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Abstract 
Nanodisperse composites were synthesized by hydrothermal method at elevated pressure. To study the influence of 
OH-/M2+ concentration ratio on phase composition, degree of crystallinity, average crystallite size, magnetic and 
absorption properties of Fe/CoFe2O4 composites, a series of Fe/CoFe2O4 composites was obtained by varying 
synthesis conditions. The obtained composites were characterized by X-ray diffraction, scanning electron 
microscopy, vibrational magnetometry and microwave analysis. A larger excess of precipitant leads to a higher 
degree of crystallinity and a larger average crystallite size of CoFe2O4. With an increase in the [OH– /Me2+] ratio, the 
diffraction peaks significantly increase in sharpness and intensity, indicating the formation of crystals with higher 
crystallinity and average crystallite size. Noticeable shifts in the positions of the diffraction peaks are also found for 
all samples, while the value of the crystal lattice constant decreases (8.3901–8.3699 Å). Studies using vibrational 
magnetometry have shown that the dependence of the saturation magnetization (Ms) correlates with the -Fe 
content. The maximum values of the saturation magnetization of 200 Emu/g and the coercive force of 900 Oe 
correspond to a ratio of OH-/M2+ concentrations equal to 4.6. All obtained samples effectively absorb electromagnetic 
radiation in the range of 8–10 GHz. 
Keywords: magnetic properties; spinel; X-ray phase analysis. 

 

ВПЛИВ СПІВВІДНОШЕННЯ OH-/M2+ НА ВЛАСТИВОСТІ КОМПОЗИТІВ Fe/CoFe2O4, 
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Анотація 
Нанодисперсні композити були синтезовані гідротермальним методом за підвищеного тиску. Для вивчення 
впливу співвідношення концентрацій OH-/M2+ на фазовий склад, ступінь кристалічності, середній розмір 
кристалітів, магнітні та абсорбційні властивості композитів Fe/CoFe2O4 було отримано серію композитів 
Fe/CoFe2O4 шляхом варіювання умов синтезу. Отримані композити були охарактеризовані за допомогою 
рентгенівської дифракції, скануючої електронної мікроскопії, коливальної магнітометрії та мікрохвильового 
аналізу. Більший надлишок осаджувача призводить до вищого ступеня кристалічності та більшого 
середнього розміру кристалітів CoFe2O4. Дослідження з використанням коливальної магнітометрії показали, 
що залежність намагніченості насичення (Ms) корелює з вмістом -Fe. Розміри нанокристалів композиту 
Fe/CoFe2O4, розраховані за формулою Шеррера, коливалися від 93.5 до 123.4 нм. Максимальні значення 
намагніченості насичення 200 А м2/кг та коерцитивної сили 900 Ерстед відповідають значенню n = 4.6. 
Ключові слова: магнітні властивості; шпінель; рентгенофазовий аналіз. 
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Introduction  
Nanosized transition metal ferrites with spinel 

structure have recently attracted wide attention of 
researchers in various scientific and applied fields 
[1–3]. Cobalt ferrite CoFe2O4, one of the well-
known magnetically hard materials, is widely used 
as a high-density recording medium, 
photocatalysts, adsorbents, electromagnetic 
radiation absorbers due to its significant magnetic 
anisotropy, moderate saturation magnetization, 
and high coercivity [4]. To date, there are a 
number of technologies that have been previously 
described for the preparation of CoFe2O4 
nanocrystals, including plasma, ultrasound, 
microemulsion, sol-gel methods, coprecipitation, 
electrochemical synthesis [5–10]. Ceramic high-
temperature method is the most widely used 
method due to its high productivity and simplicity 
in the production of magnetic materials [11]. 
However, the inability to obtain nanodispersed 
and monodispersed products limits its use despite 
the high productivity. To date, there are many 
hydrothermal synthesis methods used to produce 
CoFe2O4 nanocrystals, which differ in synthesis 
temperature, pressure, and precursors [12–14]. 
Detailed studies have reported the preparation of 
CoFe2O4 nanocrystals by mixing 0.2 M Fe(NO3)3, 
0.1 M Co(NO3)2 and 6 M NaOH [15; 16]. In this case, 
no additional oxidizer is required to form CoFe2O4. 
Previous studies have also shown that precursors 
and synthesis temperature play an important role 
in controlling the size of CoFe2O4, which 
significantly affects the phase composition and 
functional properties of the products [17; 18]. 
Very often, attempts are made to improve the 
magnetic properties of CoFe2O4 nanocrystals by 
increasing the calcination temperature of 
coprecipitated compounds or oxides [19; 20]. In 
the present study, nanodispersed Fe/CoFe2O4 
composites were obtained using the hydrothermal 
method. The aim of this study is to investigate the 
effect of the metal cation/alkali molar ratio on the 
crystallite size, crystallinity, magnetic properties 
and phase composition of the resulting products. 
A series of Fe/CoFe2O4 samples with different 
crystallite sizes and crystallinity were prepared by 
varying not only the pH but also the excess alkali 
during the synthesis. To our knowledge, these 
aspects have not been considered in detail in 
previous studies. 

