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a b s t r a c t

Iron–cobalt spinel oxide nanoparticles, CoxFe3−xO4 (x = 1, 2), of sizes below 10 nm have been prepared

by combining chemical precipitation with high-energy ball milling. For comparison, their analogues

obtained by thermal synthesis have also been studied. The phase composition and structural properties

of the obtained materials have been investigated by means of X-ray diffraction, Mössbauer spectroscopy,

infrared spectroscopy, temperature-programmed reduction and magnetization measurements. X-ray

diffraction shows that after 1 h of mechanical treatment ferrites are formed. The measurement tech-

niques employed indicate that longer milling induces an increase in crystal size while crystal defects

decrease with treatment time. Magnetization and reduction properties are affected by the particles size,

the iron/cobalt ratio and the synthesis conditions.

1. Introduction

Nowadays the synthesis of spinel ferrite nanoparticles has been

intensively studied, because of their remarkable electrical and

magnetic properties and wide practical application to information

storage system, ferrofluid technology, magnetocaloric refrigeration,

catalysis, and medical diagnostics. The principal role of the prepara-

tion conditions on the morphological and structural features of the

ferrites have been discussed in several papers [1–6]. High-energy

milling as a solid-state method of synthesis of nanodimensional

materials has been the subject of considerable interest in recent

years [7–10]. The highly non-equilibrium nature of the milling pro-

cess creates the opportunities to prepare solids of improved and/or

novel physical and chemical properties. Mechanical milling is a

technique with an advantage that it can easily be operated and pro-

duces large amounts of nanostructured powders for a short period

of time [11]. A mechanochemical route for the preparation of ferrites

has been reported [12–15], however, synthesis was generally per-

formed starting from a mixture of iron and other metal oxides. In our

previous studies, we reported ferrites formation after a mechan-

ical milling of the corresponding hydroxide carbonates [16,17].

Among spinel ferrites, cobalt ferrite CoFe2O4 is especially interest-

ing because of the high cubic magnetocrystalline anisotropy, high
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coercivity, and moderate saturation magnetization. The properties

of these ferrites are highly sensitive to the concentration of diva-

lent metal ions, to substituting other metallic ions for the divalent

ions and to the crystallite size [18–21]. Many synthesis strategies

for preparing nanosized cobalt ferrite have been reported [21–25].

In this paper, for the first time we describe the mechanochem-

ical synthesis of Co2FeO4. We also present the mechanochemical

synthesis of CoFe2O4 under the same conditions as for Co2FeO4

and the characterization of the obtained materials using powder

X-ray diffraction, Mössbauer spectroscopy, infrared spectroscopy,

temperature-programmed reduction, and magnetic measurements

of samples prepared at different milling times.

2. Experimental

The synthesis was performed by two steps: co-precipitation and mechani-

cal milling of the co-precipitation precursors. The starting materials used were

Fe(NO3)3·9H2O powder (purity 99%), Co(NO3)2·6H2O powder (purity 96%), and

Na2CO3. In the co-precipitation processing route, a 0.5 M solution of metal salts

containing Co and Fe were taken in a desired molar ratio: Fe/Co = 2 and 0.5. Mixtures

of cobalt and iron hydroxide carbonates precursors were formed when a 1 M sodium

carbonate solution was added at pH 9. The precipitates were washed and dried at

348 K for 3 h. The as-obtained precursors (named as CoFe2HC and Co2FeHC) were

milled using a Fritsch Planetary mill in a hardened steel vial together with 15 grinding

balls having different diameters (from 3 to 10 mm). The ball-to-powder mass charge

ratio was 10:1. The powders were milled for 1 and 3 h (samples denoted as CoFe2MS1,

CoFe2MS3, Co2FeMS1, and Co2FeMS3, where MS indicates mechanochemical syn-

thesis). Thermal synthesis was performed in two steps: co-precipitation (starting

materials and procedure are described above) and subsequent annealing of the co-

precipitation precursor at 773 and 573 K for CoFe2O4 (denoted as CoFe2TS, where



Fig. 1. Powder X-ray diffraction patterns of CoFe2O4 (a) and Co2FeO4 (b) precursors after different milling times and thermal treatment.

