, respectively. The isomer shift 
values were δB = 0.36 mm/s and δA = 0.32 mm/s, which both correspond to Fe3+. Since magnetite (Fe3O4) has Fe2+ and 
maghemite has only Fe3+, it can be seen from the Mössbauer result that the powder heat-treated at 150°C is maghemite. The 
blocking temperature (TB) of the superparamagnetic maghemite nanoparticles was approximately 167 ± 5 K. The magnetic 
anisotropy constant was calculated to be 1.4 × 106 ergs/cm3. The coercivity value at 0 K was calculated as HCO = 174.5 Oe.

Keywords  Fe Mössbauer spectroscopy · iron oxide nanoparticles · sol–gel method · maghemite · magnetite · 
superparamagnetism

Introduction

Nanotechnology is a rapidly growing field of technology 
that has the potential to revolutionize various industries. 
It involves the manipulation of materials at the atomic or 
molecular level in order to change or enhance their prop-
erties, and to create new materials with unique physical 
properties. This technology has numerous applications in 
fields such as medicine, biology, environment, and infor-
mation technology, and has led to the development of new 
and innovative technologies.1–3 In particular, research in 
nano-biotechnology has been focused on developing diag-
nostic methods and treatments for diseases. By taking into 
account both the basic physical properties and applicability 

of the materials used, this field has the potential to lead to 
significant advances in medicine. One of the most promising 
applications of nanotechnology is the development of drug 
delivery systems and hyperthermia using magnetic nanopar-
ticles.4–7 To attain this goal, it is imperative to investigate the 
magnetic properties and medical applications of nanoscale 
magnetic particles. Nanoparticles that exhibit superparamag-
netism have a wide range of biomedical applications, such as 
hyperthermia for killing cancer cells by generating heat only 
in cancer cells, drug delivery systems, and as contrast agents 
for nuclear magnetic resonance imaging. Iron oxide, due to 
its chemical stability and low cost, is a popular material for 
such studies, both domestically and internationally. Among 
iron oxides, maghemite (γ-Fe2O3) has garnered much atten-
tion for its potential applications in biomedicine.8–11

The sol–gel method offers significant advantages due to 
its chemical solution-based ambient pressure and relatively 
low-temperature process, making it highly suitable for 
large-scale applications. It allows for the precise mixing of 
materials at the molecular level and enables the production 
of nano-sized ultrafine powders with exceptional homo-
geneity and controlled particle size. In order to obtain 
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maghemite nanoparticles, a sol–gel method was employed, 
which is comparable to other synthetic techniques such 
as co-precipitation, thermal decomposition, hydrothermal 
synthesis, and microwave-assisted synthesis.1,4–8,12,13 The 
co-precipitation method involves the precipitation of metal 
salts by introducing a base or precipitating agent. While it 
is known for its simplicity and scalability, it often leads to 
larger particle sizes and agglomeration. Thermal decom-
position methods entail the decomposition of precursor 
compounds at high temperatures to form nanoparticles. 
This method allows for control over particle size and 
crystallinity, but it is time-consuming and requires care-
ful temperature control. Hydrothermal synthesis utilizes 
high temperature and pressure conditions to facilitate the 
formation of nanoparticles. It offers a narrow particle size 
distribution and improved crystallinity, but necessitates 
specialized equipment and longer reaction times. Micro-
wave-assisted synthesis employs microwave radiation to 
expedite the synthesis process, offering advantages such 
as rapid heating, short reaction times, and smaller particle 
sizes. However, optimization is critical to prevent over-
heating and ensure uniform heating throughout the sample. 
In comparison to these methods, the sol–gel method pro-
vides simplicity, versatility, and precise control over par-
ticle size and morphology. It involves the formation of a 
colloidal solution or gel, followed by drying and annealing 
steps to obtain well-dispersed maghemite nanoparticles 
with properties suitable for various applications.

