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ABSTRACT

In the preparation process of magnesium-cobalt nano-ferrite powder (Mg0.1-

Co0.9Fe2O4) by sol–gel self-propagation method, the effect of complexing agent

on the nanostructure and magnetic properties of ferrite is studied by changing

the type of complexing agent (the complexing agent includes citric acid, oxalic

acid, tartaric acid, glucose, and egg white). The XRD pattern of each sample has

eight distinct characteristic peaks, and the number of the strongest peak in each

map is one [i.e., (311) peak]. All these evidences can preliminarily indicate that

the sample has a spinel structure. In addition, in the FTIR of the sample, it can be

seen that there are several distinct characteristic peaks at 580 cm-1 (i.e., Fe–O

peak, etc.) which can also prove the structural characteristics of the sample. In

the SEM map, the sample can be seen to have an elliptical shape with a crys-

talline grain size between 28 and 50 nm. From this, we can guess that the

complexing agent participates in the reaction and has a certain influence on the

particle size of the sample. Elemental analysis showed that all the six samples

prepared contained magnesium, cobalt, iron, and oxygen, and then we quan-

titatively analyzed the sample to find that the prepared sample was the target

product. The BET test shows that a sample is prepared with glucose as the

complexing agent, the specific surface area of it can be increased. The VSM data

show that magnesium–cobalt ferrite powder with high saturation magnetiza-

tion, residual magnetization, and coercivity can be prepared by selecting glu-

cose as the complexing agent.
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1 Introduction

The production of magnetic materials has a long

history [1, 2]. This material has been widely used in

electric power, telecommunications and automatic

control with pure iron (99.9% Fe), ferrosilicon alloy

(Si–Fe, also known as silicon steel) and iron–nickel

alloys (Fe–Ni, also known as permalloy) as typical

representatives of such materials. Pure iron (also

known as engineering pure iron) has been used in

electrical technology as a metallic magnetic material

before the nineteenth century. However, it was

replaced by various types of ferromagnetic alloys in

the early twentieth century because the resistivity of

pure iron is too small and the loss of eddy current is

too large [3, 4]. The resistivity of ferrosilicon alloy is

several times higher than pure iron, and ferrosilicon

alloy is the most commonly used magnetic materials

for generator, motor, and some transformers with

high power [5–7]. Iron–nickel alloy has superior high-

frequency magnetic characteristics than ferrosilicon

alloy, so it opens up new possibilities for metal

magnetic materials to be used as special transformers

in submarine cables, televisions, precision instru-

ments, etc. [8], and as recording heads, such as

recording and video recording field in the applica-

tions of high frequency. For general pure iron and

ferrosilicon alloys, the eddy current generated inside

the material will cause a significant loss of energy

when the frequency of utilization is increased, thus

making its application in high frequency very lim-

ited. Metallic magnetic material, such as silicon steel,

is generally rolled into a sheet whose thickness is

between 0.05 and 0.1 mm and then superimposed to

be a high-frequency transformer which makes the

process complicated and costly. Due to the urgent

requirements of high-frequency radio technology, the

development of non-metallic magnetic materials

have increased rapidly, and their application has not

been limited to the high-frequency range for a long

time.

Ferrite is a composite oxide composed of iron and

one or more other metals. For example, the chemical

formula of the spinel ferrite is MeFe2O, or Me–O.

