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New insights in the structural analysis of maghemite and (MFe2O4, 
M= Co, Zn) ferrite nanoparticles synthetized by Microwave 
assisted - Polyol process  

Álvaro Gallo-Cordova,a Ana Espinosa,a Aida Serrano,b,c Lucía Gutiérrez,d Nieves Menéndez,e María 
del Puerto Morales,*a and Eva Mazarío*a,e 

The search for more efficient, scalable, reproducible and standardized synthesis methods able to control particle size and 

crystallinity is still a challenge in nanotechnology. One-pot microwave-assisted polyol process has been optimized for the 

synthesis of well-defined ferrite nanoparticles. Highly uniform and crystalline γ – Fe2O3, CoFe2O4 and ZnFe2O4 nanoparticles, 

with diameters below 14 nm have been prepared by an easy and reproducible one-pot microwave-assisted heating 

procedure in a polyol medium. A pure single phase and cubic spinel structure were confirmed by powder X-ray diffraction 

and Raman spectroscopy. Depending on the metal precursors, nanoparticles display magnetic features from 

superparamagnetic behaviour (Fe- and Zn-ferrites) to ferrimagnetism (Co ferrite) at room temperature. The iron oxidation 

state of 3+ and its short-range order coordination was studied by XAS (X-ray absorption spectroscopy). External field 

Mössbauer spectra, recorded at low temperature, confirmed the ferrimagnetic order with a Fe3+ and M2+ partial cationic 

distribution within both A and B sites in zinc and cobalt ferrite, respectively. According with this results, the ferrite 

stoichiometry were (Zn0.70Fe0.30)[Zn0.30Fe1.70]O4 and (Co0.28Fe0.72)[Co0.72Fe1.28]O4.  

Introduction 

Over the last two decades, several synthesis methods have 

been implemented to obtain ferrite nanoparticles (NPs) in a 

reproducible way.1 All these efforts have been focused on 

improving the physical-chemical aspects of these compounds, 

including purity, nanoparticle morphology, size distribution 

control and colloidal stability. To date, there is not a universal 

standard method for the preparation of well-defined ferrite NPs 

and each methodological synthesis presents particular 

advantages and drawbacks.2 From a chemical point of view, the 

most commonly used methods pertain to the "bottom-up" 

category and they can be classified as aqueous (co-

precipitation, hydrothermal, electrochemical, etc...) or organic 

methods (thermal decomposition, thermal solvent, etc...) 

according to the nature of the principal solvent.3,4 The polyol-

based method adopted in this work falls into an intermediate 

category, since polyols allow high reaction temperatures similar 

to those reached in the organic synthesis methods, while the 

resulting NPs are hydrophilic, as those produced in aqueous 

methods.5  

The polyol process was first described in the late 80`s when 

Fievet et al. synthetized uniform micrometre metal powders of 

Au, Cu, Co, Ni, Cd and Pb by precipitation reactions in polyol-

based media from their ionic counterparts as oxides, hydroxides 

or salts.6,7 Recently, the mechanism of Co NPs formation by this 

method has been reported.8 Later on, S. Ammar et al. pioneered 

the synthesis of cobalt ferrite NPs with an average diameter of 

5.5 nm (standard deviation (SD) 10%) using the forced 

hydrolysis polyol process. They described a new pathway that 

involves both hydrolysis and inorganic polymerisation 

conducted using Co2+ and Fe3+ salts in a polyol medium at 

atmospheric pressure and high temperatures.9 Some years 

later, same authors reported the polyol method for the 

synthesis of highly crystalline ZnFe2O4 particles with diameters 

ranging from 6.6 to 14.8 nm10,11 as well as, nickel ferrite with a 

particle size of 4.4 nm.12 The nature of the final compound 

obtained with the polyol process was defined by the hydrolysis 

molar ratio parameter, defined as h = nwater/nmetal. This is a 

critical parameter controlling not only the formation of either 

metal, (oxy)hydroxide or oxide NPs but also for a given oxide, it 

can affect the particle size, being inversely proportional.13 

In this synthesis process, the polyol serves not only as a solvent 

itself, but also as reducing agent and surfactant, limiting the 

growth and aggregation of the particles. The high boiling points 

of polyol media favour the high crystallinity of the samples 

synthesized by this method. Furthermore, the fact that the 

surfactant abilities of polyols are deemed weak, since they are 

relatively low molecular weight molecules, turns in an 
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advantage since these molecules can be removed relatively 

easily from the surface of the particles in water and exchanged 

by specific functional groups as a function of the nanoparticle 

application. Finally, an important quality of polyol molecules 

should be mentioned: their capacity to adsorb microwave (MW) 

radiation due to their high polarity (dielectric constant ranging 

from 20 to 45).14 

The use of MW technology to heat up chemical reactions in 

comparison to traditional heating methods has gained a great 

interest within the past two decades.15 The advantages of the 

MW process are mainly found in the improved product yields, 

shorter reaction time and reproducibility. Traditional heating 

sources, such as oil baths and hot plates, are usually not 

effective in transferring energy through the reaction solution, 

which often produces a temperature gradient in the solution. In 

contrast, MW irradiation provides a uniform rise in temperature 

over the whole reaction volume by coupling MW energy to the 

molecules inside the reaction mixture. There are two principal 

processes that occur in MW irradiation, which are dipolar 

polarisation and ionic conduction. The dipole polarisation 

process is defined as the heat that is produced when the 

molecular dipoles seek to be realigned with the electric field of 

the MW irradiation. The higher the capacity of the dipoles to be 

in phase with the frequency of the electric field, the greater the 

heat generated. Because of the MW field, the process of ionic 

conduction is established, where ionic particles move from one 

side to the other and promote collisions that in the end produce 

an increment of heat. 

