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Highlights 

 Nanostructured cobalt ferrites' magnetic properties  

 “Janus effect” of starch coating on cobalt ferrite magnetization 

 Co-precipitation and hydrothermal methods/starch coating – increased magnetization 

 Mechanochemical and microemulsion methods/starch coating – decreased magnetization 

 

Abstract 

To investigate the magnetic behavior of starch-coated cobalt ferrites, well-established synthetic 

methods, i.e., coprecipitation, mechanochemical, ultrasonically assisted coprecipitation, 

microemulsion, and microwave-assisted hydrothermal syntheses were chosen for their 

preparation. The obtained materials had pure single-phase spinel structures. Scanning and 

transmission electron microscopy analyses revealed that the morphology of the samples is not 

uniform, and particle aggregation is a dominant process. Fourier transform infrared spectra and 

thermogravimetric analysis confirmed the presence of starch in all–coated samples. The 

unusually higher saturation magnetization of starch-coated samples than their as-prepared 

analogs, obtained by coprecipitation, ultrasonically assisted coprecipitation, and microwave-
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assisted hydrothermal methods, might be explained by the Ostwald ripening mechanism induced 

by the coating process. A decrease in magnetization was noticed for the starch-functionalized 

nanomaterials synthesized by mechanochemical and microemulsion methods, in comparison to 

their as-prepared analogs, i.e., the size distribution of such nanoparticles is narrow, and the 

average diameter of the grains is near critical for the Ostwald ripening process. 

Keywords: A. magnetic materials, A. oxides, A. nanostructures, B. chemical synthesis, B. 

magnetic properties 

1. Introduction  

Stable suspensions of magnetic nanoparticles (MNPs), aka ferrofluids, initially developed for 

technological applications [1-3], recently became materials with an impact in the fields of 

analytical chemistry, biosensing, and nanomedicine [4-11]. Rapid development in the design of 

MNPs with desired properties of size, morphology, chemical composition, and surface chemistry 

requires a multidisciplinary point of view, both from the chemistry associated with the 

challenging synthetic methods and the physics utilized for the determination and optimization of 

their magnetic properties [12]. Magnetism is an important prerequisite to employ nanoparticles 

as building blocks for different biological applications: as contrast agents for magnetic resonance 

imaging (MRI), for bio-assays using magnetic separation, as internal heat sources for 

thermoablation of tumors, as drug carriers with magnetic guiding capability,  for targeted drug 

release activated by an applied magnetic field and theranostic agents [5, 6, 13-16]. Functional 

nanoparticles in the sub-100 nm regime with controlled shapes and morphologies, mostly due to 

their size, can penetrate cell walls and deliver drugs for diagnostic and therapeutic purposes in an 

efficient manner. Moreover, regarding hyperthermia, a uniform distribution of nanoparticles 

determines a well-controlled temperature increase in tumor tissue. Applications of MNPs in the 

biomedical field are limited by the biocompatibility and colloidal stability of the nanoparticles. 

This can be overcome by proper layering and capping using surface layers of polymers, silica, 

functionalized long-chain organic molecules, etc. [17-23]. Biocompatible shells can be designed 

to target different molecules. However, to tailor properties such as surface area, particle size 

presents the major precondition. The literature is rife with controlled size and shape chemical 

preparation methods of MNPs [24-29]. Generally, the size of nanoparticles is strongly affected 

by the boiling point of the solvent [30], reaction time [31], and annealing conditions [32, 33], 

Jo
ur

na
l P

re
-p

ro
of



4 
 

while their shape is usually tuned by varying the heating rate [34], the precursor/surfactant ratio 

[35], the reaction time or the concentrations of the reagents [36, 37]. 

Among the many magnetic materials, cobalt ferrite (CoFe2O4), with a cubic-closest-packed 

inverse spinel structure, has attracted great attention due to its unique magnetic, electronic, 

optical and physical properties, such as chemical and thermal stabilities, large magnetocrystalline 

anisotropy, high Curie temperature and high coercivity at room temperature. These outstanding 

properties make CoFe2O4 a promising and suitable candidate for a large variety of different 

medical applications [38-40]. A plethora of different synthesis procedures have been developed 

to produce CoFe2O4 nanoparticles with improved physical and chemical properties [34, 37, 41-

55]. However, some preparation procedures may result in very small particles with poor 

magnetic properties, wide particle distributions, nonstoichiometric ferrites and the presence of 

nonmagnetic iron oxide phases. Small sizes can somewise be eliminated by annealing over 

600 °C [47]. On the other hand, possible sintering may lead to particle sizes larger than the 

critical size for single-domain behavior and restrict surface modification. Furthermore, the 

production of ferrites with a pure spinel phase in some cases requires annealing treatment [56]. 