Fe2O3, where Me is a divalent metal ion which has an

ionic radius similar to that of the ferric ion Fe2? (e.g.,

Mn2?, Zn2?, Cu2?, Ni2?, M2?, Co2?, etc.) or a group

of various metal ions whose average chemical price is

divalent (e.g., Ni0.56Fe0.44). Both MnFe2O4 and

ZnFe2O4 are ferrites replaced by one kind of metal

ion, and sometimes are referred to as a one-compo-

nent ferrite. In order to meet different magnetic

characteristics, ferrites replaced by two or more metal

ions are called two-component ferrites or multi-

component ferrites [9, 10]. For example, frequently-

used manganese–zinc ferrite (Mn–ZnFe2O) and

nickel–zinc ferrite (Ni–ZnFeO) are two-component

ferrites, while manganese–magnesium–zinc ferrite

(Mn–Mg–ZnFe2O) is a multi-component ferrite. The

magnetic properties of ferrite also appear to have a

high magnetic permeability at high frequencies,

whose metal magnetic material, such as permalloy

and alumino-silicon–iron alloy, cannot match. In the

production process, the ferrite is similar to the gen-

eral ceramic process, whose operation is convenient

and easy to control, and it is not necessary, like a

metal magnetic material, to be rolled into a thin sheet

or made into a fine powder medium.

The general nature of spinel ferrite nanoparticles is

to change their performance to meet the requirements

by changing the synthesis process, precursor pH,

catalyst ion substitution, annealing conditions,

agglomeration, and the like [3, 4, 11, 12]. In this

experiment, the sample was prepared by sol–gel

auto-ignition method, and the type of complexing

agent was changed during the experiment to explore

the effect of complexing agent on the nanostructure

and magnetic properties of ferrite. The structural

properties of the samples were characterized by

X-ray diffraction (XRD) and Fourier transform infra-

red spectroscopy (FTIR), and then the microstructure

of the sample was observed by a scanning electron

microscope (SEM). Energy-dispersive X-ray (EDS) is

used to determine the chemical elements and the

ration of it in the sample. The BET test shows that

when preparing a sample with glucose as a com-

plexing agent, the specific surface area of the sample

can be increased. The vibrating sample magnetome-

ter (VSM) tested the magnetic properties of the ferrite

samples to determine which complexing agent had a

greater effect on the magnetic properties of the pre-

pared samples.

2 Experimental process

In the experiment of preparing magnesium–cobalt

nano-ferrite powder (Mg0.1Co0.9Fe2O4) by sol–gel

self-propagation method, the variety of complexing

agent is changed. The complexing agents are citric
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acid, oxalic acid, tartaric acid, glucose, and egg white.

The chemical raw materials are magnesium nitrate

[Mg(NO3)2�6H2O], cobalt nitrate [Co(NO3)2�6H2O],

ferric nitrate [Fe(NO3)3�9H2O], glucose (C6H12O6),

citric acid (C6H8O7�H2O), tartaric acid (C4H6O6),

oxalic acid (C2H2O4), and egg whites. Metal nitrates

and different complexing agents (egg white, tartaric

acid, EDTA, oxalic acid, and citric acid) were accu-

rately weighed and dissolved in distilled water. The

optimum molar ratio of metal cation to citric acid,

glucose, tartaric acid, and oxalic acid in the precursor

solution is 1:1.3, and the best ratio of ferrite sample

prepared with egg white as complexing agent is

20 ml of the fresh protein and 100 ml of the distilled

water whose mixture is as precursor solution. The

mixture was stirred uniformly by a glass rod, until

there was no visible matter. During the mixing pro-

cess, aqueous ammonia solution was gradually

added to obtain a solution whose pH was 3. The

evenly mixed precursor solution was heated and

stirred at 80 �C for 3 to 4 h in a thermostatic magnetic

heater to form the uniform and stable wet gel. Sub-

sequently, the wet gel was dried in a drying oven at

120 �C for 2 h to obtain a dry gel. The morphology of

the dried gel is shown in Fig. 1, and the dried sample

was ignited to heat the porcelain bowl to obtain a

silver-gray powder. The finally obtained gel was

heated at a constant temperature in a tube furnace at

650 �C for 3 h, and then the sintered powder was

ground for half an hour to obtain a sample.