Komarneni et al.16 reported the synthesis of several ferrites 

using MW heating source in an hydrothermal process. Briefly, 

nitrate salt precursors of Zn, Ni, Mn, Co and Fe, were used in an 

aqueous basic solution at pH about 8.5. They described the 

shortening of the synthesis time in comparison with 

conventional hydrothermal process. No further information 

about the magnetic properties was provided. Kim et al.17 proved 

later that a longer time of synthesis as well as the use of 

elevated temperatures in the MW-assisted process resulted in 

a greater crystallinity in the obtained material. Consequently, 

they asserted that MW radiation displayed faster kinetics in 

comparison with the conventional hydrothermal process, which 

benefits the efficiency of the process and time and energy 

savings. 

Some authors have already combined MW heating source with 

the polyol process for the synthesis of metallic nanoclusters, 

such as Au, Ag, Pt and AuPd18, CdSe “nanoballs”19, Au 

nanotriangles decorated with superparamagnetic NPs20 and Ag 

nanoparticles of different shapes.21 MW heating source and 

polyol process for the synthesis of ferrite NPs has not been 

deeply explored up to date. In a recent article, Emadi et al. 22 

synthesized cobalt ferrite NPs with alternating 30 second MW 

cycles in a polyethylene glycol medium.  The obtained NPs were 

then annealed at 200 °C for 5 hours to obtain a crystalline 

product. The final mean diameter of these NPs was 15-20 nm 

with a saturation magnetization (Ms) value of 36.9 emu g-1 at 

room temperature. This Ms value is not very high when 

compared to others reported on the literature for samples with 

similar diameter, which might indicate a low degree of 

crystallinity in the sample. Similar findings can be found in other 

paper, in which the Ms value of the sample obtained by the MW-

assisted polyol process resulted in 27.14 emu g-1 at room 

temperature.23 Other authors reported higher Ms value, 105 

emu g-1 and 94.8 emu g-1 that are even beyond the bulk ferrite 

value. They attributed this fact to the potential presence of 

metallic Co and Fe in the sample because of the high reducing 

power of glycols but this could not be detected by either X-ray 

diffraction (XRD) or X-ray photoelectron spectroscopy (XPS) 

techniques.24,25 On the contrary, an exhaustive literature study 

of zinc ferrites indicates that the MW heating source has not 

been extensively used. Some articles have been published using 

sol-gel26 or hydrothermal27 synthesis coupled to MW, while only 

one has been reported using the polyol process.28 Regarding 

iron oxides, in the recent years, just Sathya et al.29 reported a 

one-pot MW-assisted synthesis of magnetite nanoclusters (30 

nm) by using ethylene glycol as a solvent with polyethylene 

glycol as capping agent. They found a low Ms value (32 emu g-1) 

for 27 nm clusters due to the surface disorder of the primary 

particles. Moreover, there is a lack of the insights of the material 

environment, structure and conformation. 

In the present work, we have synthesized ferrite NPs in polyol 

medium using MW heating as the heat source. We have 

implemented the well-established polyol synthesis protocols 

and explored three different ferrite samples of Fe, Co and Zn. 

For further insight into their structure, composition, 

morphology and magnetic properties, techniques such as X-ray 

absorption, Mössbauer and Raman spectroscopies, among 

others, have been used. We have focussed our studies on 

determining cation oxidation state, occupation of the atomic 

positions within the spinel lattice and inversion degree, 

structural issues that are missed in the few works already 

published on the synthesis of ferrites by the MW-assisted polyol 

process.22–25,28,29 

Materials and methods 

Reagents 

Iron acetate (Fe(OAc)2), cobalt acetate (Co(OAc)2) zinc acetate 

(Zn(OAc)2) and diethylene glycol (DEG) were purchased in 

Sigma-Aldrich.  

 

MW-assisted synthesis 

The synthesis of magnetic NPs was carried out using a MW oven 

Monowave300 and following a reported receipt with slight 

modifications.30 Iron (II) acetate (1.72 mmol) was dissolved in a 

mixture of DEG (18.3 ml) and water (0.7 ml) in a 30 ml MW vial, 

adding a magnetic stirrer (600 rpm). The mixture was stirred for 

5 minutes before introducing it in the MW setup. Then the 

samples were heated by MW radiation at 2.45 GHz from room 

temperature up to 170 °C at 3.75 °C min-1, kept it for 2 hours 

and afterwards cooled down to 55 °C in 5 minutes. Finally, the 

obtained samples were washed and centrifuged three times 

with distilled water and dried in an oven at 50 °C. For Co and Zn 

ferrite, cobalt acetate (Co(OAc)2) and zinc acetate (Zn(OAc)2) 

were added to the reaction mixture in the a molar proportion 

of Fe/M=2, where M stands for the divalent cations (Co or Zn). 
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Characterization 

Elemental analysis. The composition of the samples was 

determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES) performed with an Optima 2100 DV 

PerkinElmer equipment. Thus, 25 µL of the nanoparticle 

suspension were dissolved in 1 ml of aqua regia, during 1 hour 

and diluted up to 25 ml with distilled water.  

Morphological analysis. The core size and shape of NPs 

were measured by transmission electron microscopy (TEM). 

