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A B S T R A C T   

Iron oxide magnetic nanoparticles (MNPs) are of interest in biomedicine and research owing to their moderate 
cytotoxicity and advanced properties, such as extensive surface-to-volume ratio and possibilities for tailoring 
their functionality through surface chemistry. To date, various approaches have been used for the synthesis of 
MNPs with controllable structural properties and various coatings to enhance their stability and functionality. 
This study describes a modified one-step method of coprecipitation in the presence of glycine allowing the 
production of particles with controllable size and in situ surface decoration. The effect of different glycine 
concentrations on the morphostructural and magnetic properties of iron oxide MNPs is studied. The particle size 
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is reduced from 10.2 ± 0.3 to 7.2 ± 0.5 nm by increasing the glycine concentration from 0.06 up to 0.60 mol. 
The magnetic properties of obtained particles were tracked by SQUID magnetometry and Mössbauer spectros-
copy. All samples of glycine capped iron oxide MNPs showed superparamagnetic behaviour at room temperature 
with maximal value of the saturation magnetization of 69 ± 4 Am2/kg. The results show the optimal concen-
tration range of glycine which can be used in this method: a lower concertation than 0.15 mol does not affect the 
properties of obtained particles while higher concentrations than 0.3 mol lead to the reduction of magnetic 
properties (the saturation magnetisation reduces to 59 ± 3 Am2/kg when glycine concentration was 0.6 mol). 
The proposed economic and environment-friendly approach can be utilized to synthesise –NH2 functionalised 
MNPs for biomedical or wastewater treatment.   

1. Introduction 

Magnetic nanoparticles (MNPs) are currently being studied inten-
sively for a range of biomedical applications [1–5], particularly for 
cancer treatment via both targeted hyperthermia and drug delivery, as 
well as in diagnostics, for example, in magnetic resonance imaging 
(MRI) for use as contrast agents. An array of MNP materials exist for 
these applications, with ferrimagnetic iron oxides (magnetite Fe3O4 and 
maghemite γ-Fe2O3) being of particular note due to a favourable 
compromise between biocompatibility and magnetic properties (satu-
ration magnetisation) [6–9]. The magnetic properties of iron oxide 
MNPs can be enhanced by doping with other metal ions, however, 
compared with other magnetic materials only iron is involved in so 
many functions of the human body and actively involved in metabolism 
(the human body contains about 4 g of iron [10]). Thus, among inor-
ganic MNPs only iron oxides Fe3O4 and γ-Fe2O3 were approved by Food 
and Drug Administration (FDA) for use in the clinic and can be 
considered to be biocompatible [11,12]. The most significant advances 
in the use of MNPs appear to be related to the design of multifunctional 
platforms allowing simultaneous implementation of several diagnostic 
and therapeutic methods in the theranostic approach [13,14]. 

To use iron oxide MNPs, it is necessary to control their magnetic and 
morphostructural properties, which can be achieved by adjustment of 
the synthesis procedure. Various synthesis methods have been devel-
oped to obtain Fe3O4 and γ-Fe2O3 MNPs [15]. This can be done by 
coprecipitation, hydrothermal synthesis, sol-gel and other methods (see, 
for example, [16–18] and references therein). The Massart method of 
coprecipitation ([19]) is one of the most frequently used since it is robust 
and allows for production of a large volume of particle suspension in a 
one-pot synthesis. There are several strategies to improve this method to 
better control particle size and shape distribution, which in turn impact 
overall magnetic properties. One of those strategies is the addition of a 
capping agent to the metal ion solution prior to the precipitation reac-
tion [20]. A capping agent is usually some organic molecule with a 
functional group (e.g., amino or carboxyl) that can bind with the particle 
surface and inhibit the further growth of the MNPs once the desired 
volume is reached [21,22]. Moreover, the surface decoration with some 
organic molecules provides additional functionality, better colloidal 
stability and control of magnetic properties [3,22,23]. 

The free –NH2 groups can be further functionalised by polymers or 
other biomolecules for specific applications. For example, recently iron 
oxide MNPs were linked to specific antibodies for the SARS-CoV-2 and 
used for high-quality RNA extraction [24,25]. The efficiency of this 
approach for further detection of the SARS-CoV-2 virus by to real-time 
reverse transcription polymerase chain reaction (RT-PCR) assay on a 
large scale was confirmed by clinical tests. Thus, the development of 
economically relevant methods allowing for production of large quan-
tities of functionalized MNPs is highly demanded. 

Hamed Nosrati et al. proposed a novel synthesis procedure involving 
in situ surface coating with different amino acids [26], which is both 
simple and highly efficient. Amino acid coatings of this type, particu-
larly glycine which shows high adsorption through its carboxyl end 
[27], present excellent opportunities for more versatile biomedical ap-
plications both giving good stability, and allowing for further 

conjugation using the exposed amino group [28–30]. It was shown that 
the glycine-coated iron oxide MNPs showed high r2 relaxivity and 
magnetic hyperthermia performance together with moderate cytotox-
icity effect on primary mouse fibroblasts (L929) and human cervical 
cancer cells (HeLa) [31]. Thus, glycine-coated MNPs have the potential 
for use in both therapy and diagnostics of cancers, moreover as 
mentioned by the authors of ref. [31], such particles can be further 
conjugated with biomolecules or drugs for targeted drug delivery and 
other bioapplications. 

The glycine-functionalised MNPs have promising environmental 
applications, allowing for the complexation and removal of harmful 
metal ions in water [32–34]. In particular, a removal efficiency for Cu 
(II) and Pb(II) ions from water of more than 90% can be achieved by 
magnetically separable and reusable MNPs [32,33]. Hence, 
glycine-coated MNPs with controlled structural and magnetic properties 
are of fundamental interest for biomedicine, environmental and other 
applications. Nevertheless, in the previous work [26], the MNPs pre-
pared with glycine showed the lowest value of saturation magnetisation 
compared with other tested amino acids. 