 

Experimental 
Aqueous solutions of cobalt sulfate and iron 

sulfate were used as starting materials. The 

nanosized composite was prepared in a 
hydrothermal reactor. 

Four samples with different [OH– /Me2+] ratios 
were synthesized. 

 
Table 1.  

Conditions for sample synthesis 

№ sample Ratio [ОН- / Me2+] 

1 2.0 

2 2.1 

3 3.3 

4 4.6 
 

The obtained product was washed and dried 
for further study. The phase composition and 
structure of the ferrite samples were studied using 
a DRON-2 X-ray diffractometer with Co-K r The 
crystallite sizes were determined by the Selyakov-
Scherrer formula. 

𝐿𝐻𝐾𝐿 =
0.94𝜆

𝛽𝐶𝑜𝑠𝜃𝐻𝐾𝐿
,    (1) 

where  is a wavelength of radiation; 
𝛽 is a half-width of the reflection line; 
 is a maximum angle; 
𝐿𝐻𝐾𝐿  is a crystallite size in the direction of 

reflection (HKL). 
The value of microstresses is determined by 

the formula: 

𝑴 =
𝜟𝒅

𝒅
=

𝜟𝒂

𝒂
=

𝜷

𝟒𝒕𝒈𝜽𝑯𝑲𝑳
,   (2) 

M – degree of microstresses’  
M is determined by solving two equations with 

two unknowns. 
𝐷𝑛𝑘𝑙  is- dislocation density in the direction 

(HKL). 
𝐷𝐻𝐾𝐿 = 𝐴𝛽2,    (3) 
where A is coefficient depending on the elastic 

properties of materials.  
Lattice paramete adiation.  

𝑎 = √(𝐻2 +𝐾2 + 𝐿2)   (4) 
The magnetic properties of the final powder 

were studied using a vibration magnetometer. 
Measurements of the complex absorption and 
reflection coefficient, reflection coefficient, 
specific absorption for ferrites were performed 
using a setup consisting of a G4-83 generator, a 
S4–11 spectrum analyzer, and a biconical 
resonator. The measurements were performed at 
a frequency of 108–1012 Hz at a temperature of 
20 °C. The thickness of the sample was 1 mm. 

 

Results and discussion 
The diffraction patterns of the obtained 

Fe/CoFe2O4 samples are shown in Fig. 1. 
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d 

 

Fig. 1. X-ray diffraction patterns of the synthesized samples (numbering in accordance with Table 1) 
 

The X-ray diffraction patterns confirm the 
formation of a composite consisting of spinel 
ferrite CoFe2O4 with a cubic lattice (coincides with 
the standard X-ray diffraction pattern (JCPDS card 
No. 22-1086) and alpha iron. Additional 

impurities in the form of Co3O4, -Fe2O3, appear in 
sample 4. No impurities were found in sample 1, 2 
and 3.

Table 2 
Structural characteristics of the samples 

 Sample 1 Sample 2 Sample 3 Sample 4 
a, A 8.3901 8.3843 8.3795   8.3698 
Phase 
composition 

CоFe2O4 (F-43m cubic 
syngony) -Fe 

CоFe2O4 (F-43m cubic 
syngony) -Fe 

CоFe2O4 (F-43m cubic 
syngony) -Fe 

CоFe2O4 (F-43m cubic 
syngony), Co3O4, 

 -Fe2O3 
-Fe 

degree of micro 
stress M 

1.01·10-4 0.42·10-4 1.475·10-4 1.475·10-4 

L311 А 937 1002 1006 1179 
L440 А 1041 1145 1314 1234 
L А 1046 1252 1256 1474 
D311 cm-2 10.45·1010 7.29*1010 7.23·1010 5.39·1010 
D440  
cm-2 

9.21·1010 7.7*1010 5.85·1010 6.33·1010 

ICoFe2O4p/ 
 IFep, abs.un. 