The images were captured at a 100 keV JEOL-JEM 1010 

microscope, equipped with a digital camera Gatan model Orius 

200 SC. Size and size distributions were obtained with the open 

source software ImageJ, using TEM images and counting at least 

300 NPs. STEM-HAADF (scanning-transmission imaging with a 

high angle annular dark field detector) results were obtained by 

a Tecnai F30 (FEI) electron microscope operated at 300 kV. 

Chemical analysis of the nanoparticles was performed by 

Energy Dispersive X-Ray microanalysis (EDX). For this 

characterization, samples were prepared by placing one drop of 

a dilute suspension onto a carbon-coated copper grid and 

leaving it to dry at room temperature. 

Structural analysis. Crystal structure was investigated by X-

ray diffraction on a powder diffractometer Bruker D8 Advance 

with Cu K𝛼 radiation with energy-discriminator, in 2𝜃 ranging 

from 15 to 70 degrees, with acquisition time of 4 seconds using 

0.03 step size. Crystal sizes were calculated by the FullProff suite 

package.31 

A detailed analysis of the possible spinel structure phases was 

further analysed by Raman spectroscopy. Raman spectra were 

collected in a confocal Raman microscopy integrated with atomic 

force microscopy (AFM) on a CRM-Alpha 300 RA microscope 

(WITec, Ulm, Germany) equipped with Nd:YAG laser at 532 nm. In 

particular, power of the incident laser used to obtain the Raman 

spectra was fixed at 0.2 mW to avoid possible undesirable sample 

modifications. Average Raman spectra were obtained from in-plane 

intensity mappings of 7 × 7 μm2, which consisted of 441 single 

spectra of 10 s of integration time each. The collected spectra were 

then analysed using WITec Control Plus Software, in which Raman 

mode positions were fitted using Lorentzian functions.  

The cationic distribution in the spinels was determined by 

Mössbauer spectroscopy. The 57Fe Mössbauer spectra were 

obtained at 300 and 4.2 K, in the presence and in the absence 

of an external magnetic field of 7 T applied parallel to the γ-ray 

direction using an Oxford Spectromag 4000 M system. The 

spectra were recorded using two 57Co(Rh) γ-ray sources 

mounted on both ends of an electromagnetic transducer 

operated in the triangular mode. One of the sources was used 

for energy calibration with an α-Fe (6 μm) foil. To avoid 

saturation effects and to optimize the signal-to-noise ratio, the 

sample thickness was 10 mg cm−2 of natural Fe. The analysis of 

the spectra was performed using the NORMOS program.32 In all 

cases the isomer shifts (δ), and the hyperfine magnetic fields 

(Hhf) were refined; the quadrupole splitting values are near zero 

due to the cubic symmetry around the 57Fe nucleus.  

To obtain information about environment and the local 

coordination of spinel cations, the analysis of the X-ray 

absorption spectroscopy (XAS) in the near-edge structure 

(XANES) and extended X-ray absorption fine structure (EXAFS) 

at the Fe K-edge (7112 eV) was performed in transmission mode 

at the Spanish CRG beamline (SpLine, BM25A) of the European 

Synchrotron Radiation Facility (ESRF, France). All spectra were 

obtained at room temperature and air atmosphere. The XAS 

analysis was performed using the Athena and Artemis 

programs.33 The energy calibration was performed by a Fe foil 

standard. XAS signal was obtained by normalizing the 

magnitude of the oscillations to the edge jump, removing the 

background with a cubic spline-fitting polynomial. The radial 

distribution functions around the iron atoms for all samples was 

calculated by Fourier transform (FT) of the k3-weighted EXAFS 

signals [k3χ(k)].  

Magnetic properties characterization. Magnetic 

characterization was performed on dried powder samples using 

a vibrating sample magnetometer (VSM; MLVSM9 MagLab 9 T, 

Oxford Instrument). Hysteresis loops were performed at 290 

and 10 K. Magnetization temperature dependence was 

recorded following a ZFC-FC standard protocol, from 298 K to 

10 K and a 1000 Oe magnetic field.  

Results and discussion 

The MW-assisted polyol process has been optimized for the 

synthesis of uniform spinel ferrite NPs with general formula 

MFe2O4, in the cases of Co and Zn and maghemite (γ-Fe2O3) or 

magnetite (Fe3O4) in the case of Fe. The distinction between 

magnetite and maghemite when these compounds have the 

same structure and share the same spatial group is not entirely 

simple, so techniques such as Mössbauer spectroscopy and XAS 

have been used to clarify this point and will be discussed in the 

following sections. Until then, the iron samples will be referred 

as FexOy.  

We have used the same parameters already optimized in the 

conventional bath polyol process, fixing the hydrolysis ratio (h) 

in 22.3, solvent, time and temperature. In this sense, we have 

evaluated the MW heating effect on the NPs formed. Under 

these conditions, the NPs have shown a rather spherical shaped 

morphology, with a moderate aggregation state as shown in Fig. 

1. The mean particle size and their standard deviation (SD) were 

12(3), 7(2) and 14(3) nm for FexOy, CoFe2O4 and ZnFe2O4, 

respectively (Table 1). Considering these results, the 12 nm 

diameter of FexOy sample obtained by MW heating is 

significantly larger than that obtained by conventional heating 

using the same synthesis protocol (reagents, hydrolysis ratio 

and time), where the value was 5 nm.34 The ratio h, has been 

already reported as an important parameter to control the size 

and shape of cobalt ferrite NPs. Arthur et al.13 evaluated a broad 

h-range ranging from 1 to 40 in the synthesis of cobalt ferrite in 

1,2 propanediol.  Neither of those h-values could produce larger 

particles compared to the cobalt ferrite obtained by the MW-

assisted polyol process. The bigger value obtained was 6.1 nm 

with h of 2 and smaller particles were obtained for higher h 

values. ZnFe2O4 NPs of about 14.8 (6.0) nm were published 
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before using the conventional forced hydrolysis polyol 

process.10,11 In this work, DEG was used as a solvent with a h 

ratio of 0.7.  If we consider the effect of the h ratio on the 

nanoparticle size, the MW-assisted polyol process with a h value 

of about 22.3 shows a very close diameter size but with a lower 

size distribution (14(3) nm). This is proof of the benefits of the 

MW effect on the growth of the nanoparticle size even when 

the h-ratio is higher. 