From the point of view of magnetic properties, the magnetically 
disordered surfaces arising due to the broken symmetry at the interface 
of the magnetic with the nonmagnetic (para- or diamagnetic) phase and 
spin disorder around defects play an important role in small magnetic 
particles [35]. The frequently observed phenomenon related to the de-
viation of surface spins is the so-called "magnetic dead layer" which 
usually leads to a decrease in saturation magnetization and an increase 
in anisotropy [36]. To keep high magnetic properties, it is important to 
precisely control the particle growth process by the optimisation of 
synthesis conditions. This can be achieved, for example, by adding the 
ligands containing amine groups with chelating properties preventing 
particle growth and temperature during the coprecipitation process 
[37]. 

In this work, the modified coprecipitation reaction was carried at a 
temperature of 80 ◦C and with the addition of glycine concentrations in 
the range of 0.06–0.60 mol to prepare iron oxide MNPs of different sizes. 
The optimisation of synthesis parameters allowed for production of iron 
oxide MNPs with controllable averaged diameters in the range from 10.2 
± 0.3 to 7.2 ± 0.5 nm and high crystallinity confirmed by the proximity 
of particle and crystal sizes, and relatively high values of saturation 
magnetisation. Magnetic properties were deeply studied by SQUID 
magnetometry and Mössbauer spectroscopy. Analysis of the parameters 
of the Mössbauer spectra of the synthesized iron oxide MNPs as well as 
the distribution functions of the effective magnetic fields on the iron 
nuclei P(μ0Heff) showed that in the MNPs investigated there exists a 
surface layer whose magnetic structure differs from that of the particle 
interior. The effective magnetic fields on the iron nuclei in the surface 
region are significantly lower than those on the iron nuclei in the core of 
the particle. The reasons for the formation of such a layer are analyzed. 
The magnitude of the μ0Heff decrease agrees with theoretical estimates 
made within the framework of the theory of molecular orbitals. 
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2. Materials and methods 

2.1. Reagents 

Iron (II) sulfate hydrate, FeSO4⋅7H2O, iron (III) chloride hydrate, 
FeCl3⋅6H2O (Neva reactive Co., Russia), Glycine with a purity of 97% 
and sodium hydroxide (Neva reactive Co., Russia) were used. Ethanol 
(C2H5OOH) > 99% was utilized for washing the particles. Deionized 
water was used during the entire process for solution preparation. All 
purchased materials were used as received. All syntheses were per-
formed under oxygen-free conditions. 

2.2. Synthesis of glycine coated MNPs 

Five samples of iron oxide MNPs (Fe3O4/γ-Fe2O3) were prepared by 
coprecipitation in the presence of different concentrations of glycine 
(0.06, 0.10, 0.15, 0.30 and 0.60 mol/L). All samples of MNPs were 
labelled according to the glycine content used in synthesis (G0.06, 
G0.10, G0.15, G0.30 and G0.60). 

In a typical experiment (for example, for the G0.06 sample), 0.1 mol 
FeSO4⋅7H2O and 0.2 mol FeCl3⋅6H2O were dissolved in 50 mL degassed 
deionized water and added into a 100 mL flask, which was immersed in 
a room temperature water bath. Then the glycine was added to set the 
concentration of 0.06 mol/L in the reaction solution over the duration of 
the reaction. 3 mol of NaOH was dissolved in 20 mL degassed deionized 
water. The reaction solution was mechanically stirred at 800 rpm while 
heating up to 80 ◦C. After reaching a temperature of 80 ◦C, NaOH was 
added dropwise to the mixture, stirring was continued for 2 h. At the end 
of this reaction time, the solution was decanted, allowing the particles to 
be washed with ethanol and centrifuged at 2900 rpm for 10 min. This 
procedure was repeated twice, then the particles were separated and 
dried overnight at 70 ◦C. The schematic representation of synthesis 
route to produce glycine-functionalised MNPs is: 

FeCl3⋅6H2O
+

Fe(SO4)⋅7H2O
̅̅̅̅̅̅̅̅̅̅̅̅̅→

H2O+glycine, 80◦C

NaOH
(Fe3O4/γ − Fe2O3)@glycine  

2.3. Morphostructural characterisation 

X-ray diffraction (XRD) studies were performed with a DRON-3 
diffractometer using Cu Kα with graphite monochromator 
(λ = 1.54177 Å) in the 2θ geometry in a range of 10–80 degrees. Riet-
veld analysis was performed on the XRD data using the software 
developed by Shelekhov and Sviridova [38]. The instrumental broad-
ening was measured using a germanium powder sample without phys-
ical broadening. The lattice parameter precision was 0.008 Å. 

The morphology of the samples was studied with a transmission 
electron microscope (TEM, Hitachi TM3000 with X flash 430 H detector, 
Bruker; HT7700, Hitachi) operated at 200 kV. The powders were first 
dispersed in n-hexane and placed in an ultrasonic treatment for about 
10 min. A few drops of the suspension were placed on a carbon-coated 
copper grid and left to dry in the air. Particle size distribution was 
determined by analysis of TEM micrographs, fitted with a lognormal 
distribution: 

P =
A

dσ
̅̅̅̅̅
2π

√ exp

⎡

⎢
⎢
⎣ −

ln2
(

d
〈dTEM〉

)

2σ2

⎤

⎥
⎥
⎦, (1)  

where A is the area of the peak, dTEM is the median value of the variable 
d and σ is the standard deviation. The particles size distribution was 
estimated by calculation of about two hundred particles from several 
images. 