In this study, stoichiometric CoFe2O4 MNPs were synthesized by five different preparation 

techniques, i.e., coprecipitation, ultrasonically assisted coprecipitation, mechanochemical, 

microwave-assisted hydrothermal, and microemulsion syntheses. These methods were chosen for 

their fast performance, simplicity, reproducibility, and scalability. Moreover, such techniques are 

well known to the scientific community as preparation methods of MNPs with desired 

performances. To obtain stable and biocompatible colloids necessary for possible medical 

applications, all magnetic cores were coated with starch, a strongly hydrophilic and 

biodegradable natural compound. Starch interacts with the surface of the MNPs through 

hydroxylic (R-OH) groups, resulting in a relatively weakly bonded coating provided by 

electrostatic interactions in a colloidal assembly [57]. The crystallinity, morphology, and 

chemical composition of these MNPs were studied using X-ray powder diffraction, scanning 

electron microscopy, energy-dispersive X-ray spectroscopy, and transmission electron 

microscopy. The magnetic properties of all samples were measured and discussed. The effects of 

starch coating on the magnetization of CoFe2O4 nanoparticles were clarified, giving rise to 

magnetically driven applications. 
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2. Material and Methods 

2.1 Materials 

All chemicals (iron (III) chloride hexahydrate (FeCl3·6H2O, 98%), cobalt (II) chloride 

hexahydrate (CoCl2·6H2O, 98%), sodium hydroxide (NaOH, >97%), cetyltrimethylammonium 

bromide (CTAB, >98%), n-butanol (99.8%), n-hexanol (>99%), iron(III) nitrate nonahydrate 

(Fe(NO3)3·9H2O, >99.95), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O, >99.99), ammonium 

hydroxide solution (28% NH3 in water), absolute ethanol and soluble starch) were obtained from 

Sigma-Aldrich (p.a. quality) and used without additional purification. Deionized water was used 

in these experiments. 

3. Experimental 

3.1 Coprecipitation synthesis 

The sample was synthesized using 0.02 mol Fe3+ and 0.01 mol Co2+ chlorides as precursors by 

dissolving them in 50 mL of deionized water and then heating to boiling. To ensure complete 

precipitation of cobalt and iron cations, excess 1 M NaOH solution was rapidly added with 

constant stirring. The appearance of a black precipitate was noted, and the pH value of the 

solution was 11. The reaction mixture was refluxed for 1 hour. The mixture was cooled to room 

temperature and filtered. The precipitate was washed with distilled water until the excess 

hydroxide was completely removed (neutral pH), separated from the solution using vacuum 

filtration, and dried at 100 °C for 2 hours. Furthermore, the powder was divided into two equal 

parts. The first part was pulverized in an agate mortar and annealed in an electrical furnace with 

a heating rate of 10 °C/min at T = 450 °C for 1 hour. The second part was transferred to the 

planetary mill.  

3.2 Mechanochemical synthesis 

Mechanochemical treatment was performed in a planetary ball mill (Retsch PM100CM). A 

hardened-steel vial (500 cm3 volume) filled with 10 hardened-steel balls (8 mm in diameter) was 

used as the milling medium. The powder prepared by the coprecipitation method was ball-milled 

for 10 h at 500 rpm in closed hardened steel containers with a ball-to-sample mass ratio of 20:1. 

The angular velocities of the supporting disc and vial were 32.2 and 40.3 rad s-1, respectively. 

The intensity of milling corresponded to an acceleration of approximately 10 times the 
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gravitational acceleration.  

3.3 Ultrasonically assisted coprecipitation synthesis 

Solutions of CoCl2·6 H2O and FeCl3·6 H2O were mixed in their stoichiometric ratio. The 

concentrations of Fe3+ and Co2+ were 0.4 M and 0.2 M, respectively. The final volume of 

solution was 50 mL. To this end, excess 1 M NaOH was rapidly added with constant stirring. 

The pH of the solution was maintained at 11. The mixture was then heated at 80 °C and 

ultrasonically treated for approximately 1 hour. The precipitated particles were then washed 

several times with deionized water to remove the hydroxide residues and other impurities, and 

separated from the solution using vacuum filtration. The precipitate was further dried at 80 °C, 

followed by pulverization in the agate mortar and annealing in the electrical furnace as the 

sample obtained by coprecipitation (section 2.2.1). 