Mössbauer spectroscopy allows for the determination 
of the oxidation state of iron ions, making it particularly 
useful for the analysis of unknown iron compounds. It pro-
vides valuable information about the chemical composition, 
coordination environment, and electronic structure of iron-
containing materials. Additionally, Mössbauer spectroscopy 
offers high sensitivity and selectivity, enabling the detection 
and quantification of trace amounts of iron in complex sam-
ples. This technique also provides insights into the magnetic 
and electronic properties of iron-based materials, contribut-
ing to a better understanding of their behavior and potential 
applications.14–16

In this study the sol–gel method was used to synthesize 
superparamagnetic maghemite nanopowders using iron(III) 
nitrate nonahydrate (Fe(NO3)3 9H2O) as the starting mate-
rial. The powders were annealed in a balanced gas atmos-
phere of Ar/H2(5%) for 3 h at low temperatures using a 
unique and simple annealing process. The samples were 
analyzed for their structural characteristics, particle size, and 
magnetic properties using x-ray diffraction (XRD), Möss-
bauer spectroscopy, and vibrating-sample magnetometry 
(VSM). The results of the study provide insights into the 
superparamagnetic properties of iron oxide nanoparticles, 
which could have important implications for the develop-
ment of new technologies in medicine and biotechnology.

Experiments

The ultra-fine maghemite nanopowders were synthesized 
using the sol–gel method with Fe(NO3)3 9H2O (99.99% 
purity) as the starting material. The reaction was per-
formed at 50°C for 6 h in a mixed solvent of ethanol 
and distilled water (6:1 ratio), followed by the addition 
of 1,3-propanediol, which was stirred for 1 h. The solu-
tion was then mixed with diethanolamine for another hour 
before adding a small amount of acetic acid and stirring for 
an additional 3 h to form a 0.5 M stock solution. The solu-
tion was then dried at 100°C for 72 h to form a pre-heated 
powder. The dried powder was heat-treated at 150°C for 
3 h in an Ar/H2 (5%) atmosphere to obtain the ultra-fine 
maghemite nanopowders. The crystal structure and purity 
of the maghemite nanopowders were characterized using 
x-ray diffraction (XRD) with CuKα radiation on a Philips 
x-ray diffractometer. For transmission electron microscopy 
(TEM) measurements, the samples were mounted on a 
carbon-coated copper grid. TEM studies were carried out 
on a JEM 2000EXII electron microscope. The magnetic 
properties, including coercivity and magnetic moment, 
were measured by a vibrating sample magnetometer 
(VSM, Lake Shore 7300) under an applied magnetic field 
of 10 kOe. The Mössbauer spectra were recorded using an 
electrodynamic acceleration spectrometer at temperatures 
ranging from 4.2 K to room temperature, with a 40 mCi 
57Co source in Rh metal serving as the γ-ray source.

Results and Discussion

The x-ray diffraction (XRD) results are shown in Fig. 1. 
In the case of the pre-heated powder dried at 100°C, no 
crystal peaks were observed (Fig. 1a). However, the XRD 
results for the maghemite nanoparticles annealed at 150°C 
showed a single phase and highly crystalline structure free 
from impurities (Fig. 1b). The analysis of XRD intensi-
ties, recorded as a function of Bragg's 2θ over an angu-
lar range of 20° to 80°, showed no evidence of hematite 
phase formation. The formation of a cubic spinel structure 
was confirmed by analyzing the diffraction patterns using 
(220), (311), (222), (400), (422), (511), (440), and (620) 
reflection planes. The lattice constant was calculated to 
be 8.348 Å using the Nelson-Riley function,17 which is 
nearly the same as the lattice constant of bulk maghemite 
(a = 8.345 Å).18 The broadening of the reflection peak 
around 35.5°, which is the main peak in Fig. 1b, observed 
after annealing the powder at 150°C suggests the forma-
tion of very small spinel particles. The average particle 
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size was calculated using the Debye–Scherrer equation by 
analyzing the diffraction line width of the (311) peak.19

where 0.9 represents the Scherrer constant, λ is the wave-
length of the CuKα radiation (λ = 1.5406 Å), β is the broad-
ening in the full width at half maximum (FWHM) in radians, 
and denotes the Bragg angle. The average particle size of 
maghemite calculated by the Debye–Scherrer equation was 
7 nm. X-ray diffraction analysis revealed that the sample 
consists of a spinel structure, but it is difficult to differentiate 
between magnetite (Fe3O4) and maghemite (γ-Fe2O3) using 
XRD alone. This is because both magnetite and maghemite 
possess the same spinel structure, leading to almost identi-
cal positions of x-ray diffraction peaks. The differentiation 
between magnetite and maghemite can be made unambigu-
ously using a Mössbauer spectrometer. The x-ray diffraction 
analysis of the sample dried at 100°C revealed no crystalline 
peaks, likely due to the low temperature inhibiting grain 
growth and preventing crystallization.