  
Fig. 1 TEM micrographs and size distribution analysis of (a) FexOy, (b) CoFe2O4 and (c) 

ZnFe2O4 NPs.  

After the nanoparticle synthesis and cleaning process, the molar 

ratio [Fe]/[Co or Zn] analysed by ICP-OES, maintains the 

stoichiometric proportion expected for CoFe2O4 and ZnFe2O4. 

The Fe to M2+ (Co or Zn) proportion present in the different 

structures is directly related to the quantity of metal acetate 

reagent used (Fe/M=2). Such an accurate control of the metal 

proportion in the NPs obtained by this methodology, omitted in 

many publications, is of great importance as it plays a 

determinant role in the magnetic properties of the 

nanomaterial. 

ICP-OES is a global technique that informs about the whole 

proportion of elements within a given sample. In order to verify 

the homogeneous composition of all the nanoparticles, STEM-

HAADF accompanied by EDX microanalysis was performed in 

several particles from each sample (Fig. 2(a)-(f)). EDX analysis of 

different particles showed the presence of both Fe and O in all 

cases accompanied by either Co or Zn for the corresponding 

ferrite samples. These observations assure the homogeneous 

composition of the synthetized particles. In addition, in order to 

evaluate the cation (Co or Zn) distribution within each particle 

EDX microanalysis was performed on selected particles (Fig. 

2(e) and (f)). A homogeneous distribution of Fe together with 

either Co or Zn was detected along the analyzed line where the 

particle was placed, indicating a homogeneous distribution of 

the cations along the ferrite structure, and discarding the 

formation of core-shell structures with different compositions. 

 

The presence of a pure single phase can be clearly observed in 

the XRD patterns, where all reflexions can be indexed according 

to the Fd3̅m: 227 cubic spinel structure. Fig. 3 shows the 

diffractograms for FexOy, CoFe2O4 and ZnFe2O4 (Bragg position 

depicted at the bottom of XRD figures). The crystal cell 

parameters and crystallite size of each sample were determined 

by Rietveld refinement and are given in Table 1. 

Fig. 2 STEM-HAADF and EDX analysis of samples FexOy (a) and (d), CoFe2O4 (b) and (e) 

and ZnFe2O4 (c) and (f). EDX analysis in panels d, e and f correspond to the areas or lines 

marked in the inset for each material.  

In the refinement, the atomic positions were taken as fix 

parameters except in the case of the oxygen positions. An 

increment of the cell parameter with the sequence (Fe; Co; Zn) 

is obtained as the size of the cation increases from Fe to Co and 

Zn.  

 

The goodness of the refinement (R factors and χ2) is listed in 

Table 1. Large values of R factor are commonly found due to the 

large noise-to-signal ratio of XRD patterns for nanocrystalline 

materials. A large diffuse scattering is more significant when the 

ratio surface/volume atoms becomes significant, in the 

nanoscale level. While Bragg scattering gets diminished leading 

to a decline in crystallinity and large R factors. However, we 

have observed a low value of χ2 (goodness of fit) which justifies 

the goodness of the refinement.  

 

The comparison between the diameter measured by TEM and 

the crystal size estimated using Rietveld analysis is summarized 

in Table 1. Similarity of these two values agrees with the high 

monocrystalline character of the samples and their uniformity, 

in comparison to other polyol synthesis routes using 

hydrothermal heating that result in multicore NPs.35 

 

Table 1. Some characteristics parameters of ferrite NPs prepared by the polyol 

synthesis method. 

Sample 

Particle 

diameter 

(nm) 

Crystal 

size 

(nm) 

Lattice 

Parameter 

(Å) 

RF(%) RP(%) RB(%) χ2 

FexOy 12(3)  12.8(3) 8.367(1) 4.7 19.0 6.9 1.3 

CoFe2O4 7(2) 7.2 (2) 8.393(7) 2.5 17.5 4.0 1.2 

ZnFe2O4 14(3) 14.5(4) 8.434(2) 4.6 23.5 8.0 1.7 
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Fig. 3 X-ray diffractograms refined by Rietveld method of (a) FexOy, (b) CoFe2O4 and (c) 

ZnFe2O4 samples. Black dots represent experimental points, and the solid red lines 

represent Rietveld refined data. Blue dots show the differences between the 

experimental and refined data. The marked 2θ positions are the allowed Bragg peaks (|) 

for Fd3̅m spacial group. 