TS indicates thermal synthesis) and Co2FeO4 (denoted as Co2FeTS), respectively.

According to our previous results [26] the thermal treatment of Co2Fe-hydroxide

carbonate at temperatures above 573 K leads to the formation of two spinels of dif-

ferent Co/Fe ratio, while for CoFe2O4 this temperature is too low for spinel formation

and for this reason the CoFe2-hydroxide carbonate is annealed at 773 K.

The structure was determined by X-ray diffraction (XRD) using TUR M62

diffractometer with Co K� radiation. Data analysis was carried out using JCPDS

database. Transmission Mössbauer spectra were obtained at room temperature

(RT) with a Wissel electromechanical Mössbauer spectrometer (Wissenschaftliche

Elektronik GmbH, Germany) working at a constant acceleration mode. A 57Co/Cr

(activity ∼= 10 mCi) source and an �-Fe standard were used. Experimentally obtained

spectra were treated using the least squares method. The parameters of hyperfine

interaction such as isomer shift (IS), quadrupole splitting (QS), and effective inter-

nal magnetic field (Heff) as well as line widths (FWHM) and relative spectral area

(G) of the partial components of the spectra were determined. The infrared (IR)

spectra were taken on a Spectrum 1000 (PerkinElmer) FTIR spectrometer in KBr

pellets. Isothermal magnetizations at RT were obtained with a Princeton Applied

Research vibrating sample magnetometer Model 155 (VSM – maximum static field

of ±1.8 T). Temperature and field dependences of the magnetization of the cobalt fer-

rites were measured on a Quantum Design SQUID Magnetometer. Zero-field cooled

(ZFC) magnetization of the sample was measured by cooling down the sample to

5 K in zero-field and monitoring the magnetization of the sample from 5 to 400 K

in a field of 20 Oe. The field-cooled (FC) magnetization was measured by cooling

the sample down to 5 K in the same field. In order to avoid sample rotation in the

applied field the nanoparticles were embedded in a polymer matrix, PMMA (poly

methyl methacrylate). Transmission electron microscopy (TEM) investigations were

made using a Topcon 002B electron microscope operating at 200 kV with a point-to-

point resolution r = 1.8 Å. The samples were sonicated in ethanol and deposited on

the copper grid precovered by polymer. Temperature-programmed reduction (TPR)

of the samples was carried out in the measurement cell of a differential scanning

calorimeter (DSC-111, SETARAM) directly connected to a gas chromatograph (GC).

Measurements were carried out in the 300–973 K range at a 10 K/min heating rate

in flow of Ar:H2 = 9:1, the total flow rate being 20 ml/min. A cooling trap between

DSC and GC removes the water obtained during the reduction.

3. Results and discussion

XRD patterns of the precursors and those of the samples

obtained after different milling times as well as after thermal

treatment are shown in Fig. 1. The patterns of the precursors are

characteristic of layered double hydroxides (LDH) as found for

pyroaurite (PDF 25-0521) and hydrotalcite (PDF 41-1428). After 1 h

of milling the intensive lines of LDH disappeared and broad peaks

of a new phase were registered. Their positions and intensities sug-

gest the formation of a spinel phase with cubic structure. After

3 h of milling, the diffraction lines of the spinel phase (CoFe2O4

or Co2FeO4) are well defined. The average crystallites size (D), the

degree of microstrain (e) and the lattice parameter (a) of the studied

cobalt ferrites were determined from the experimental XRD profiles

(Table 1) by using the Williamson–Hall equation [27]:

ˇcos � = 0.9�

D
+ 4ε sin � (1)

where ˇ is the full width at half maximum (FWHM) of the XRD

peaks, � is the Bragg angle, � is the X-ray wavelength, D is the

crystallite size, and ε is the value of internal strain. By plotting the

value of ˇcos � as a function of 4sin � the microstrain ε may be

estimated from the slope of the curve, whereas the crystallite size

D can be obtained from the intersection with the vertical axis. A

well-defined effect of the crystal size increase and decrease in the

crystal defects and lattice parameter with milling time is observed

with the mechanochemically prepared materials.