3.4 Microemulsion synthesis 

A microemulsion system with CTAB as the surfactant, n-butanol as the cosurfactant, n-hexanol 

as the oil phase and an aqueous solution as the water phase was chosen. The microemulsion 

contained 15 wt% hexanol and 45 wt% aqueous solution, and surfactant to cosurfactant ratio was 

60/40. Two microemulsions with identical compositions but different aqueous phases were 

prepared. The first microemulsion contained aqueous solutions of a stoichiometric amount of 

Fe3+ and Co2+ nitrates, whereas the second microemulsion contained an aqueous solution of the 

precipitation agent ammonium hydroxide. These two microemulsions were then mixed under 

constant stirring and heated for 1 hour at 90 °C. The pH value after precipitation was 

approximately 11. The microemulsion with the product nanoparticles was mixed with a 

water/ethanol mixture and precipitated by centrifugation. Finally, the precipitate was washed 

with absolute ethanol to remove any oil and surfactant residues from the particles, separated 

from the solution using vacuum filtration, and dried at 70 °C. The precipitate was pulverized in 

the agate mortar and annealed in the electrical furnace under the conditions provided in section 

2.2.1. 

3.5 Microwave-assisted hydrothermal synthesis 

Stoichiometric amounts of chloride salts of Fe3+ and Co2+ necessary to prepare 1.5 g of CoFe2O4 

were dissolved in deionized water. Afterwards, a small excess of ammonium hydroxide was 
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added. The pH value was approximately 10. The overall volume of the mixture was divided into 

seven vessels, each with a volume of 100 mL. Each vessel contained 50 mL of the mixture. The 

vessels were placed in an HPR-1000/10S high pressure segmented rotor and heated in the 

microwave digester (ETHOS 1, Advanced Microwave Digestion System, MILESTONE, Italy). 

The power of microwave irradiation was set in the range of 0-1000 W, with linear heating of the 

mixture at 20 °C/min. The mixture was then heated at 200 °C for 20 minutes at a maximum 

pressure of 100 bars. Subsequently, the vessels were cooled in air. The prepared particles were 

separated from the solution using vacuum filtration. The precipitate was then washed several 

times with deionized water to remove excess chlorides. The synthesized nanoparticles were dried 

at 70 °C for one day. After drying, the residue was pulverized in the agate mortar.  

3.6 Functionalization with starch 

With the aid of ultrasound, 0.5 g of CoFe2O4 powder was dispersed in deionized water (20 mL). 

First, 2.5 g of starch was dissolved in boiling water, and 200 mL of 2 M NaOH solution was 

prepared. Then, the starch solution and ferrite dispersions were mixed and added dropwise in 

hydroxide solutions. The obtained mixtures were ultrasonically treated for 1 hour at 80 °C. 

Afterwards, the samples were cooled to room temperature, washed with deionized water to 

remove excess starch and hydroxide, and separated from the solution using vacuum filtration. 

The samples were dried for 48 hours at room temperature. 

3.7 Characterizations 

XRPD patterns for all of the samples were collected using a Rigaku SmartLab automated powder 

X-ray diffractometer with Cu Kα1 (λ = 1.54059 Å) radiation (U = 40 kV, I = 30 mA) equipped 

with a D/teX Ultra 250 stripped 1D detector in the XRF reduction mode. The diffraction angle 

range was 15 – 90 °2θ with a step of 0.01 ° at a scan speed of 2 °/min. Structural and 

microstructural investigations of all samples (cobalt ferrites and starch-coated cobalt ferrites) 

were conducted by the Rietveld method, as implemented in dedicated Rigaku PDXL2.0 software 

and based on the fundamental parameters approach (FPA) [58].  

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) analyses 

were performed with a JEOL JSM-6610LV scanning electron microscope. EDS analyses were 

conducted in the area of 1 × 104 μm2 per sample. Transmission electron microscopy (TEM) 

analysis was performed on a JEOL JEM-1400 Plus electron microscope with a voltage of 120 kV 
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and a LaB6 filament at different magnifications appropriate for observation of aggregation 

details.  

The Fourier transform IR (FT-IR) spectra were recorded on a Nicolet 6700 FT-IR instrument 

(Thermo Scientific) in the range of 4000 – 400 cm–1 using the ATR technique with a Smart Orbit 

accessory (diamond crystal). The accuracy of FTIR is 4 cm-1. The uncertainty of the method with 

a 95% confidence interval is 0.2 cm-1 obtained for 20 independent measurements of the band at 

1601.2 cm-1 that originates from the certified polystyrene standard. The number of scans for IR 

sample measurements was 32, while the number of scans for background measurements was 16. 