2.4. Thermal analysis 

Simultaneous Thermal Analysis (STA) was performed on a NETZSCH 
STA 449 C instrument with a Quadrupole Mass Spectrometer (QMS) 
403 C (mass control m/z = 18, 28, 30, 32, 40, 44, 46). All analyses were 
performed under a dynamic atmosphere (20% O2–Ar) with a flow rate of 
63 cm3/min in a platinum crucible with a perforated lid. The tempera-
ture was first stabilized for 30 min at 40 ◦C, then simultaneously Ther-
mogravimetric (TG) and Differential Scanning Calorimetry (DSC) 
analyses were performed in a heating process with the rate of 15◦/min to 
1000 ◦C. 

2.5. Magnetic properties 

Magnetic properties of the nanoparticles were investigated using a 
vibrating sample magnetometer of a Quantum Design Physical Property 
Measurement System (PPMS 9 T) in the field range up to 9 T. The 
magnetisation was normalised by the mass of the sample considering the 
organic content known from TG analysis. M vs T curves were measured 
in a magnetic field of 10 mT for the sample after cooling in zero field 
(ZFC curve) and cooling in a non-zero magnetic field (FC curve) [39]. 
Specifically, in the ZFC protocol, the sample was cooled down to 4.2 K in 
the absence of a magnetic field, then the measuring magnetic field was 
applied and the magnetization was recorded during heating from 4.2 K 
to 300 K. In the FC protocol, the sample was cooled in the magnetic field 
of 10 mT and then the magnetization was recorded during the heating in 
the same measuring field. 

2.6. Mössbauer spectroscopy 

The state of the Fe atoms in the samples was investigated using a 
Mössbauer spectrometer operating in constant acceleration mode with a 
triangular form of change in the Doppler velocity of the source relative 
to the absorber. A 57Co isotope in Rh matrix was used as a source of 
γ-radiation. The measurements were performed in the geometry of 
transmission of γ-rays through the sample at 300 K or 80 K. The velocity 
was calibrated using a metal foil absorber made of α-Fe. Isomeric shift 
(δ) values were determined relative to the α-Fe metal foil at 300 K. The 
experimental Mössbauer spectra (MS) were mathematically processed 
using a program using the least-squares method and the Lorentzian form 
of spectral lines, as well as the method of decoding spectra by restoring 
the distributions of hyperfine interactions (HFI) parameters, within the 
framework of the magnetic particle size distribution model implemented 
in the SpectrRelax program [40]. Information on the phase composition 
was obtained by analyzing the parameters of hyperfine interactions 
obtained from experimental MS. 

3. Results and discussions 

3.1. Morphostructural characterisation 

X-Ray Diffraction (XRD) data of all prepared samples present a 
typical pattern of a cubic spinel ferrite with no impurities (Fig. 1). Phase 
distinguishing between maghemite and magnetite especially for nano-
structural materials is a complicated task due to similar spinel structures 
with similar positions and intensities of peaks. The typical value of lat-
tice parameter (a) for maghemite is 0.834 nm and for magnetite is 
0.839 nm [41]. The observed value of lattice constant laying between 
both and it slightly increases for the sample prepared with the minimal 
concentration (0.06 mol) of glycine (Table 1). The size of crystallites 
(dXRD) for samples G0.06–0.15 are around 9 nm and equivalent within 
the frame of experimental error. For samples G0.30 and G0.60, the dXRD 
gradually decreases to 8.3 ± 0.5 and 6.8 ± 0.5 nm respectively. 

According to the TEM investigation, particles have nonhomogeneous 
rectangular/spherical shapes (Fig. 2(a)). Resultant size distributions 
fitted with the lognormal function are shown in Fig. 2(b). Average 
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particle sizes (dTEM) decrease with the increase of glycine concentration 
in agreement with decreased size of crystallites dXRD (Table 1). The dTEM 
was slightly larger than the dXRD for bigger particles and almost equal for 
smaller ones, which confirms the good crystal nature of particles. Par-
ticle size with the increase of glycine content decreases slowly in com-
parison to a similar system, where instead of glycine, different 
concentrations of citric acid were added before precipitation of iron 
oxide MNPs [42]. 

3.2. Thermal properties 

According to STA three distinct processes are observed under heating 
of the samples in the oxidative atmosphere (Fig. 3(a,b)):  

• 40–150 ◦C: mass loss due to endothermic elimination of water;  
• 150–600 ◦C: mass loss with the simultaneous exothermic process of 

H2O+CO2 formation;  
• 580–670 ◦C: a pronounced exothermal effect without a noticeable 

change in mass. 

Released compounds were determined by QMS, namely two ion 
currents with the intensity of m/z equals to 18 (H2O) and 44 (CO2) (data 
not shown). Thus, during the heating, first, the absorbed water evapo-
rates and then the glycine oxidizes. According to TG, the mass is almost 
constant after 800 ◦C, thus the (100 − Δm40–800) value (%) (Table 2) can 
be considered as inorganic content with some possible additional error 
due to oxidation of magnetite to maghemite (if the first was present). 
The process of magnetite oxidation should be accompanied by a mass 
gain of 3.45% (2 ×Fe3O4 + ½×O2 = 3 ×Fe2O3), that however was not 
detected due to water and organic content elimination processes 

Fig. 1. (a) XRD patterns of iron oxide MNPs prepared in the presence of different concentrations of glycine; (b) enlargement of the strongest (311) reflection: one can 
observe a slight peak broadening and preserving its position with an increase in glycine concentration. 

Table 1 
Results of XRD and TEM analysis of MNP samples prepared at different glycine 
concentrations: lattice parameter (a), crystallite size (dXRD), median particle size 
(dTEM) and standard deviation of the log of the distribution (σ).  