 

To obtain a more detailed characterization of the different 

phases present in the samples, Raman spectroscopy analysis 

was performed. The laser power selected was sufficiently low 

(0.2 mW) to ensure a significant penetration depth and also 

avoid harmful oxidation artifacts or chemical transformations. 
36 Raman features of ferrites depend on stoichiometry, cation 

distribution and defects. From the group theory analysis only 

five modes, A1g (648–680 cm−1), Eg (278–293 cm−1) and 3T2g 

(539–565, 449–471 and 163–177 cm−1), are allowed Raman 

modes for cobalt and zinc ferrites. Those frequencies are due to 

symmetric stretching of oxygen atom with respect to metal ion 

in tetrahedral sublattice (A1g) and  low frequency phonon 

modes which reflects the symmetric and antisymmetric 

bending of oxygen atom in M–O bond in the octahedral 

sublattice, Eg and 3T2g.37,38  

Cobalt ferrite sample shows only four active Raman modes, see 

Fig. 4(a). Nevertheless, it presents a shoulder at 624 cm-1 

attributed to the phonon mode A1g(2). This fact might be 

explained by the alteration of symmetry of the crystal structure 

due to the cation redistribution, which produces the onset of 

more active vibrational modes in Raman. In this case, it confirms 

the stretching vibrations of the Fe–O and Co–O bonds in 

tetrahedral sites.39 ZnFe2O4 samples typically present only three 

Raman active vibrations. Low frequency modes, Eg and T2g(1) 

are normally hidden,40,41 Fig. 4(a). That fact is still unclear but 

one possible explanation is the partial inversion degree of the 

Zn ferrite sample, where Zn and Fe are near equally distributed 

in the same A and B position and can vibrate in close 

frequencies.  

 
Fig. 4 Comparative Raman spectra of the FexOy, CoFe2O4 and ZnFe2O4 set of samples. 

Raman shift (cm-1) of the most important active modes are collected as an inset in the 

upper side.   

Raman spectroscopy is a powerful technique to characterize in 

addition to other materials as the ferrites, iron oxide 

compounds, including magnetite, maghemite and hematite, 

since these compounds have different vibration modes. The 

most characteristic peaks in magnetite are T2g(1) at 193 cm-1, Eg 

at  306 cm-1,  T2g(2) in a range 450–490, T2g(3) at 538 cm-1 and 

660-670 cm−1 for A1g vibrational modes. High frequency 

vibrational mode (A1g) is split in two bands around 660 cm-1 and 

720 cm-1 for maghemite structure,43 in addition two more active 

phonon modes are 365 cm−1 (T2g) and 511 cm−1 (Eg). While, 

hematite present seven vibrational modes (2A1g and 5Eg), where 

the most intense and characteristic peaks at lower 

wavenumbers appear around 290-300 cm-1 (2Eg) and around 

230 cm-1 (A1g).44,45 Fig. 4(b), shows the Raman spectrum of the 

FexOy sample, as well as a commercial maghemite for 

comparison. At first sight, these spectra seem very similar 

(shaded areas Fig. 4(b)), with well prominent vibration bands. 

This is an indication of the same vibrational structure. 

Otherwise the presence of pure magnetite might be clearly seen 

by the existence of a thinner band at about 670 cm-1, instead of 

two bands at 670 and 720 cm-1 which is the case that account 

for the existence of maghemite.46 Nevertheless, the presence of 

a magnetite phase that contributes to the intensity of the 670 

cm-1 mode cannot be ruled out from this analysis. Furthermore, 
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in anyone of the ferrites analysed, there are no presence of 

vibrational modes corresponding to hematite.  

 

Those results are in agreement with the Mössbauer spectrum 

analysis by the “centre of gravity” method, which allows 

determining the ratio magnetite-maghemite for NPs from the 

area weighted mean isomer shift.47 Room temperature 

Mössbauer spectrum of FexOy sample (Fig. 5) shows the 

superposition of the two sextets corresponding to the Fe in the 

tetrahedral and octahedral position of the spinel structure, 

respectively. The 𝑅𝑇̅̅ ̅̅ ̅ parameter 0.3308 mm s-1 derived from 

the spectrum fit results in a magnetite contribution of 5% by 

weight. Therefore, based on Raman and Mössbauer results, we 

can confirm that the iron oxide sample FexOy synthetized by the 

MW-assisted polyol method is maghemite (γ-Fe2O3). The 

legends of the following graphs are referred to this compound 

such as γ-Fe2O3. 

 
Fig. 5 g-Fe2O3 Mössbauer spectrum at 298 K. 

XAS at the Fe K-edge (7112 eV) and Mössbauer spectroscopy 

studies have been carried out to analyse the electronic 

properties and structure of the samples and establish their 

inversion degree. As pointed before, the XAS technique 

provides information on the oxidation state, local environment 

and symmetry of the absorbing atom, on the other hand, EXAFS 

gives information about the short-local environment as 

interatomic distances and coordination numbers of surrounding 

shells. Therefore, the analysis of both techniques is able to 

distinguish between isostructural spinel iron oxide phases 

(magnetite, Fe2+/Fe3+, and maghemite, Fe3+), which is 

considerably difficult with other conventional techniques, and 

can also will confirm the iron oxidation state in bimetallic 

ferrites. The Fe K-edge XANES spectra of the samples are 

displayed in Fig. 6(a). They are also compared to the Fe3O4 and 

γ-Fe2O3 reference spectra. The edge position can be used to 

assign the oxidation state of the absorber atom. Greatest 

similarity is observed between the edge energy position of our 

samples spectra and that of γ-Fe2O3 reference, indicating the 3+ 

average oxidation state of Fe in all of them (the average 

oxidation state of 2.67+ corresponds to Fe3O4 spinel 

structure).48,49 Specifically, the XANES spectrum of γ-Fe2O3 NPs 

follows the absorbance signal of γ-Fe2O3 reference, confirming 

their nature and the previous results of Raman and Mössbauer 

spectroscopies. 