3 Results and discussion

3.1 Structural characterization

The XRD map of the magnesium–cobalt ferrite sam-

ple prepared with different complexing agent is

presented in Fig. 2. We know that metal cations can

still undergo complexation reactions without the use

of complexing agents in the experiment. Each sample

has eight distinct characteristic peaks as shown in

Fig. 2 [i.e., (311), (111), (220), (222), (400), (422), (511),

and (440)] which proves that the sample can still form

a spinel structure without the use of a complexing

agent [13]. However, a small peak appears at around

35� and we know that the peak is Fe2O3 phase by

searching literature [14, 15]. The main reason of the

appearance of the impurity peak is that the com-

plexation reaction among the metal cations is

incomplete without complexing agent. The map of

each sample corresponds more perfect to the stan-

dard card of CoFeO4 (JCPDS No. 22-1086), so it can be

concluded that the prepared sample is a ferrite

material with a spinel structure. We can also see the

appearance of impurity peaks on the sample map of

the reaction with complexing agent, which may be

due to the fact that the complexing agent is also a

combustion improver in this experiment. Different

complexing agents have different effects on the

complexation reaction of ions, resulting in different

degrees of complexation reaction. In addition, com-

paring the peak intensities of the different samples, it

can be seen that different complexing agents also

affect the crystallization of the sample [16]. When we

use glucose as a complexing agent and a combustion

improver, the sample has the strongest crystallinity,

which may be caused by annealing at 650 �C. The

most suitable annealing temperature required for the

sample prepared with glucose as a complexing agent

is similar, that is, the energy required for crystal-

lization of the sample can be provided at 650 �C. Due

to the presence of magnesium–cobalt ferrite itself in

the form of Fe3? and Fe2?, the energy required for the

remaining samples to anneal is quite different. The

excess energy oxidizes Fe2? to Fe3?, and Fe3? ions

precipitate out during the cooling process to form

Fe2O3. Some XRD diffraction peaks of the magnesia–

cobalt ferrites prepared using different complexing

agents is weak and wide. The reason may be that the

disordered intercrystalline structure of magnesium–

cobalt ferrite nanocrystals and the defects in the

nanocrystals cause continuous changes in lattice

spacing.

Reading the XRD pattern of six samples with jade

6.5 gives the specific position of the sample (311)

peak, the interplanar spacing, and half width. We

combine these data with the following formula and

get the parameters to describe the microstructure of

the sample, such as plane spacing (d), lattice constant

(a), crystalline grain size (D), unit volume unit (a3),

and dislocation line density (d). Detailed data are

shown in Tables 1 and 2.

The application formula is as follows:

Specific values of lattice constants can be obtained

by the following formula [17]:

a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

; ð1Þ
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where (h k l) is the Miller index and d is the plane

spacing.

The average particle size can be calculated by the

following formula [18]:

D ¼ 0:9k
b cos h

: ð2Þ

The dislocation line density is calculated by the

following formula [19]:

d ¼ 1

D2
; ð3Þ

where D is the average crystallite size, k is the

wavelength of X-ray, b is the full width at half max-

imum of the diffraction peak, and h is the Bragg angle

of the peak position of the main peak.

The X-ray density qx, the bulk density qb, and the

porosity P were calculated by the following formula.

The calculated values for the different contents are

listed in Table 2. qx, qb, and P can be calculated by the

following formula [20]:

Fig. 1 The appearance of dry gelatin
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qx ¼
8M

NAa3
; ð4Þ

where M is the relative molecular mass of samples

when the doping amount x in ferrites is equal to

different values. In general calculation, NA is

Fig. 2 (Color online) X-ray

powder diffraction for

Mg0.1Co0.9Fe2O4 ferrite

nanoparticles prepared using

different complexing agents

Table 1 Parameters obtained from XRD data of Mg0.1Co0.9Fe2O4 nano-ferrite particles prepared from different complexing agents

Complexing

agent

Inter planar spacing,

d (Å)

Lattice constant,

a (Å)

Particle size,

D (nm)

Volume of unit cell,

a3 (Å3)