Typical morphologies of the synthesized CoxFe3−xO4 (x = 1, 2)

particles visualized by TEM show that in all cases the prepared

particles are nanosized, nearly spherical in shape and tend to

agglomerate. As an example transmission electron micrographs of

Co2FeTS and CoFe2MS3 are presented in Fig. 2. The average values

of particles diameter estimated from the TEM images are in good

agreement with those calculated from XRD results.

The bands characteristic of carbonate groups vibrations (1480,

1345, 1100, 840 cm−1) and those due to M–O stretching mode

(350 cm−1) and M–OH vibrations (475, 710 cm−1) appear in the IR

spectra (not shown) of the hydroxide carbonate precursors. In the

IR spectra of the samples obtained after 1 h of mechanical treat-

ment the bands of the carbonate vibrations are less intense and

two bands characteristic of spinel phases appear. The IR spectra of

samples mechanically treated for 3 h and the thermally obtained

samples present only bands typical of a spinel phase (Fig. 3). The

higher frequency band �l is due to AOB3, and that of the lower

frequency (�2) arises from the BOB2 vibrations in the spinel lat-

tice, where A and B denote cations in tetrahedral and octahedral

sites, respectively, of the spinel structure [28]. For Co2FeO4 the

Table 1
Crystallite size (D), microstrain (e) and lattice parameter (a) of investigated samples.

Sample D (nm) e × 103 (a.u.) a (Å)

CoFe2MS1 3.4 8.97 8.42

CoFe2MS3 8.6 7.83 8.40

CoFe2TS 18.9 1.80 8.37

Co2FeMS1 2.7 11.50 8.39

Co2FeMS3 3.8 8.08 8.29

Co2FeTS 10.5 7.20 8.26



Fig. 2. Transmission electron micrograph of Co2FeTS (A–C) and CoFe2MS3 (D).

�l and �2 positions in the transmission spectra are almost the

same (�l ≈ 650 cm−1, �2 ≈ 560 cm−1) independent of the prepara-

tion method. For all the CoFe2O4 samples, the �l and �2 positions

are around 590 and 385 cm−1, respectively, with a small shift to

higher wavenumbers for the mechanochemically obtained sample.

This change in band position may be due to a change of the internu-

clear distance of M–O in the equivalent lattice sites. The observed

vibration bands are in agreement with the results obtained by Wal-

dron [29], Silva et al. [30], and Lefez et al. [31]. It can be seen that

for iron rich spinels the main bands are shifted to lower frequen-

cies, indicating weaker force constants for Fe–O bonds compared to

Co–O. The bands of the thermally obtained samples narrowed due

to the increase of crystallization.

TPR profiles of mechanochemically and thermally obtained

materials are presented in Fig. 4 and show mainly one reduc-

tion peak with shape and maximum position depending on the

iron/cobalt ratio. A broadening is observed for the iron-rich sam-

ples and a shift of the peak maxima towards higher temperatures

compared to the cobalt-rich ones. For the studied iron–cobalt mixed

oxides the elementary steps of Fe3+, Co3+, and Co2+ reduction cannot

be distinguished from the TPR curves, thus leading to the sugges-

tion that the more easily reducible cations (in this case Co3+ and

Co2+) promote the reduction of iron cations. CoFe2MS3 is reduced

in the range of 400–750 K with peak maximum at 650 K and a

shoulder at ca. 700 K. It is clearly seen that these two reduction

peaks are shifted to a higher temperature with the thermally pre-

Fig. 3. IR spectra of mechanochemically and thermally obtained cobalt ferrites.