Transmission electron microscopy (TEM) analysis was 
performed to compare the particle size using the Scher-
rer formula. For TEM measurements, the samples were 
mounted on a carbon-coated copper grid. Figure 2 shows 
a TEM image of the 150°C annealed sample, indicating 
an average particle size D ~ 7.2 ± 0.4 nm, with quite nar-
row particle size distribution. As expected, it exhibits a 
superparamagnetic behavior, characteristic of small mag-
netic particles. TEM was used for measuring the average 
particle size and the size distribution of those particles, 
defined as D =  < dω > / < ω >  =  < dV > / < V >  =  < d4 > / 
< d3 > , where d, ω, and V are the particle size, weight and 

(1)Dhkl =
0.9�

� cos �

volume, respectively. The results obtained from the TEM 
analysis showed a close agreement with the x-ray diffrac-
tion results, with both methods yielding similar particle 
sizes of approximately 7 nm. This consistency highlights 
the reliability and consistency of the particle size meas-
urements across the different characterization techniques 
employed in this study. The TEM analysis revealed the 
presence of slight agglomeration in the nano-sized iron 
oxide powder and demonstrated a uniform particle size 
distribution. The inset in Fig.  2 presents the results 
obtained from particle size analysis (PSA), providing fur-
ther insights into the particle characteristics. These find-
ings highlight the importance of TEM analysis in under-
standing the structural properties and dispersion behavior 
of the iron oxide nanoparticles.

The Mössbauer spectra were measured at room tempera-
ture and 4.2 K for the pre-heated samples dried at 100°C, 
and the results are shown in Fig. 3 and Table I. The Möss-
bauer spectrum measured at room temperature of the pre-
heated sample consisted of two doublets and exhibited 
relatively large quadrupole splitting values of 0.74 mm/s 
and 2.44 mm/s, and isomer shift values of 0.42 mm/s and 
1.11 mm/s, which indicate the presence of Fe3+ and Fe2+ 
ions, respectively. As the presence of Fe2+ is consistent 
with magnetite, a Mössbauer spectrum was measured at 
4.2 K to confirm this and is shown in Fig. 4. The 4.2 K 

Fig. 1   XRD patterns of (a) iron oxide pre-heated powders at 100°C 
and (b) iron oxide nanoparticles annealed at 150°C in an atmosphere 
containing Ar/H2(5%).

Fig. 2   TEM images of iron oxides nanoparticles annealed at 150°C 
in an atmosphere containing Ar/H2(5%). The inset shows the parti-
cle size analysis (PSA) histogram and the average particle size was 
7.2 nm.
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Mössbauer spectrum of the pre-heated powder, depicted 
in Fig. 4, also appeared as two doublets, indicating that it 
was not a superparamagnetic magnetite or maghemite, but 
rather a typical Mössbauer peak with no crystal phase. The 
4.2 K spectrum also exhibited a large quadrupole splitting 
value and was analyzed as two doublets with Fe3+ and Fe2+ 
ion states. The results demonstrate that the sample dried 
at 100°C was still too low in temperature for crystal phase 
formation. For the sample heat-treated at 150°C, a single 
doublet was observed. A 4.2 K Mössbauer spectrum was 
taken to determine whether the sample was maghemite or 
magnetite. The 4.2 K Mössbauer spectrum showed two sex-
tet resonance absorption lines, which were composed of two 
sets of A (tetrahedral) and B (octahedral) sites in a ferrimag-
netic spinel structure. As shown in Table I, the ion states of 

both the A and B sites were Fe3+, which confirms that the 
nanopowders heat-treated at 150°C were maghemite nano-
powders. To determine whether the maghemite nanopowders 
have superparamagnetic properties, the Mössbauer spectrum 
was measured while increasing the temperature from 4.2 K 
to room temperature, and the Mössbauer spectra at different 
temperatures are shown in Fig. 5. As shown in the figure, the 
maghemite nanopowders with a size of 7 nm exhibit typical 
superparamagnetic properties. The study of superparamag-
netic properties is actively pursued through Mössbauer spec-
troscopic experiments, which can measure small changes in 
specific energy using gamma-ray resonance. According to 
the theory of superparamagnetism,20–22 the relaxation time 
of superparamagnetism, τ, can be described as