4251/673 3717/695 4867/729 4826/979 

(Fe), % 64.8 65.4 70.1 67.8 

 

Table 2 also shows an obvious increase in 
crystallinity with increasing molar ratio. The 
intensity (ICoFe2O4p/IFep) of both ferrite and alpha 
iron peaks increases significantly with increasing 
[OH- /Me2+] value. The average crystallite size 
(L311) of the nanocrystals increases from 93.5 to 
117.9 nm with increasing n from 2 to 4.6. It can be 
clearly seen that with increasing [OH– /Me2+] ratio, 
the diffraction peaks increase significantly in 
sharpness and intensity, suggesting the formation 
of crystals with higher crystallinity and average 
crystallite size. The calculated L440 value of 
CoFe2O4 nanocrystals also increases from 104.0 to 

147.4 nm with increasing molar ratio. Noticeable 
shifts in the position of the diffraction peaks are 
also found for all the samples, with the lattice 
constant value decreasing (8.3901–8.3699 Å). The 
morphology of sample 1 is shown in Fig. 2. The size 
of the crystallites was determined using electron 
microscopy (Fig. 2), showing that the average 
physical size of the Fe/CoFe2O4 nanocomposites 
for sample 1 is 150–200 nm, which is slightly 
larger than the crystallite size determined from 
the X-ray diffraction patterns due to the 
agglomeration of primary particles. 
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Fig. 2. SEM images of synthesized products 

 

As can be seen, the particles of Fe/CoFe2O4 
nanocomposites obtained at the stoichiometric 
ratio have a clearly defined spherical shape. 

Magnetic hysteresis loops M=f(H) for 
Fe/CoFe2O4 nanocomposites are shown in 
Fig. 3(a, b). A detailed look at Fig. 3(a) shows the 
correlation between the coercive force (Hc) and 
the composite composition. Since the average size 
of CoFe2O4 crystallites in two planes increases 
with increasing n, the coercive force Hc of the 

composite increased with increasing L311 and L440. 
This increase is due to a higher degree of 
crystallinity. In addition, excess alkali promotes 
both the redistribution of Co2+ and Fe3+ ions 
located in octahedral and tetrahedral sites and the 
formation of additional phases. The maximum 
values of saturation magnetization 200 Em/kg 
and coercive force 900 Oersted correspond to n = 
4.6. 

 

 
 

Fig. 3. Hysteresis loops (a) and a fragment of a hysteresis loop (b) 
 

In addition, the Hc of the Fe/CoFe2O4 composite 
was studied as a function of the crystallite size. 
Figure 4 shows an increase in Hc (560–920 Oe) 
with increasing alkali/metal ratio for samples 1–2. 
Hc then decreased slightly to 850 Oe with 

increasing (Fe). The saturation magnetization 
increased monotonically with increasing (Fe), 
which correlates with increasing proportion of 
iron in the composite. 
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Fig. 4. Dependence of the magnitude of the coercive force, residual magnetization and saturation magnetization 

on the ratio [ОН- /Me2+] 

 

 
Fig. 5. Dependence of the specific absorption of electromagnetic radiation on the frequency for samples 1-4 

 

As can be seen from Figure 5, all the obtained 
samples effectively absorb EMR in the range of 8–
10 GHz. In this case, the highest values of 
14 dB/mm correspond to sample 4. At a frequency 
of 9–12 GHz, the highest values correspond to 
sample 1. 

 

Conclusions 
In this work, the Fe/CoFe2O4 nanocrystalline 

composite was obtained using the hydrothermal 
method. The degree of crystallinity and the 
average crystallite size of the Fe/CoFe2O4 
nanocrystals are controlled by changing the 

[OH- /Me2+] ratio. Higher values led to a higher 
degree of crystallinity and a larger average 
crystallite size of the Fe/CoFe2O4 nanocrystals and 
an increase in the iron content. The results show 
that the magnetic properties (Ms, Hc) of the 
Fe/CoFe2O4 composite nanocrystals increased 
significantly with an increase in the average 
crystallite size. The sizes of Fe/CoFe2O4 composite 
nanocrystals, calculated using the Scherrer 
formula, ranged from 93.5 to 123.4 nm. The 
maximum values of saturation magnetization 
200 Emu/g and coercive force 900 Oersted 
correspond to a value of n = 4.6.  
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