Fig. 4. TPR of mechanochemically and thermally obtained cobalt ferrites.

pared sample. This more difficult reduction can be due to increased

crystallinity of the sample obtained by thermal treatment in com-

parison with the mechanochemically synthesised one. In the case

of Co2FeO4, mainly one reduction peak is observed that can be due

to a larger amount of cobalt present in the samples. As for CoFe2O4,

the peak of the thermally synthesised sample is shifted to higher

temperatures and the reason is probably a higher crystallinity.

Mössbauer spectroscopy was applied to gain information about

the cationic occupations and/or different state distribution of iron

ions in the studied ferrite materials. Fig. 5 shows RT Mössbauer

spectra of samples taken from different steps of the processing

route. The corresponding parameters determined from simula-

tions of the spectra are listed in Table 2. The co-precipitated

precursors exhibit a quadrupole doublet with IS = 0.34 mm/s,

QS = 0.65–0.70 mm/s, indicating that the hydroxide carbonates are

paramagnetic. As shown in Fig. 5b the spectra of Co2FeO4 appear

always as doublets. The spectra of CoFe2MS1 and CoFe2MS3 are

doublets, while the spectrum of CoFe2TS contains only sextet com-

ponents (Fig. 5a). It should be noted that reasonable data fitting of

the Mössbauer spectrum of CoFe2TS exhibiting magnetic splitting

at RT could be obtained only when the B-site pattern is assumed to

be a superposition of more than one sextet. In our case the hyperfine

interaction of the B site could be fitted up to the four overlapping

six-line pattern (belonging to high spin Fe3+ ions with 0–3 Co near-

est neighbours), which is in agreement with observations of other

authors for ferrite samples [12,32]. The experimentally calculated

intensity ratio of the B-site peaks is different from that calculated

using a binomial distribution, proposed by Sawatzky et al. [33]

and de Bakker et al. [34]. The reason for the observed difference

is the method of preparation, which does not ensure a statistical

equilibrium distribution of the metal ions in the ferrite sample.

Additionally the size effect of small particles could increase the

relative spectral area of the components having smaller Heff. The

results obtained after simulation of the Mössbauer spectrum indi-

cate that the spinel structure of the thermally obtained compound

is not completely inverse (of the order of 10% Co on A sites).

Taking into account the XRD data we suppose that the doublets

observed in all milled samples and Co2FeTS arise from Fe(III) ions in

ultrafine ferrite particles exhibiting superparamagnetic behaviour

[35]. To confirm the superparamagnetic behaviour magnetic mea-

surements were carried out.

Room temperature isothermal magnetizations of the

mechanochemically and thermally prepared phases are shown

in Figs. 6 and 7, respectively. The magnetizations of all samples

obtained after mechanochemical treatment are weak (a few

emu/g). The small value of the measured magnetization could be

related to strong magnetic anisotropy and possible local canting

of magnetic ions due to the imperfect structure, and mainly to

the surface effect of nanosize particles of large surface area. The

absence of saturation in the magnetic field range explored, the “S”

shape of the curves together with the lack of coercivity indicate

the presence of small magnetic particles exhibiting superparamag-

netic behaviour [36]. This particle size effect is in good agreement

with the room temperature Mössbauer spectrometry where

only doublet components are observed. The RT magnetization

of CoFe2TS is 63.2 emu/g and the coercive field – 1.5 kOe. Cobalt

ferrite bulk material (CoFe2O4) is known to be a ferrimagnetic

material with very high cubic magnetocrystalline anisotropy

Table 2
Mössbauer parameters of samples after different milling times.