Sample Glycine  
concentration  
(mol/L) 

a (nm) dXRD (nm) dTEM (nm) σ 

G0.06  0.06  0.8368 8.8 ± 0.5 10.2 ± 0.3 0.31 ± 0.03 
G0.10  0.10  0.8360 9.4 ± 0.5 10.1 ± 0.2 0.20 ± 0.02 
G0.15  0.15  0.8361 9.3 ± 0.5 9.7 ± 0.2 0.23 ± 0.02 
G0.30  0.30  0.8361 8.3 ± 0.5 8.1 ± 0.3 0.33 ± 0.03 
G0.60  0.60  0.8362 6.8 ± 0.5 7.2 ± 0.5 0.35 ± 0.07  

Fig. 2. (a) TEM images of G0.06–G0.60 samples (scale bar of 20 nm is the same for all images); (b) hystograms and results of log-normal fit of particle size 
distribution. 
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occurring at the same temperature region [43]. Pronounced exothermal 
effect with peaks at TM without a noticeable change in mass (or with a 
very weak change) can be attributed to the phase transition of maghe-
mite to hematite [43]. Comparing Δm40–800, one can note that it de-
creases with the increase in the particle size, and it is almost constant in 
the frame of errors for samples G0.06, G0.10 and G0.15 of the same 
sizes. The increase of Δm40–800 with the concentration of the glycine 
added is most probably a result of combined action of enhanced glycine 
sorption from concentrated solutions and expected particle`s surface 
growth in the series of G0.06–G0.60. The shift of the TM value reflects 
changes in the thermal stability of the oxide phase. It was shown that 
nanocrystalline γ-Fe2O3 has a higher transition temperature than the 
coarse-grained counterpart [44]. In our case, we have an opposite trend: 
the TM value is shifted for the smaller particles to the lower tempera-
tures, and it can be related to the changes of the enthalpy, associated 
with phase transition at TM (Fig. 3b). To better explain this result, 
further studies are needed. 

3.3. Magnetic properties 

The magnetic properties of all samples were studied with the 
vibrating sample magnetometer of a Quantum Design Physical Property 
Measurement System (PPMS 9 T) (Fig. 4). In all cases, the MS at 4.2 K 

(Table 3) is smaller than that of bulk Fe3O4 (92 Am2/kg) or γ-Fe2O3 (83 
Am2/kg) [45,46]. Nevertheless, the reduction in MS values for small 
crystals is expected, due to the surface spin disorder [22,23]. The lowest 
MS value (64 ± 3 Am2/kg at 4.2 K) was found in the sample G0.60, 
while for the rest of the samples, this value is almost equal within the 
confidence interval. The coercivity is also almost unaltered for the whole 
set of samples, except for the sample G0.60. Obtained MS and μ0HC 
values are in accordance with literature data for magnetic iron oxide 
nanoparticles in the studied size range [47–49]. At 300 K, all M-H curves 
exhibit superparamagnetic character with no observable coercivity and 
remanence (Fig. 4(b)). The MS value measured at 300 K was higher than 
the value of 27 Am2/kg found in smaller iron oxide MNPs of smaller size 
prepared by similar one-pot approach in the presence of glycine [26]. 

Temperature dependence of magnetisation measured for ZFC and FC 
samples represents a typical bifurcating curve for superparamagnetic 
particles (Fig. 5a). The peak value of the ZFC curve (Tmax) shifts toward 
the lower temperatures for samples prepared in the presence of the 
higher glycine content. The blocking temperature (TB) is defined by the 
transition from the blocked to the superparamagnetic state of a 50% 
volume fraction of particles [50,51]. According to refs.[50,51], the 
blocking temperature can be found from the derivative of the difference 
of ZFC and FC magnetization curves d(MZFC – MFC)/dT (Fig. 5b). The d 
(MZFC – MFC)/dT derivative represents the distribution of blocking 
temperatures. The mean TB value can be defined as a temperature where 
the integral value reaches 50% (alternatively, as the inflection point of 
the ZFC curve or a maximum of d(MZFC – MFC)/dT). Although d(MZFC – 
MFC)/dT does not reach zero at low temperatures (probably due to 
interparticle interactions or surface spin freezing), the trend of TB agrees 
with the trend of Tmax. Both Tmax and TB values decrease with the 
decrease in particle size (or increase in glycine content). Linear depen-
dence of TB versus particle volume (V ~ dTEM

3 ) in Fig. 5c is since TB ~ KV, 
where K is the anisotropy constant. Thus, TB is proportional to the 
particle size if K does not depend on it. Tmax is related to TB according to 
equation β ≈ Tmax/TB [52]. The shift of Tmax from TB and, as the 

Fig. 3. (a) Differential scanning calorimetry and (b) thermogravimetric DSC curves for thermal conversion of G0.06–G0.60 samples (20%O2 – Ar, β = 15◦/min); (c) 
enthalpy associated with phase transition at TM as a function of surface-to-volume ratio (S/V) of MNPs. 

Table 2 
The results of STA for G0.06–G0.6 samples: mass loss at 200 ◦C (Δm40–200) and 
at 800 ◦C (Δm40–800), the position of the exothermal peak (TM) and enthalpy 
associated with phase transition at TM.  

Sample Δm40–200, % Δm40–800, % TM, ◦C − ΔH, J/g 

G0.06 1.4 ± 0.1 3.1 ± 0.1 669 ± 1 126 ± 8 
G0.10 1.0 ± 0.1 3.0 ± 0.1 639 ± 1 129 ± 8 
G0.15 1.1 ± 0.1 2.9 ± 0.1 669 ± 1 128 ± 8 
G0.30 1.8 ± 0.1 3.5 ± 0.1 625 ± 1 134 ± 6 
G0.60 1.8 ± 0.2 5.5 ± 0.2 581 ± 1 146 ± 10  
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consequence, the value of the β coefficient, is due to particle size dis-
tribution. In our case, the value of β gradually decreases from the value 
of 3.0 for the G0.06 sample to 2.4 for the G0.60 sample. 