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the as-prepared 

and starch-coated CoFe2O4 nanoparticles were performed by a Thermogravimetric Analyzer 

TA SDT 2960 (TA Instruments, New Castle, DE USA). All TGA and DTA experiments were 

conducted in synthetic air (99.999%) with a purge flow of 80 mL/min. The applied temperature 

was changed from room temperature to 700 °C at a heating rate of 15 °C/min. 

Magnetic measurements were performed using a commercial Quantum Design Physical Property 

Measurement System (PPMS) equipped with a 9 T superconducting magnet and a vibrating 

sample magnetometer (VSM) option. Temperature dependences of the magnetization, M(T), 

were measured upon heating in the zero-field cooled (ZFC) and the field-cooled (FC) regime at 

100 Oe from 5 to 300 K. Hysteresis loops, M(H), were measured at 300 K in the field range ±9 

T. 

4. Results and Discussion 

The X-ray powder patterns of samples prepared by five different synthesis routes are shown in 

Figure 1. The diffraction maxima present in the XRPD patterns were identified by ICDD PDF2 

file number 22-1086. It is obvious that, for both types of samples, as-prepared and coated, a 

single spinel phase is present. The formation of pure CoFe2O4 is confirmed in all cases with no 

detectable residual phase of hematite. The XRPD patterns show peaks with considerable 

broadening, indicating the small crystallite size of the ferrite powders. To evaluate the quality of 

the Rietveld refinement, the weighted profile R-factor (Rwp), the unweighted profile R-factor 

(Rp), the statistically expected R value (Rexp) and χ2 value are presented in Table 1. The 

calculated values of the unit cell parameter (Å), volume (Å3), crystallite size (Å) and microstrain 

(%) of the prepared particles are given in Table 2. The obtained unit cell parameters are 
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comparable to the values reported in the literature [59]. However, the largest unit cell volume 

and unit cell parameters were registered for the mechanochemically prepared CoFe2O4. For the 

as-prepared samples obtained by wet chemical routes, the particles prepared with the aid of 

ultrasound have the smallest crystallite size, while the crystallites obtained by the microemulsion 

method are the largest. For the same annealing conditions, the crystallite sizes in the samples 

slightly differ from each other, which reflects the strong effect of the synthesis method. The 

crystallite size is related to the relative interdependence between the nucleation and growth steps, 

and it is strongly influenced by the preparation method. This indicates that the nucleation rate 

was higher than the growth rate in the ultrasonically treated samples compared to the other 

annealed powders. In starch-coated samples, the crystallite size slightly increases. The 

microstrain values for the uncoated and corresponding-coated samples are similar. Among all 

investigated powders, the microstrain value is the smallest for the CoFe2O4 prepared by the 

microemulsion method due to the lowest temperature of preparation. 

 

In all investigated samples, EDS analyses corroborate divalent cobalt and trivalent iron 

stoichiometric ratios close to 1:2 (Table 3). SEM analysis was performed to visualize the 

morphology of the synthesized magnetic nanoparticles. According to the SEM results (Figure 2), 

the synthesized particles have a significant tendency to agglomerate due to their ferrimagnetic 

nature. Furthermore, smaller agglomerates from 150 to 400 nm and larger with dimensions of 

approximately 0.7-1.5 μm were observed. To obtain a more detailed picture of the microstructure 

of the synthesized powders, TEM measurements were performed. The recorded TEM 

micrographs are presented in Figure 3. The general observation is that the morphologies of the 

samples are not uniform, and aggregations of individual particles are the dominant process in all 

monitored samples. Two kinds of particles are observed in the presented micrographs, larger 

polygonal and smaller particles with almost spherical shapes. The polygonal particles are larger 

than 20 nm, while smaller particles are in the range of 10-20 nm. The structure of smaller 

particles gravitates to amorphous, in contrast to polygonal ones. This could be explained by the 

mechanism of crystalline CoFe2O4 formation. In the first step of the chemical reaction, 

amorphous CoFe2O4 was formed, and, during the heat treatment, the reaction propagated along 

with crystallization and grain growth. It was shown in the literature that, for this type of material, 

changes in morphology are observed [60] throughout grain growth. From the TEM images of the 
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starch-coated powders (right side of Figure 3), encapsulation of individual particles cannot be 

observed. Thus, conclusions about changes in particle size cannot be made. 