 

Fig. 6 (a) XANES spectra at the Fe K-edge of iron oxide reference compounds (Fe3O4 and 

γ-Fe2O3) and of the γ-Fe2O3, CoFe2O4 and ZnFe2O4 particles. Inset: analysis of pre-edge 

peak. (b) Modulus of the FT of the EXAFS signal (symbols) and best-fitting simulations 

(continuous lines) considering a three-shell model for the magnetite and maghemite 

reference and NPs of maghemite and cobalt and zinc ferrites obtained from 

experimental EXAFS results measured at room temperature.  

From the pre-edge position in the XANES spectra, around 7114 

eV, the oxidation state for the Fe ions is confirmed to be 3+.48 

In addition, the pre-edge intensity is an indication whether the 

crystalline structure contains tetrahedral or octahedral 

coordinated iron. Inset of Fig. 6(a) shows the different 

intensities of the pre-edge peak. The pre-edge peak of iron 

based-ferrite is quite intense and similar to that of γ-Fe2O3 

reference, which has a mixture of tetrahedrally and 

octahedrally coordinated Fe. A strong pre-edge peak is typical 

of a non-centrosymmetric structure as the tetrahedral 

coordination of the absorbing atom. This maximum is less 

intense as the proportion of Fe in tetrahedral position 

decreases, which is noted for Co ferrite, and being the most 

marked for Zn ferrite. These findings indicate that the 

substitution of Fe3+ by Zn2+ cations in the structure is preferably 

placed in tetrahedral positions. The large intensity at the 

whiteline identified for the Zn ferrite NPs can be attributed to 

an increase in the coordination number of Fe-O bonds, as 

shown below by EXAFS. 

Fig. 6(b) displays the modulus of the Fourier transform FT of the 

EXAFS signal at the Fe K-edge. The FT is performed in the k3·χ(k) 
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weighted EXAFS signal between 2.5 and 12 Å-1. Experimental 

EXAFS results are fitted in R-space in the range of 1.2-3.5 Å using 

the FEFFIT code.50 The coordination number, N, the interatomic 

distance, R, and the Debye-Waller (DW) factors, σ2, are used as 

free parameters for each fitting.  

A comparison between the parameters obtained from EXAFS 

analysis for different ferrites prepared and maghemite and 

magnetite references is presented in Table 2.  

 
Table 2. Parameters of first (Fe-O), second (FeO-MO) and third coordination shell 

(FeO,T-MT,O) obtained from experimental EXAFS results for magnetite and 

maghemite references and for NPs of maghemite and cobalt and zinc ferrites. 

 

For the fitting, a three-shell model at the Fe K-edge is 

considered: the first shell is located around 1.98 Å and it is 

associated with the distances of Fe placed in both tetrahedral 

and octahedral positions with its first neighbouring atom, 

oxygen (Fe-O bonds); the second shell around 3.0 Å corresponds 

to the distance of octahedral Fe atoms (FeO) to their second 

neighbours located at octahedral sites (FeO-MO neighbours (M: 

Fe, Co, Zn)), and the third shell around 3.5 Å is equivalent to the 

distance between Fe cations located at octahedral positions and 

atoms located at tetrahedral positions and Fe cations located at 

tetrahedral positions and atoms located at octahedral ones 

(FeO,T-MT,O neighbours).51 An increase of the coordination 

number is observed at the first and second shell as the ferrite 

cation is modified according to Fe<Co<Zn (see Table 2). As the 

ionic radius decreases, the structure is more easily modified. 

However, the third shell related to FeO,T-MT,O bonds presents 

the lowest intensity (coordination number) for the Zn ferrite 

(Fig. 6(b) and Table 2). 52 This fact means that Fe cations at 

octahedral positions increase in relation to the Fe cations at 

tetrahedral position than are occupied by the Zn cations for the 

Zn ferrite, corroborating the XANES results. 

Concerning the atomic distances in the different shells, in all 

cases we identified an increases of the distance R according to 

Fe<Co<Zn (see Table 2), being larger at the FeO,T-MT,O 

coordination shell. This implies an expansion of the ferrite 

structure as ionic radius decreases, which is corroborated by the 

lattice parameter calculated by Rietveld analysis, (Table 1). 

Besides, the Debye-Waller factors as the ferrite cations is 

modified on average following Fe>Co>Zn, achieving the lowest 

value for de Zn ferrite where the expansion of the structure 

induces a reduction of the structural disorder (see Table 2). 

For an in-depth study of the spinel inversion of the cobalt ferrite 

and zinc ferrite, Mössbauer spectra were recorded at 4.2 K in 

presence of an external magnetic field of 7 T applied parallel to 

the gamma rays, Fig. 7. At 4.2 K both samples exhibit a 

ferrimagnetic order, their spectra being the result of the 

superposition of two sextets, corresponding to Fe3+ in the 

tetrahedral and octahedral positions, respectively (Fig. 7(a) and 

(c)). When an external magnetic field is applied, the overlap 

between both sextets is resolved, since the field tends to align 

the magnetic moments in the field direction so that the 

effective field in the majority sublattice, decreases while it 

increases in the minority sublattice. Moreover, if the field 

applied parallel to the radiation has sufficient force, the 

magnetic structure would be collinear to it, and the transitions 

with m = 0 (lines 2 and 5 of the sextet) would not be visible. 