3.4. Mössbauer spectroscopy 

Iron oxides have very rich chemistry and there are several magnetic 
and non-magnetic forms (Fe3O4, γ-Fe2O3, α-Fe2O3, and others) stable at 
ambient conditions. Distinguishing magnetic oxides, Fe3O4 and γ-Fe2O3 
is practically impossible by laboratory X-ray diffraction techniques 
because the lattice constants of these oxides are so close. The same is 
true of the magnetic properties of those oxides by standard magne-
tometry methods. Mössbauer spectroscopy is a very sensitive method 
that provides information about Fe ions occupying non-equivalent lat-
tice positions because the hyperfine field parameters for Fe are located 
in different sublattices [53–56]. Utilizing Mössbauer spectroscopy it is 
possible to determine the phase composition and determine the content 
of various iron oxides in the studied material, which is not possible by 
other techniques. 

The experimental Mössbauer spectra (MS) of G0.10, G0.3 and G0.6 

Fig. 4. M-H curves measured at (a) 4.2 K and (b) 300 K. Insets: enlargement of a low-field region.  

Table 3 
Magnetic properties of samples: the saturation magnetization (MS), the coercive 
field (μ0HC), the maximum of MZFC (Tmax) and the blocking temperature (TB).  

Sample MS, Am2/kg μ0HC, mT Tmax, TB, β 

(4.2 K) (300 K) (4.2 K) K K (Tmax/TB) 

G0.06 73 ± 4 69 ± 4 30 ± 1 227 ± 2 77 ± 2  3.0 
G0.10 75 ± 4 69 ± 4 34 ± 1 220 ± 2 76 ± 2  2.9 
G0.15 70 ± 4 68 ± 4 31 ± 1 199 ± 2 71 ± 2  2.8 
G0.30 74 ± 4 69 ± 4 34 ± 1 169 ± 2 63 ± 2  2.7 
G0.60 64 ± 3 59 ± 3 37 ± 1 142 ± 2 58 ± 2  2.4  

Fig. 5. (a) ZFC and FC curves measured in a measuring field of 10 mT (arrow indicates the temperature of the maximum of the ZFC curve); (b) energy barrier 
distribution d(MZFC – MFC)/dT plotted versus temperature (dots indicate its maximum); (c) blocking temperature as a function of particle volume. 
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(samples with gradually changed size) obtained at 300 K and 80 K are 
shown in Fig. 6(a,c), respectively. The experimental values are shown in 
Fig. 6(a,c) by dots, whereas the model spectra obtained by mathematical 
processing of the experimental MS using the SpectrRelax program [40] 
are shown by solid lines. The good agreement of the models used with 
the experimental G0.15, G0.3 and G0.6 MS is confirmed by the mini-
mum values of the difference between the model and experimental 

values shown above each spectrum, as well as the values of χ2 being in 
the range 1.0–1.2. The distribution functions of the effective magnetic 
fields P(μ0Heff) obtained at 300 K and 80 K with a specialized program 
[40] are shown in Fig. 6(b,d), respectively. 

The MS (Fig. 6(a,c)) show broad Zeeman splitting lines, and doublets 
are present in the zero velocity region. The presence of doublets can be 
explained by the presence of a fraction of superparamagnetic particles. 

Fig. 6. Mössbauer spectra (a,c) and corresponding hyperfine field distribution (b,d) for samples G0.10, G0.30 and G0.60 at 300 K (a,b) and 80 K (c,d).  
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The observed experimental MS in Fig. 6 are similar to those of magnetite 
obtained in [55–57]. The hyperfine interaction (HFI) parameters, 
namely, isomer shift (δ), quadrupole splitting (ε), and effective magnetic 
field (μ0Heff), presented in Table 4 were calculated and analyzed from 
the positions of lines in the MS. 

3.5. Analysis of Mössbauer spectra recorded at 300 K 

In magnetite (Fe3O4), Fe2+ ions occupy two non-equivalent tetra-
hedral (A-site) and octahedral (B-site) crystallographic positions [26], 
with Fe2+ ions occupying half of the B-lattice and Fe3+ ions equally 
distributed over the A-positions and in the remaining half of the B-po-
sitions. Therefore, there should be three Zeeman sextets on the MS of 
magnetite due to the contributions of iron ions at the crystallographic A 
and B positions. However, in magnetite crystals, there is a Verwey phase 
transition (Tv) at 119 K accompanied by a change in the electronic state 
of iron cations in the B-positions of the crystal lattice [58]. At temper-
atures above Tv, Fe3+ and Fe2+ occupying B-positions are in the state of 
electronic exchange and can be referred as Fe2.5+ cations, which should 
correspond to one partial Zeeman sextet [53,54,59]. The other sextets 
are formed by Fe ions in the A-position. Therefore, a model consisting of 
two partial Zeeman sextets belonging to the fraction of magnetite 

particles with magnetic ordering and a doublet belonging to particles in 
the paramagnetic phase was used in the mathematical processing of the 
MS. The large width of spectral lines (Γ = 0.7 mm/s) observed on the MS 
of the studied samples indicates the particle size distribution. 

The Fe ions in the tetrahedral positions have a typical isomer shift of 
around 0.427 mm/s and a small quadrupole splitting, characteristic of 
tetrahedrally coordinated Fe3+. The hyperfine field is 32.5 T. The sec-
ond component with more than double the area has an IS of 0.427 mm/ 
s, a minor quadrupole splitting, and an effective magnetic field of 36 T. 
This sextet belongs to iron ions in octahedral coordinations. For Fe3O4 
bulk (not shown here) the HFI parameters obtained at room temperature 
are: for A-position iron ions δ = 0.29(1) mm/s, μ0Heff ≈ 48 T, for B- 
position δ = 0.61(1) mm/s, μ0Heff ≈ 46 T. 