 

 

FT-IR spectra of as-prepared and coated particles, taken in the range of 4000 to 400 cm-1 are 

presented in Figure 4. The exact wavenumbers and band assignments are given in Table 4. The 

fingerprint region of the FT-IR spectra showed M–O (M = Co, Fe) stretching modes of spinel 

ferrites, i.e., two characteristic vibrational modes for the spinel structure at approximately 570 

cm-1 and 420 cm-1 are present in all investigated samples. The strong band corroborated 

stretching vibrations of Fe3+ ion at a tetrahedral site (Fetetra–O), while the band of weaker 

intensity originated from Co2+ vibrations at an octahedral site (Coocta–O). Free or absorbed water 

in the samples caused the appearance of two peaks near 3360 and 1630 cm-1. The FT-IR spectra 

given in Figure 4b confirmed the attachment of starch moieties, i.e., five bands at approximately 

2930, 1450, 1340, 1000 and 920 cm-1 typical for starch can be observed [21, 61]. The weak band 

at approximately 2930 cm-1 can be assigned to stretching vibrations of -CH2 and -CH groups, 

while the signals near 1450 and 1340 cm-1 are connected to their bending vibrations. The band 

corresponding to 1000 cm-1 represents the C-OH stretching mode. The absorption peak at 920 

cm-1 is due to stretching vibrations of glycosidic linkages (C-O-C) [21]. Therefore, FT-IR spectra 

confirmed the presence of starch in all investigated coated samples. 

 

TG and DT analyses were performed to determine the amount of starch in the coated CoFe2O4 

samples and all the transformations that have occurred (Figure 5 and Figure 6). DT curves show 

two characteristic peaks that can be attributed to the endothermic process of free or adsorbed 

water evaporation and the exothermic process of organic layer combustion (starch-coated 

samples). According to the TG and DTG curves for the as-prepared and starch-coated samples, 

weight loss between 1% and 3% was noted at 200 °C for the starch-coated samples (Figure 6). 

Even though the coating procedure includes the usage of high starch concentrations, these results 

indicate that the amount of starch attached to the CoFe2O4 particle surfaces is very low.  
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Figure 7 shows the temperature (left side) and magnetic field (right side) dependences of the 

magnetization, M, for both, the as-prepared and starch-coated CoFe2O4 samples measured using 

the PPMS platform.  

 

The left part of Figure 7 presents the temperature dependences of the magnetization measured in 

the zero-field-cooled (ZFC) and field-cooled (FC) regimes at the applied field of 100 Oe for all 

investigated samples. All measured ZFC-FC relations have similar curvatures. The ZFC relations 

do not exhibit any extrema, and the magnetization increases with temperature from 5 to 300 K. 

All FC curves are nearly constant over the abovementioned temperature range. With the 

introduction of starch, nonsystematic changes in the magnetization values of the ZFC-FC 

relations are observed with respect to the uncoated samples. In the case of the samples prepared 

using coprecipitation and ultrasonically assisted coprecipitation methods, the M(T) curves 

showed higher values for the starch-coated nanoparticles. In contrast, for the CoFe2O4 

nanoparticles prepared using mechanochemical and microemulsion methods, the M(T) curves for 

the as-prepared samples have larger values than those for the starch-coated samples. It should 

also be noted that the smallest differences between the M(T) curves for the as-prepared and 

coated samples were observed for the samples obtained with the microwave-assisted 

hydrothermal method. Figure 7 also shows that, for the starch-coated sample prepared by the 

microemulsion method, the ZFC curve obtained negative values below 200 K. 

On the right side of Figure 7, a set of magnetization measurements as a function of the magnetic 

field obtained at T = 300 K for both the as-prepared and starch-coated CoFe2O4 nanoparticle 

samples is presented. All the M(H) curves exhibit different and nonzero coercive field values, 

HC, and different values of the magnetization at 90 kOe, here called the MS (Table 5). Similar to 

the ZFC-FC relations, the MS values after starch coating do not exhibit systematic changes. For 

the samples prepared by coprecipitation, ultrasonically assisted coprecipitation and microwave 

assisted hydrothermal methods MS increased by ca. 5-7% compared to the samples without 

coating. For the two remaining samples, the starch coating caused the reduction of MS at levels 

near 10 and 18%. 

 

In Figure 7, M/MS(H) relations are also plotted. It should be noted that the best overlap between 

hysteresis loops measured for pairs of the as-prepared and coated samples is observed for 
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microemulsion samples. Additionally, for the pairs of the samples made by mechanochemical 

and microwave-assisted hydrothermal methods, the curvature differences in M/MS(H) are very 

slight but noticeable below 20 kOe. The most significant variation in the curvature of M/MS(H) 

relations for as-prepared and coated samples is highly visible for the materials obtained by 

coprecipitation and ultrasonically assisted coprecipitation methods – the loops for samples 

without and with starch do not overlap below 30 kOe. 