where τ0 is the relaxation time constant (τ0 ≈ 10−10 s), K 
is the magnetic anisotropy constant, V is the volume of the 
nanoparticle, kB is the Boltzmann constant, and T is the 
temperature. The resonance absorption line in the Möss-
bauer spectrum appears as a singlet or doublet when τ is 
much faster than 10−8 s, which corresponds to the Larmor 
precession time, and appears as a sharp sextet when τ is 
much slower than 10−8 s.23 At room temperature, the reso-
nance absorption line appeared as a doublet. However, as 
the temperature decreased, the area of the sextet increased 
and the area of the doublet decreased, as shown in Fig. 5. 
Below 63 K, the doublet no longer appeared in the center 
of the resonance absorption line. The results of the Möss-
bauer spectrum taken at 12 K indicate that the resonance 
absorption lines are composed of two sets of sextets at A 
and B sites, which is typical of spinel ferrite. These results 
suggest that the maghemite nanoparticles exhibit superpara-
magnetic properties at room temperature, but exhibit ferri-
magnetic properties as the temperature decreases. At 4.2 K, 
the ultrafine magnetic field values at the A and B sites were 
Hhf(B) = 509 kOe and Hhf(A) = 476 kOe, and the isomer shift 
values were δB = 0.36 mm/s and δA = 0.32 mm/s, which both 
correspond to Fe3+.

In order to confirm the superparamagnetic properties of 
the maghemite nanopowders, hysteresis curves were meas-
ured by applying an external magnetic field of 10 kOe at 
50 K and increasing the temperature to room temperature 

(2)� = �0e
(KV∕KBT)

Fig. 3   Room-temperature Mössbauer spectra of (a) iron oxide pre-
heated powders at 100°C and (b) iron oxide nanoparticles annealed at 
150°C in an atmosphere containing Ar/H2(5%).

Table I   Hyperfine field Hhf, 
quadrupole splitting ΔEQ, 
isomer shift δ for iron oxide 
nanoparticles annealed at 
150°C and pre-heated powders 
measured at 4.2 K and room 
temperature (RT).

Sample Iron state and site Hhf (kOe) ΔEQ (mm/s) δ (mm/s)

4.2 K RT 4.2 K RT 4.2 K RT

150°C Fe3+(B) 508.8 –  − 0.02 0.92 0.35 0.34
Fe3+(A) 475.8 0.04 0.31

Pre-heated Fe3+ – – 0.83 0.74 0.41 0.42
Fe2+ – – 2.88 2.44 1.20 1.11



6312	 S. Y. An 

1 3

using a VSM. The characteristic of superparamagnetism 
can be confirmed through macroscopic magnetism measure-
ments by observing that the hysteresis disappears and both 
the remanent magnetization (Mr) and the coercivity (HC) are 
zero.24,25 As shown in Fig. 6, the hysteresis curve measured 
at temperatures below 150 K displayed the characteristics 
of ferrimagnetism, with non-zero values for both the rema-
nent magnetization (Mr) and the coercive force (HC), and an 
increase in the coercive force as the temperature decreased. 
As depicted in Fig. 7a, the hysteresis curve measured at 
room temperature exhibited the properties of superparamag-
netism, with Mr and HC values equal to zero. This result was 
found to be in agreement with the results obtained from the 
Mössbauer experiments.

According to the theory of superparamagnetism, the mag-
netization of magnetic nanoparticles is free to align with 
the applied field when the temperature is above the block-
ing temperature (TB). Below TB, the magnetic nanoparticles 
exhibit ferrimagnetic behavior, as seen by the increase in 
remanent magnetization (Mr) and coercivity (HC). The rela-
tive magnetization (M/MS) curves were fitted using a log-
normal Langevin function, represented by Eq. 3.26,27

(3)f (�) =
1

��
√

2�
exp

�

−
ln(�∕�0)

2

2�2

�

The function includes parameters such as the distribu-
tion width (σ) and the median of the distribution (μ0), 
which is related to the average magnetic moment (μm).