However, as seen in Fig. 7(b) and (d), 7 T are not sufficient to 

overcome the magnetic anisotropy of the material in the 

octahedral site.  Therefore, in the fitting of the spectra, the ratio 

of intensities of the spectral lines 2 and 5 versus the 1 and 6 lines 

is used to calculate the spin canting (). Taking the area ratio 

from the spectrum at 4.2 K in-field of 7 T, assuming that the 

Lamb-Mössbauer factor is the same in the tetrahedral and 

octahedral position, the inversion degree is 30% for the zinc 

ferrite and 72% for the cobalt ferrite. In addition, the 

stoichiometry of the ferrites synthetized by the described 

method are (↑Zn0.70Fe0.30)[↓Zn0.30Fe1.70]O4 and 

(↑Co0.28Fe0.72)[↓ Co0.72Fe1.28]O4, respectively. The Mössbauer 

hyperfine parameters are listed in Table 3. 
 

 

Fig. 7 ZnFe2O4 and CoFe2O4 Mössbauer spectra. (a) and (c) spectra recorded at 4.2 K 

without external magnetic field for ZnFe2O4 and CoFe2O4 samples, respectively. (b) and 

(d) spectra recorded at 4.2 K applying a magnetic field of 7 T parallel to the g-radiation 

for ZnFe2O4 and CoFe2O4 samples. 
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Sample 
Fe-O FeO-MO FeO,T-MT,O 

N R 

(Å) 

σ2(Å2) N R(Å) σ2(Å2) N R(Å) σ2(Å2) 

Fe3O4 

reference 

5.33 1.99 

(1) 

0.016 

(2) 

4 3.01 

(1) 

0.015 

(1) 

8 3.49 

(1) 

0.011 

(1) 

γ-Fe2O3 

reference 

5.25 1.95 

(1) 

0.013 

(1) 

3.75 2.99 

(1) 

0.014 

(1) 

8.25 3.44 

(1) 

0.012 

(2) 

γ-Fe2O3 4.9 

(1) 

1.95 

(1) 

0.012 

(2) 

3.7 

(2) 

3.00 

(1) 

0.015 

(1) 

8.6 

(2) 

3.46 

(1) 

0.012 

(2) 

CoFe2O3 5.5 

(2) 

1.97 

(1) 

0.012 

(2) 

4.2 

(3) 

3.02 

(1) 

0.012 

(1) 

9.1 

(3) 

3.56 

(1) 

0.009 

(3) 

ZnFe2O3 6.1 

(1) 

2.01 

(1) 

0.009 

(2) 

5.4 

(3) 

3.02 

(1) 

0.010 

(2) 

7.4 

(2) 

3.57 

(1) 

0.009 

(2) 
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Table 3. Mössbauer hyperfine parameters evaluated at 4.2 K under an applied 

magnetic field of 7 T parallel to the g-radiation. (*) Isomer shift relative to α-Fe. 

 Site * (mm s-1) Heff (T) Hhf (T)  (°) % Area 

ZnFe2O4 
Fe+3(A) 0.24(1) 56.2 (1) 49.2 (1) 0 15 (1) 

Fe+3 (B) 0.547(1) 45.1 (1) 51.7 (1) 21 (10) 85 (1) 

CoFe2O4 
Fe+3(A) 0.248 (1) 55.5 (1) 48.5 (1) 0 36 (1) 

Fe+3 (B) 0.552 (1) 47.0 (1) 53.7(1) 18 (10) 64 (1) 

 

 

Others authors refers 36% inversion degrees in zinc ferrite 

samples of 14.8 nm synthetized by conventional polyol 

process,53 and 73% for cobalt ferrite electrochemically 

synthetized which mean diameter size is 22 nm,54 smaller 

particles of 2.4 nm and cubic shape also present 76% of 

inversion degree with the forced hydrolysis polyol process.13  

 

The zero field cool (ZFC) and field cool (FC) thermal curves for 

all the samples are illustrated in Fig. 8(a)-(c). ZFC/FC 

experiments for all three ferrites were performed at a fixed 

magnetic field of 1000 Oe. The TB value in cobalt ferrite sample 

was estimated to be several degrees higher than room 

temperature, Fig. 8(a). Below TB the global magnetic moments 

of the particles are blocked, whereas above TB the thermal 

activation energy is high enough allowing the NPs to relax from 

a blocked to a superparamagnetic state. This TB value in cobalt 

ferrite is consistent with the ferrimagnetic behaviour observed 

in the magnetic loops at 298 K and 10 K, where remanence and 

coercivity increase when the temperature decreases, Fig. 8(d) 

and Table 4. Similar TB values were reported for cobalt ferrite 

NPs of 7.8 nm crystal size synthetized by the conventional polyol 

method9,13 and for CoFe2O4 samples electrochemically 

synthetized with a mean diameter of 22 nm54 with the same 

magnetic field applied of 1000 Oe. In contrast, the TB for 

maghemite and zinc ferrite samples are about 240 and 20 K 

respectively, in agreement with the null hysteretic loop 

observed at room temperature at the superparamagnetic 

regime, observed at such high temperature Fig. 8(b)-(c), and 

Table 4. 

The Ms and Hc values at 10 K for ZnFe2O4 sample are 64 emu g-1 

(after subtracting the paramagnetic contribution) and 200 Oe 

respectively, Fig. 8(c) and Table 4. These values are not 

consistent with the antiferromagnetic ordering reported for 

bulk ZnFe2O4, suggesting the occurrence of a ferromagnetic or 

ferrimagnetic ordering in these nanocrystals at low 

temperature. 