3.6. Analysis of Mössbauer spectra recorded at 80 K 

It should be noted that the MS of magnetite MNPs at temperatures 
below Tv change significantly [58,60–63], the interpretation of the MS 
becomes significantly more complicated and, therefore, the in-
terpretations of the MS are very contradictory. The results of 
low-temperature Mössbauer studies [58,60–62,64,65], along with the 
data of nuclear magnetic resonance [62,64] give evidence against the 

Table 4 
HFI parameters calculated from Mössbauer spectra of MNPs at 300 K and 80 K (δ – isomer shift, ε – quadrupole splitting, μ0Heff – effective magnetic field, S – area of 
sextet/doublet).  
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validity of the Verwey description, which implies the existence of three 
components with the same intensity, one for each of the three types of 
atoms (tetrahedral Fe3+, two octahedral Fe2+ and Fe3+). Thus, the MS of 
magnetite at low temperatures in [66] was described using one Zeeman 
sextet for iron ions in A-sites and five magnetic components for Fe ions in 
octahedral B-sites. In [60,61] it was concluded that the MS below Tv is 
better described by the five components. One component corresponds to 
the tetrahedral A-position of Fe ions, and the other four to the two 
non-equivalent octahedral B-positions of Fe2+ and Fe3+ ions. In [63,64], 
based on the 24 sextets, it was concluded that the 24 positions of iron 
ions are naturally divided into four groups: 8 ×Fe3+(A), 8 ×Fe3+-like (B) 
positions, 5 ×Fe2+-like (B) and 3 ×Fe2+-like (B) positions of Fe ions and 
the MS approximation at temperatures below Tv was performed using 
the four Zeeman components. Thus, the question of charge ordering of 
the low-temperature phase has been to the subject of many studies, but 
an adequate model for the interpretation of the MS of magnetite has not 
yet been found. The difficulties in interpreting the data are caused by the 
fact that direct structural information on the properties of the dielectric 
state of magnetite crystals was practically unavailable because of their 
twinning. The development of synchrotron diffraction methods at high 
γ-radiation energy (70 keV) allow for obtaining precision structural data 
from a Fe3O4 crystals of 40 µm in size [65]. Based on the results ob-
tained, it can be argued that the predominant phase in all studied 
samples is magnetite. 

Based on the above, the MS obtained at 80 K (Fig. 6(c,d)) were 
processed using the SpectrRelax program [40] using different models, 
namely, consisting of one doublet and five, four, or three Zeeman sex-
tets. As a result, it was found that the experimental MS are best described 
as a superposition of three Zeeman sextets, as confirmed by the mini-
mum difference values between the model and experimental values as 
well as the χ2 values that are within 1.0–1.2. The obtained HFI pa-
rameters are shown in Table 4. 

3.7. μ0Heff distribution functions 

The lack of clear resolution of the sextets on the MS of the studied 
MNPs significantly complicates obtaining a clear physical fitting model. 
Therefore, the distribution functions of the effective magnetic fields P 
(μ0Heff) are presented in Fig. 6(b,d). It should be noted that the best 
agreement with the experimental spectra at 300 K was obtained using 
two μ0Heff distribution functions, whereas three μ0Heff distributions 
were used for MS at 80 K. As can be seen from Fig. 6(b,d), the P(μ0Heff) 
functions obtained both at 300 K and 80 K differ from the P(μ0Heff) 
function we obtained for the bulk magnetite (not shown here), where 
only the maxima corresponding to the 49 and 46 T fields are observed, 
similar to those observed, for example, in [67]. 

The P(μ0Heff) functions obtained from MS at 300 K (Fig. 6(b)) show 
maximums in two μ0Heff regions, namely, from 5 T to 20 T and from 
20 T to 55 T. For the MNPs with minimal glycine content among those 
studied (G0.10 sample), the distribution functions are smoothed. 
Increasing the glycine concentration apparently leads to an increase in 
the isolation of the particles from each other, a decrease in the magnetic 
interaction between them, and an enhancement of the super-
paramagnetic contribution. 

At 80 K, the MS were reconstructed using three μ0Heff distributions, 
which show a greater number of maxima (Fig. 6(d)), the smaller the area 
under the maximum the lower the corresponding μ0Heff. Two μ0Heff 
distributions of these three behave almost identically under the syn-
thesis conditions used and have area ratios of approximately 2:1. The δ 
values of the former are about 0.4–0.5 mm/s and of the latter are 
0.1–0.2 mm/s. These distributions can be attributed to the A and B 
sublattices of magnetite. 

Let us consider the reasons for the differences in the μ0Heff distri-
bution functions for MNPs and bulk magnetite. First, the presence of a 
surface leads to a decrease in the number of exchange bonds of iron ions 
located on the surface, and in the case of MNPs the contribution to the 

MS of the Fe nuclei, which have fewer exchange bonds, becomes sig-
nificant, i.e. the "surface factor" becomes significant in terms of the 
magnetic structure of the particle. In [68], using the method of molec-
ular orbitals, it was found that the contributions to μ0Heff from each of 
the indirect exchange bonds for the Fe3+ ions in the spinel structure for 
octa- and tetrahedral positions are 0.8 and 1.2 T, respectively. Since the 
ions in the A-sites have 12 iron ions in the B- sites in the nearest cationic 
environment, and the iron ion in the B- sites has 6 iron ions in the A- 
sites, the absence of half of the bonds due to the surface should result in a 
decrease of μ0Heff by several Tesla, as was found in the literature [53,54, 
68]. On this basis, the maximum in the region of 48 T in the P(μ0Heff) 
distributions (Fig. 6(d)) can be attributed to iron ions located in the 
particle volume. Iron ions located on the surface of the MNPs do not 
have half of the nearest magnetic neighbors, which leads to a decrease in 
μ0Heff, and, therefore, there is a maximum in the P(μ0Heff) function in 
the region of 35 T. 