Comparable ZFC-FC relations (without visible maximum in the ZFC curve and nearly constant 

in the temperature value of the FC curve up to 300 K) were observed earlier for cobalt ferrite 

nanoparticles [52, 62]. Kim et al. explained the registered ZFC relation based on Mössbauer 

spectra for 15 nm CoFe2O4 nanoparticles synthesized by the temperature-controlled 

coprecipitation method [62]. The authors predicted that their sample up to 550 °C is composed of 

superparamagnetic and ferromagnetic fractions; thus, the maximum in the ZFC curve is not 

registered, and a nonzero HC at 300 K is observed [62]. However, this explanation is hard to 

relate to our results without Mössbauer studies. As shown in Figures 2 and 3, synthesized 

CoFe2O4 nanoparticles with and without starch coatings are agglomerated systems. In such 

systems, grains are very close to each other, and it is expected that interactions between them are 

significant and have an influence on the macroscopic magnetic properties [63]. In our studies, the 

presence of the starch shell should reduce the strength of the interparticle interactions due to an 

increase in the distances between the nanoparticles; thus, the theoretical value of the shell 

thickness was calculated. Knowing the mass percentage of the starch in the coated samples, it is 

possible to evaluate the thickness of starch shells. Taking into account the densities of cobalt 

ferrite (ρ(CoFe2O4)=5.3 g/cm3) and starch (ρ(starch)=1.5 g/cm3) and approximately spherical 15 

nm diameter CoFe2O4 nanoparticles as the core, the thickness of the shell can be estimated as a 

value between 0.1 and 0.3 nm, depending on the starch concentration. Such values of the shell 

thickness indicate that the starch coating in the investigated samples has rather island-like 

character and cannot cover the single nanoparticle completely. Also taking into account the M(T) 

data gathered in Figure 7, where the ZFC-FC relations for the uncoated and coated samples have 

similar curvatures, the presence of magnetic interactions between the magnetic nanoparticles in 

all investigated samples seems to be obvious. 

The obtained MS values (at 300 K) for all discussed samples are lower than 80 emu/g, which is 

expected for bulk CoFe2O4 [64]. The observed reduction of the saturation magnetization with 

Jo
ur

na
l P

re
-p

ro
of



13 
 

regard to the bulk value is probably related to the near-surface layer, where the disorder of the 

magnetic moments is possible [63, 65, 66]. Notably, for the samples prepared using 

mechanochemical and microemulsion methods, the observed decrease in MS after starch coating 

is consistent with theoretical predictions and the literature [67, 68]. It is well known that starch is 

a diamagnetic material; therefore, covering CoFe2O4 nanoparticles with it should lead to a 

decrease in magnetization per mass unit. In the case of some samples, and especially for the case 

of the starch-coated sample prepared by the microemulsion method, where the ZFC curve 

obtained negative values below 200 K, the reason for the observed reduction of the 

magnetization may have an additional origin. The negative magnetization observed in this 

sample can be related to the presence of a small negative residual field of the superconducting 

magnet during cooling from room temperature to 2 K before the ZFC measurement.  

For the samples prepared by coprecipitation, ultrasonically assisted coprecipitation and 

microwave-assisted hydrothermal methods, MS values registered after the starch coating gave 

unexpected results – the increase of MS – it is quite possible that ultrasound used during the 

coating procedure can destroy smaller aggregates in the synthesized samples, and rearrangement 

of the particles by the Ostwald mechanism (also called coarsening) can occur. There is no direct 

but possible correlation between the Ostwald ripening process and MS value. In the Ostwald 

ripening process, larger particles enhance their diameters at the expense of smaller ones, 

resulting in the shift of the particle distribution to higher diameter values. This mechanism is 

related to the thermodynamic stability of the system, i.e., smaller particles have higher solubility 

than larger particles [69, 70]. It is known that, in nanoparticle systems, MS values increase with 

the diameter of particles [47, 71, 72]. Thus, if during the starch coating process, the average 

diameter of nanoparticles increases by the Ostwald mechanism, the enhancement of the MS value 

after coating becomes possible. It should be noted that the potential presence of a coarsening 

process for the samples prepared by coprecipitation, ultrasonically assisted coprecipitation and 

microwave-assisted hydrothermal methods does not exclude the existence of the starch coating. 