In the ZFC/FC analysis of the ZnFe2O4 sample, the two branches 

are superimposed at high temperature but diverging below the 

blocking temperature where the ZFC branch falls rapidly to zero 

whereas the FC remains almost constant. Discrepancies persist 

regarding a possible justification of this atypical behaviour. One 

explanation was found by some authors in the dipole-magnetic 

dipole interaction between NPs,53,55,56 while other authors refer 

this difference to the decrease of the anisotropy with 

temperature.57 

 

 
 

 

Fig. 8 FC and ZFC thermal variation of the susceptibility versus T with a magnetic field 

applied of 1000 Oe of samples a) CoFe2O4, b) γ-Fe2O3, c) ZnFe2O4. d) The magnetization 

versus H measured at 290 K and inset at 10 K for γ-Fe2O3, CoFe2O4 and ZnFe2O4 particles. 

However, the most interesting result concerning the magnetic 

properties of polyol MW-assisted synthetized samples is the 

saturation magnetisation and the coercivity values measured at 

10 K for cobalt ferrite sample, Ms = 95  emu gNP
-1 and 7900 Oe, 

respectively. We discard the presence of metal Fe in the sample, 

because both XAS and Mössbauer spectroscopies do not show 

this evidence. The unexpected Ms measured value is close to 

that reported for the bulk (80 - 93 emu g-1)58 and higher than 

values reported in previous studies with MW on polyol medium, 

which were below 40 emu g-1 for 4-6 nm nanoparticle sizes.22,23 

This value is also higher than the one reported with 

conventional bath polyol process of about 85 emu g-1 at 5 K with 

6.1 nm mean diameter.13 This high Ms value is consistent with 

the formation of magnetic single domain particles without 

defects or disordered surface layer nor spin canting effect by 

using the polyol MW-assisted process proposed in this work. 

This improvement in saturation magnetisation could be 

explained by the cation distribution within the magnetic 

antiparallel two sublattices. An increase in saturation 

magnetization is expected when to population of Co2+ cations in 

tetrahedral sites increases. The population of Co2+ ions within 

the tetrahedral sites was previously discussed, 

(↑Co0.28Fe0.72)[↓ Co0.72Fe1.28]O4. The cationic distribution and 

the spin canting in octahedral sites, Table 3, were used to 

estimate the magnetic moment per unit formula. A magnetic 

moment value of 3.81 µB was obtained for cobalt ferrite sample, 

for comparison, the magnetic moment obtained from the 

magnetic susceptibility experiment is 3.99 µB. These results are 

nearly the same considering the uncertainty of the 

measurement. In the case of Zn ferrite this divergence is 

greater. 

 

 

 

-0.4 -0.2 0.0 0.2 0.4
-80

-60

-40

-20

0

20

40

60

80

-1.0 -0.5 0.0 0.5 1.0

-60

-40

-20

0

20

40

60

M
 (

e
m

u
g

-1
)

Magnetic Field (T)

(d) 

M
a

g
n

e
ti
z
a

ti
o
n

 (
e

m
u

g
-1

)

Magnetic Field (T)

 g -Fe2O3

 CoFe2O4

 ZnFe2O4

0 50 100 150 200 250 300

0.00

0.05

0.10

0.15

0.20

0.25

0.30
(a) 

M
 (

e
m

u
)

Temperature (K)

CoFe2O4

0 50 100 150 200 250 300

0.05

0.10

0.15

0.20

0.25

0.30 (c) 

Temperature (K)

10 20 30 40 50

 

T
B

ZnFe2O4

M
 (

e
m

u
)

0 50 100 150 200 250 300
0.44

0.48

0.52

0.56

0.60

g - Fe2O3

Temperature (K)

M
 (

e
m

u
)

(b) 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

Table 4. Magnetic parameters of ferrite NPs prepared by the MW-assisted polyol 

process. 

 Ms (emu g-1) Mr (emu g-1) Hc (Oe) 
TB 

(K) 

Sample 298 K 10 K 298 K 10 K 298 K 10 K  

γ-Fe2O3 79 84 0 11 0 141 240 

CoFe2O4 78 95 3.3 55 80 7900 
> 

298 

ZnFe2O4 18 64 0 10 0 200 20 

Conclusions 

In the present study, NPs of maghemite and stoichiometric 

ferrites of cobalt and zinc have been synthesized using MW 

heating combined with the polyol process. The obtained NPs 

have spherical morphology with narrow size distribution, high 

crystallinity and homogeneous composition. The MW-assisted 

polyol is a reproducible and efficient method that generates 

larger NPs sizes compared to conventional heating, with near 

100% yield. Therefore, it requires smaller synthesis 

temperatures to get equivalent particle size. The good 

crystallinity of the produced particles results in a good magnetic 

response, and in this sense, both maghemite and cobalt ferrite 

show magnetization values of 84 and 95 emu g-1, respectively, 

which are very close to the bulk material. In this work, we 

present for the first time a deep analysis of the crystalline 

structure of the ferrites obtained using MW as heat source in 

polyol medium.  

More sophisticated techniques, such as XAS, confirmed the iron 

oxidation state of 3+ and its short-range order for all these 

samples. Raman spectroscopy identified maghemite structure 

instead of magnetite or hematite. On the other hand, 

Mössbauer spectroscopy was able to determine the inversion 

degree of cobalt ferrite, (↑Co0.28Fe0.72) [↓Co0.72Fe1.28]O4 and 

the zinc ferrite sample (↑Zn0.70Fe0.30) [↓Zn0.30 Fe1.70]O4.  

Showing a good relationship with the magnetic moment 

obtained from the hysteresis loops at 10 K (3.99 µB) and the in-

field Mössbauer fitting (3.81 µB) for cobalt ferrite. 
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