Sample Compounds IS (mm/s) QS (mm/s) Heff (T) FWHM (mm/s) G (%)

CoFe2MS1 Fe3+, CoFe2O4 0.34 0.67 – 0.48 100

CoFe2MS3 Fe3+, CoFe2O4 0.34 0.65 – 0.57 100

CoFe2TS Sx 1 – Fe3+, CoFe2O4 0.28 0.00 49.0 0.41 44

Sx 2 – Fe3+, CoFe2O4 0.37 0.00 52.4 0.42 18

Sx 3 – Fe3+, CoFe2O4 0.37 0.00 50.7 0.42 16

Sx 4 – Fe3+, CoFe2O4 0.37 0.00 46.7 0.42 15

Sx 5 – Fe3+, CoFe2O4 0.37 0.00 43.2 0.42 8

Co2FeMS1 Fe3+, Co2FeO4 0.34 0.70 – 0.49 100

Co2FeMS3 Fe3+, Co2FeO4 0.33 0.66 – 0.47 100

Co2FeTS Fe3+, Co2FeO4 0.32 0.73 – 0.47 100

IS: isomer shift relative to metallic �-Fe at RT; QS: quadrupole splitting for doublets or quadrupole shift for sextets; Heff: effective magnetic field.



Fig. 5. Mössbauer spectra of CoFe2O4 (a) and Co2FeO4 (b) precursors after different milling times.

Fig. 6. Isothermal magnetizations of CoFe2O4 (a) and Co2FeO4 (b) after different milling times.

leading to high theoretical coercivity: 25.2 and 5.4 kOe at 5 and

300 K, respectively, and a saturation magnetization of 93.9 and

80.8 emu/g at 5 and 300 K, accordingly [37,38]. However, the values

of the magnetic properties of CoFe2TS are lower than the values

of pure crystalline cobalt ferrite indicating that either the objects

formed are core/shell particles with spin-glass-like surface layer

[39] or that some of the ultrafine particles with superparamagnetic

behaviour remain intact. Our values are in accordance with results

obtained with nanocrystalline CoFe2O4 of similar grain size [40].

Concerning Co2FeO4, it is important to note that saturation of

the magnetization is never reached (in the magnetic field range

used (5 T)). The absence of coercivity, remanence, and saturation

at 295 K (Figs. 6b and 7b) can be explained by size effects and

suggests that this material behaves as a superparamagnetic at

room temperature.

Magnetization measurements as a function of applied tempera-

ture have been performed and as an example, the FC-ZFC curves of

CoFe2MS3 and Co2FeMS1 are presented in Fig. 8. The blocking tem-

perature (TB) associated with the maximum in the zero field cooling

magnetization curve increases with the milling time and the iron

content (170 and 210 K for CoFe2MS1 and CoFe2MS3; 75 and 110 K

for Co2FeMS1 and Co2FeMS3, respectively). TB can be associated

with an average size of the particles. The increase of the particle

size is confirmed by the increase of the blocking temperature with

Fig. 7. Isothermal magnetizations of thermally synthesized CoFe2O4 (a) and Co2FeO4 (b).



Fig. 8. ZFC-FC measurements of CoFe2MS3 (a) and Co2FeMS1 (b).

mechanochemical treatment time and is in accordance with the

XRD, TEM, and Mössbauer spectroscopy results. The point at which

ZFC-FC starts to diverge is usually associated with the blocking tem-

perature of the larger particles. The difference between these two

temperatures reflects the distribution in the particle size. Thus, the

cobalt rich sample exhibits a wide particles size distribution with

the larger particles magnetically blocked at room temperature.

4. Conclusions

High-energy ball milling of layered cobalt–iron hydroxide car-

bonates results in the formation of nanocrystalline cobalt ferrites,

where the particle size is below 10 nm and can be controlled by the

treatment time. The measurement techniques employed indicate

that the crystal size increases while the number of defects decreases

with treatment time. The magnetic and reduction properties of

the obtained materials are affected by the synthesis conditions,

the iron/cobalt ratio, and the particles size. This work shows that

nanosized CoFe2O4 and Co2FeO4 particles can be synthesized by

combining the co-precipitation method with subsequent high-

energy ball milling. This is a promising technique for a relatively

large-scale preparation of cobalt ferrite nanoparticles with tailored

properties.
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