Most likely, the increase in the MS value induced by the enhancement of the average particle 

dimensions in these three samples is more significant than the reduction in the MS value after the 

functionalization of nanoparticles. The Ostwald ripening process takes place only if particles 

with diameters below the critical radius exist in the system. This critical radius is connected with 

the solubility of the particles. If the particles have dimensions equal to or above the critical 
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diameter, the process does not take place. In this context, we suppose that, for the samples made 

by mechanochemical and microemulsion methods, the size distribution of nanoparticles is 

narrow, and the average grain size is near critical for the Ostwald ripening process; thus, the 

influence of coarsening is not as significant as in the case of the three other samples [70].  

5. Conclusion 

To demonstrate how CoFe2O4 structures and ultrasonically assisted starch coatings are 

intertwined with the resulting magnetic properties, five different synthesis methods were 

performed. The XRPD patterns for all investigated samples revealed characteristic peaks for the 

pure spinel structure. According to the SEM and TEM data, the presence of highly agglomerated 

nanometric CoFe2O4 powders was confirmed. The FT-IR results clearly indicate the presence of 

starch. Attention should be paid to the fact that examined samples may be divided into two main 

groups. Starch functionalization of the samples prepared by coprecipitation, ultrasonically 

assisted coprecipitation and microwave-assisted hydrothermal methods resulted in a slight 

increase in the MS value. The curvature of hysteresis loops changed after the coating process, 

especially for the samples obtained by coprecipitation and ultrasonically assisted coprecipitation 

methods, opening new perspectives for –OH-based coatings of nanoparticles for applications in 

biomedicine. These unexpected magnetic properties are linked to the Ostwald ripening process, 

i.e., the diffusion of smaller particles onto larger particles was probably caused by ultrasound 

assistance during the coating procedure. It should be noted that this hypothesis does not exclude 

existence of the starch in samples prepared by the coprecipitation, ultrasonically assisted 

coprecipitation, and microwave-assisted hydrothermal methods. 

In the second group, where samples prepared by mechanochemical and microemulsion methods 

can be assigned, the theoretically predicted decrease in the MS value was occured. The observed 

decrease in MS values after starch coating is a consequence of the reduction in the content of the 

magnetic component for these two samples. However, the magnetic properties of coated 

nanoparticles synthesized by mechanochemical and microemulsion methods, as well as their 

narrow size distribution, give us confidence for their further medical applications.  

Finally, the magnetic properties of ferrite-based nanomaterials, dependent on the physical 

parameters, such as size, shape, composition, and core-shell architecture, can be selectively and 

judiciously tuned by the proper choice of the synthesis route.  
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Figure 1. Collected XRPD patterns of uncoated and starch-coated cobalt ferrites. CoFe2O4 

prepared by a) coprecipitation method, b) coprecipitation method/starch coating, c) 

mechanochemical method, d) mechanochemical method/starch coating, e) ultrasonically assisted 

coprecipitation method, f) ultrasonically assisted coprecipitation method/starch coating, g) 

microemulsion method, h) microemulsion/starch coating, i) microwave-assisted hydrothermal 

method, and j) microwave-assisted hydrothermal method/starch coating. 
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Figure 2. SEM analysis of the synthesized cobalt ferrites. Jo
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Figure 3. TEM analysis of the synthesized cobalt ferrites. 
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Figure 4. FT-IR spectra of a) as-prepared and b) starch-coated CoFe2O4 particles prepared by: 

the coprecipitation method (black), mechanochemical method (blue), ultrasonically assisted 

coprecipitation method (red), microemulsion method (green) and microwave-assisted 

hydrothermal method (purple). 

 

 

Jo
ur

na
l P

re
-p

ro
of



27 
 

Figure 5. TG, DTG and DT curves for the as-prepared CoFe2O4 samples. 

 

 

Figure 6. TG, DTG and DT curves for the starch-coated CoFe2O4 samples. 
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Figure 7. Results of the magnetization measurements obtained for the synthesized samples 

including (i) magnetization as a function of temperature measured at H = 100 Oe with the sample 

being cooled in the absence (ZFC) and the presence (FC) of the magnetic field H = 100 Oe and 

(ii) magnetization as a function of the magnetic field measured at T = 300 K. 
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Table 1. Results of Rietveld refinement (the weighted profile R-factor (Rwp), the unweighted 

profile R-factor (Rp), the statistically expected R value (Rexp) and χ2 value) 