Another reason for the lowering of μ0Heff may be the formation of a 
canted spin structure in the surface layer of the MNPs (see, [69,70] and 
references therein). It is known that ferromagnetic nanoparticles exhibit 
a non-collinear spin structure, but the location of these disordered spin 
moments on the surface or in the entire volume of the MNPs is discussed 
in [69,70]. The real spin structure is known to be more diverse and more 
complex than expected in the Yafet–Kittel model [71]. It has been shown 
that a canted state of magnetic spin moments can be observed both in 
one magnetic sublattice and in both cationic sites [72–74]. 

The behavior of the third distribution function μ0Heff (Fig. 6(d)) can 
also be explained by a core-shell type structure of the synthesized par-
ticles in which the core is magnetite surrounded by a shell of an oxidized 
layer structurally similar to maghemite [45,49]. 

In the interpretation of MS obtained at 80 K, the doublets were not 
used, whereas in the analysis of 300 K MS the calculations without 
doublet lines belonging to the superparamagnetic state of the particles 
led to large deviations of the model spectra from the experimental ones. 

3.8. Particle size estimation 

Mössbauer spectroscopy is extremely sensitive to the particle size 
and allows one to indirectly determine sizes of investigated MNPs. Thus, 
in the case of MNPs with sizes of several nm, the magnetization vector 
relaxation rate is greater than the Larmor precession rate of the nuclear 
spin. As a result, the mean value of HFI becomes zero and a quadrupole 
doublet or singlet is observed on the MS. If the particle size is between 
6 nm and 10 nm, the MS consists of broad lines of Zeeman splitting, 
against which a quadrupole doublet or singlet is observed. As the size of 
the investigated MNPs increases up to 10–12 nm, the MS are substan-
tially transformed and consist only of Zeeman sextets with sufficiently 
wide lines compared to the native line widths for Fe57. This is because in 
MNPs larger than 10 nm, the precession frequency of the magnetization 
vector decreases and keeps its direction for a time longer than the time of 
the Larmor precession. In this case, Zeeman sextets with large line 
widths of the static hyperfine magnetic structure are observed in the MS. 
Increasing the particle size to 20 nm causes the Zeeman sextets 
belonging to different phases or components to resolve. 

In works [53–55,75–80] and references therein, the iron oxide MNPs 
with sizes from 3 to 20 nm were studied by Mössbauer spectroscopy. It 
was shown that if the dimensions of iron oxide MNPs are 7 nm or 
smaller, only doublets can be observed on MS at 300 K [55,75,76,78]. 
When iron oxide MNPs are larger than 10 nm, the MS consist of a Zee-
man sextet with large line widths (e.g., [78]). Analysis and comparison 
of the MS obtained by us with those published in the literature allow us 
to conclude that the studied particles are in the size range of 7–10 nm 
and the median size decreases with the increase in glycine content, 
which agrees with observations obtained with other techniques. 
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4. Conclusions 

In conclusion, in the present paper, we report on the systematic study 
of the magnetic and structural properties, phase composition, and 
magnetic structure of iron oxide MNPs prepared with a modified one- 
step coprecipitation method in the presence of glycine of different 
concentrations. A range of glycine concentrations of 0.06–0.60 mol was 
used, and we observe a fall in median particle size from 10.2 ± 0.3 nm at 
the lowest concentrations of 0.06 mol, to 7.2 ± 0.5 nm at the highest 
concentration of 0.60 mol. This change in size has a notable effect on 
their magnetic properties, with blocking temperature falling from 77 
± 2 K at the lowest concentration to 58 ± 2 K at the highest. Magnetic 
properties of obtained particles start degrading when the concentration 
of glycine added before precipitation exceeds 0.3 mol: the saturation 
magnetisation drops significantly due to the large fraction of canted 
spins at the surface. Owing to the selection of optimal synthesis pa-
rameters, the saturation magnetization prepared MNPs achieved 
significantly higher values compared to those previously reported for 
nanoparticles prepared in a similar approach at lower temperature and 
with a different base. This is also confirmed via Mössbauer spectroscopy 
by lowering of the effective magnetic field. Also, at the Mössbauer time 
scale, the contribution of superparamagnetic relaxation increases with 
the increase in glycine concentration due to the reduction of particle 
sizes and distances between particles. The high magnetic properties 
were related to the high crystallinity of the nanoparticles, as evidenced 
by the proximity of particle sizes and coherent X-ray scattering regions, 
and distinguishable by TEM crystalline facets of the nanoparticles. We 
believe that the proposed method for the fabrication of functionally 
coated nanoparticles in a one-step process with large reaction yields and 
cheap reagents is promising for a number of applications, such as 
biomedicine or water purification. 
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A. Kovács, R.E. Dunin-Borkowski, T. Brückel, Mechanism of magnetization 
reduction in iron oxide nanoparticles, Nanoscale 13 (2021) 6965–6976, https:// 
doi.org/10.1039/d0nr08615k. 

[36] C. Vázquez-Vázquez, M.A. López-Quintela, M.C. Buján-Núñez, J. Rivas, M.A. Lo, 
C. Va, J. Rivas, M.C. Buja, Finite size and surface effects on the magnetic properties 
of cobalt ferrite nanoparticles, J. Nanopart. Res. 13 (2011) 1663–1676, https://doi. 
org/10.1007/s11051-010-9920-7. 