The best fit based on the log-normal weighted Langevin 
functions was obtained with a median of the distribution 
μ0 = 8.25 × 10−17 emu and a distribution width σ = 0.82. 
Figure  7a demonstrates good agreement between the 
experimental and simulated relative magnetization (M/MS) 
curves as a function of the external magnetic field. By 
assuming a log-normal size distribution of superparamag-
netic particles, it was possible to calculate their particle 
size. This was achieved using the formula

(4)�m = �0 exp

(

�2

2

)

(5)�m =
�S�D

6

3

Fig. 4   Low-temperature (4.2  K) Mössbauer spectra of (a) iron 
oxide pre-heated powders at 100°C and (b) iron oxide nanoparticles 
annealed at 150°C in an atmosphere containing Ar/H2(5%).

Fig. 5   Mössbauer spectra at various temperatures of maghemite nan-
oparticles annealed at 150°C in an atmosphere containing Ar/H2(5%).
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where σs is the bulk saturation magnetization (510 emu/cm3) 
and the average particle size is D, then calculated using the 
formula

The calculation of the average particle size resulted in a 
value of 6.8 nm, which was found to be in close agreement 
with the 7.0 nm obtained through the Scherrer equation. In 
the theory of superparamagnetism, the coercivity of the sam-
ple below the blocking temperature (TB) has a temperature 
dependence described by the following equation28–30:

where HC0 is the coercivity at 0 K and TB is the blocking 
temperature. Figure 7b shows the temperature-dependent 
coercivity, which was obtained by performing a least-squares 

(6)D = 3

√

6 ⋅ �m

� ⋅ �S

(7)HC(T) = HCO

[

1 −

(

T

TB

)1∕2
]

fit. The result was a value of HC0 = 174.5 Oe. The value of 
the magnetic anisotropy constant K was calculated as K = 1.4 
x 106 erg/cm3 in the formula HCO = 0.64 K/σs. The inset in 
Fig. 7b shows the field-cooled (FC) and zero-field-cooled 
(ZFC) curves for the 7-nm maghemite nanoparticles from 
65 K to 300 K at the applied magnetic field of 200 Oe. The 
ZFC and FC curves are coincided above 250 K and separated 
below 250 K. The blocking temperature was determined to 
be 167 K ± 5 K, which corresponded to the temperature at 
which the ZFC curve showed its maximum value.

Conclusion

Maghemite nanoparticles were synthesized using the sol–gel 
method, and the size and magnetic properties of the parti-
cles were investigated using x-ray diffraction, Mössbauer 
spectroscopy, and VSM. The results of the x-ray diffrac-
tion experiment indicated that heat-treating the particles 

Fig. 6   Typical hysteresis loops of the maghemite nanoparticles meas-
ured at (a) 50 K, (b) 77 K, (c) 100 K, (d) 125 K, (e) 150 K, and (f) 
200 K.

Fig. 7   (a) Experimental and calculated curves of relative magnetiza-
tion as a function of external magnetic field at room temperature, (b) 
coercivity (HC) plot with respect to the T1/2. The inset shows the tem-
perature dependence of the magnetization in the ZFC and FC cases 
with external magnetic field 200 Oe for maghemite nanoparticles.
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at 150°C resulted in a pure cubic spinel structure, with an 
average particle size of 7 nm. TEM analysis revealed slight 
agglomeration in the nano-sized iron oxide powder, but also 
indicated a uniform particle size distribution. These find-
ings provide important insights into the structural proper-
ties and dispersion behavior of the iron oxide nanoparticles 
synthesized in this study. The Mössbauer spectroscopic 
experiment and VSM measurement showed that the heat-
treated particles had superparamagnetic properties at room 
temperature, with a blocking temperature (TB) of 167 K. 
Furthermore, the magnetic anisotropy constant (K) was 
determined to be 1.4 × 106 erg/cm3. At 4.2 K, the ultrafine 
magnetic field values at the A and B sites were Hhf(B) = 509 
kOe and Hhf(A) = 476 kOe, and the isomer shift values were 
δB = 0.36 mm/s and δA = 0.32 mm/s, which both correspond 
to Fe3+. In conclusion, the sol–gel method is a promising 
method for synthesizing superparamagnetic maghemite nan-
oparticles with unique properties, which could be utilized in 
biomedicine for applications such as hyperthermia and drug 
delivery systems.
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