CoFe2O4 prepared by Rwp Rp Rexp χ2 

Coprecipitation method 2.16 1.71 2.25 0.93 

Coprecipitation method* 2.18 1.71 2.19 0.98 

Mechanochemical method 2.16 1.70 2.27 0.90 

Mechanochemical method* 2.12 1.67 2.21 0.92 

Ultrasonically assisted coprecipitation method 2.14 1.68 2.24 0.91 

Ultrasonically assisted coprecipitation method* 2.13 1.68 2.22 0.92 

Microemulsion method 2.55 1.99 2.49 1.02 

Microemulsion method* 2.67 2.06 2.55 1.1 

Microwave assisted hydrothermal method 2.15 1.69 2.21 0.95 

Microwave assisted hydrothermal method* 2.28 1.79 2.23 1.05 

*starch-coated 

Table 2. Unit cell parameters (Å), volumes (Å3) and microstructural parameters for the 

investigated cobalt ferrites 

CoFe2O4 prepared by 

Unit cell 

parameter 

(Å) 

Volume 

(Å3) 

Crystallite 

Size (nm) 

Microstrain 

(%) 

Coprecipitation method 8.3723(5) 586.98(7) 12.0±1.2 0.32(6) 

Coprecipitation method* 8.3738(5) 587.17(7) 12.1±1.6 0.44(3) 

Mechanochemical method 8.3845(5) 589.42(7) 11.3±1.9 0.39(5) 

Mechanochemical method* 8.3888(4) 590.34(6) 12.5±0.9 0.37(2) 

Ultrasonically assisted coprecipitation method 8.3558(6) 583.40(8) 11.9±1.5 0.54(2) 

Ultrasonically assisted coprecipitation method* 8.3616(5) 584.61(6) 13.9±1.8 0.37(4) 

Microemulsion method 8.3610(4) 584.49(5) 12.8±1.8 0.15(4) 

Microemulsion method* 8.3628(4) 584.87(5) 14.3±1.2 0.11(5) 

Microwave assisted hydrothermal method 8.3738(4) 587.18(6) 12.5±1.9 0.41(4) 

Microwave assisted hydrothermal method* 8.3785(5) 588.17(6) 15.0±1.9 0.52(2) 

*starch-coated 

  

Jo
ur

na
l P

re
-p

ro
of



30 
 

Table 3. Weight percentage of elements (Co, Fe) in as-prepared and starch-coated CoFe2O4 

samples obtained by EDS analyses 

Preparation method Element 
As-prepared Starch-coated 

Wt % Wt % 

Coprecipitation 
Co 29.75 35.15 

Fe 67.71 64.85 

Mechanochemical 
Co 33.78 33.39 

Fe 66.22 63.87 

Ultrasonically assisted 

coprecipitation 

Co 39.19 35.10 

Fe 60.81 64.25 

Microemulsion 
Co 27.92 32.25 

Fe 68.38 67.75 

Microwave assisted 

hydrothermal 

Co 35.31 33.51 

Fe 64.69 66.49 

*oxygen is stoichiometrically normalized 
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Table 4. IR assignments for CoFe2O4 particles prepared by: the coprecipitation method 

(A), mechanochemical method (B), ultrasonically assisted coprecipitation method (C), 

microemulsion method (D) and microwave assisted hydrothermal method (E) 

Wavenumbers for uncoated particles (cm-1)  
Assignments 

A B C D E 

3367 3372 3361 3388 3361 Stretching vibrations of water 

1635 1640 1630 1613 1633 Bending vibrations of water 

558 574 580 563 559 Fetetra-O 

417 423 428 439 428 Coocta-O 

Wavenumbers for coated particles (cm-1)   

3363 3359 3339 3329 3332 Hydrogen bonded OH stretching 

2931 2936 2920 2941 2931 CH and CH2 stretching 

1636 1628 1574 1629 1633 Bending vibrations of water 

1454 1460 1461 1421 1465 CH2 bending in plane 

1351 1340 1335 1381 1362 CH bending in plane 

999 996 1025 1039 1020 COH stretching 

922 912 925 927 925 C-O-C stretching 

580 576 573 558 575 Fetetra-O 

430 426 400 428 412 Coocta-O 

 *The uncertainty of the method with a 95% confidence interval is 0.2 cm-1 
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Table 5. The magnetization (Ms) at 90 kOe and nonzero coercive field (Hc) values for all 

investigated samples 

CoFe2O4 prepared by 

As-prepared Starch coated 

MS 

(emu/g) 

HC  

(Oe) 

MS  

(emu/g) 

HC  

(emu/g) 

Coprecipitation method 66.4(1) 329(8) 69.9(1) 231(4) 

Mechanochemical method 72.1(1) 407(2) 59.0(1) 400(6) 

Ultrasonically assisted coprecipitation method 61.9(1) 291(12) 66.0 (1) 265(1) 

Microemulsion method 69.5 (1) 1206(7) 62.6 (1) 1219(1) 

Microwave assisted hydrothermal method 69.7(1) 723(1) 72.9(1) 702(1) 
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