[37] C. Pereira, A.M. Pereira, C. Fernandes, M. Rocha, R. Mendes, M.P. Fernández- 
García, A. Guedes, P.B. Tavares, J.M. Grenéche, J.P. Araújo, C. Freire, 
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Mössbauer studies of the structure of core/shell Fe3O4/γ-Fe2O3 nanoparticles, 
Tech. Phys. Lett. 45 (2019) 426–429, https://doi.org/10.1134/ 
S1063785019050079. 

[68] F. Van Der Woude, G.A. Sawatzky, Hyperfine magnetic fields at Fe57 nuclei in 
ferrimagnetic spinels, Phys. Rev. B 4 (1971) 3159–3165, https://doi.org/10.1103/ 
PhysRevB.4.3159. 

A. Omelyanchik et al.                                                                                                                                                                                                                          

https://doi.org/10.1016/j.jmmm.2021.168594
https://doi.org/10.1016/j.jmmm.2021.168594
https://doi.org/10.1038/s41598-020-75798-9
https://doi.org/10.1080/14328917.2020.1769350
https://doi.org/10.1080/14328917.2020.1769350
https://doi.org/10.1002/aoc.4069
https://doi.org/10.1021/acs.jpcc.5b07195
https://doi.org/10.1021/acs.jpcc.5b07195
https://doi.org/10.1016/j.jcis.2011.12.008
https://doi.org/10.1016/j.jcis.2011.12.008
https://doi.org/10.1002/chem.201806262
https://doi.org/10.3390/nano10020394
https://doi.org/10.1016/j.jcis.2013.11.076
https://doi.org/10.1016/j.jcis.2013.11.076
https://doi.org/10.1016/j.jhazmat.2013.11.022
https://doi.org/10.1016/j.jhazmat.2013.11.022
https://doi.org/10.1016/j.microc.2016.08.006
https://doi.org/10.1016/j.microc.2016.08.006
https://doi.org/10.1016/j.jclepro.2020.124668
https://doi.org/10.1039/d0nr08615k
https://doi.org/10.1039/d0nr08615k
https://doi.org/10.1007/s11051-010-9920-7
https://doi.org/10.1007/s11051-010-9920-7
https://doi.org/10.1021/cm300301c
https://doi.org/10.1007/BF02471306
https://doi.org/10.1039/C5NR02723C
https://doi.org/10.1039/C5NR02723C
https://doi.org/10.1063/1.4759488
https://doi.org/10.1063/1.4759488
https://doi.org/10.3390/nano10050867
https://doi.org/10.1016/j.jallcom.2021.160779
https://doi.org/10.1016/j.jallcom.2021.160779
https://doi.org/10.1007/s10973-016-5393-y
https://doi.org/10.1088/0022-3727/31/20/006
https://doi.org/10.1088/0022-3727/31/20/006
https://doi.org/10.1021/cm403360f
https://doi.org/10.1021/cm403360f
https://doi.org/10.1063/1.3559504
https://doi.org/10.1063/1.3559504
https://doi.org/10.1021/jp411481p
https://doi.org/10.1021/acs.cgd.9b01300
https://doi.org/10.1021/acs.jpcc.8b06927
https://doi.org/10.1063/1.4935484
https://doi.org/10.1063/1.4935484
http://refhub.elsevier.com/S0927-7757(22)00845-7/sbref51
http://refhub.elsevier.com/S0927-7757(22)00845-7/sbref51
http://refhub.elsevier.com/S0927-7757(22)00845-7/sbref51
http://refhub.elsevier.com/S0927-7757(22)00845-7/sbref51
https://doi.org/10.1016/B978-0-12-803581-8.11338-4
https://doi.org/10.1134/S1063783420100157
https://doi.org/10.1134/S1063783420110153
https://doi.org/10.1021/cm021349j
https://doi.org/10.1039/C6RA01543C
https://doi.org/10.1590/S1516-14392014005000050
https://doi.org/10.1088/0953-8984/16/7/R01
https://doi.org/10.1016/j.matchemphys.2018.08.042
https://doi.org/10.1016/0038-1098(71)90339-5
https://doi.org/10.1016/0038-1098(71)90339-5
https://doi.org/10.1016/0038-1098(70)90455-2
https://doi.org/10.1016/0038-1098(70)90455-2
https://doi.org/10.1143/JPSJ.70.2333
https://doi.org/10.1063/1.2937252
https://doi.org/10.1063/1.2937252
https://doi.org/10.1103/PhysRevB.91.125134
https://doi.org/10.1038/nature10704
https://doi.org/10.1038/nature10704
https://doi.org/10.1063/1.1657696
https://doi.org/10.1134/S1063785019050079
https://doi.org/10.1134/S1063785019050079
https://doi.org/10.1103/PhysRevB.4.3159
https://doi.org/10.1103/PhysRevB.4.3159


Colloids and Surfaces A: Physicochemical and Engineering Aspects 647 (2022) 129090

12

[69] S. Mørup, Spin-canting and transverse relaxation at surfaces and in the interior of 
ferrimagnetic particles, J. Magn. Magn. Mater. 266 (2003) 110–118, https://doi. 
org/10.1016/S0304-8853(03)00462-1. 

[70] E. Lima, A.L. Brandl, A.D. Arelaro, G.F. Goya, Spin disorder and magnetic 
anisotropy in Fe3O4 nanoparticles, J. Appl. Phys. 99 (2006), 083908, https://doi. 
org/10.1063/1.2191471. 

[71] Y. Yafet, C. Kittel, Antiferromagnetic arrangements in ferrites, Phys. Rev. 87 (1952) 
290–294, https://doi.org/10.1103/PhysRev.87.290. 

[72] E. Tronc, A. Ezzir, R. Cherkaoui, C. Chanéac, M. Noguès, H. Kachkachi, D. Fiorani, 
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