Dislocation line density, d
(10-3 nm-2)

No complexing

agent

2.5276 8.3831 33.10 589.13 0.91

Citric acid 2.5239 8.3681 33.50 585.98 0.89

Oxalic acid 2.5283 8.3854 29.78 589.62 1.12

Tartaric acid 2.5246 8.3731 38.98 587.03 0.66

Glucose 2.5283 8.3854 46.33 589.62 0.47

Egg white 2.5258 8.3771 34.61 587.87 0.83

Table 2 Various structural

parameters of

Ni0.2Cu0.1Co0.7Fe2O4 nano-

ferrite particles

Complexing agent X-ray density, qx (kg/m
3) Tetrahedral site, dA (Å) Octahedral site, dB (Å)

No complexing agent 5214.47 3.6300 2.9639

Citric acid 5242.51 3.6234 2.9586

Oxalic acid 5210.14 3.6310 2.9647

Tartaric acid 5233.12 3.6256 2.9603

Glucose 5210.13 3.6310 2.9647

Egg white 5225.65 3.6274 2.9618
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Avogadro constant and its numerical value is usually

6.02 9 1023.

The following relationship is used to calculate the

A (tetrahedral) and B (octahedral) sites of the mag-

netic ion (hopping length) and the distance between

them [16]:

dA ¼
ffiffiffi

3
p

4
a; ð5Þ

dB ¼
ffiffiffi

2
p

4
a: ð6Þ

By calculation, as shown in Table 1, the lattice

constant of the sample also changes due to the dif-

ference of complexing agent, which may be attributed

to the fact that the sintering temperatures required

for each sample are different with different com-

plexing agents as combustion improvers. In other

words, when the complexing agent is different, the

energy required for crystallization of the sample is

different. When the energy supplied is lower than the

required energy, the growth of the sample is insuf-

ficient and then it causes the change in lattice con-

stant. When the energy is higher than the required

energy, the excess energy causes the ferrous ions in

the ferrites to oxidize to ferric ions and then it causes

lattice deformation; thus, the lattice constant changes.

Samples prepared with different complexing agents

(glucose, oxalic acid, protein, tartaric acid, and citric

acid) have different average grain sizes. The average

grain size of different complexing agents from small

to large is in the following order: oxalic acid, no

complexing agent, citric acid, egg white, tartaric acid,

and glucose, and the specific values are shown in

Table 1. When glucose is used as the complexing

agent, the sample has the largest particle which may

be due to the same change trend of the ferrite particle

size and the degree of polymerization of the carbo-

hydrate organic complexing agent. At the same cal-

cination temperature, the organic complexing agent

which has a larger molecular size and a longer chain

length can prepare ferrite whose particles are larger.

The organic complexing agent which has a larger

molecular size and a longer chain length allows the

ferrite particles to grow faster under the same change

of temperature. In addition, in Tables 1 and 2, it can

be seen that the parameters of the unit volume unit

(a3) and the dislocation line density (d) also vary due

to changes in the lattice constant.

3.2 Fourier transform infrared spectroscopy
(FTIR)

The Fourier transform infrared spectrum of the

magnesium–cobalt ferrite powder prepared by dif-

ferent complexing agents (citric acid, oxalic acid,

tartaric acid, glucose, and egg white) is shown in

Fig. 3. The type of functional group of the sample and

the crystal structure determine the position and

intensity of the absorption peak. Since the positions

of the metal cations in the crystal lattice are different,

the bond lengths of the ferric ions and the ions are

different. This difference leads to the difference of the

frequency of the vibration of the Fe–O [21], and then

the positions of the absorption peaks are different. It

is shown in the figure that each sample has several

distinct absorption peaks, such as t1, 1640 cm-1,

1384 cm-1, and 1132 cm-1 [22]. The position of the t1

absorption peak is between 570 and 596 cm-1

(specific peaks are shown in Table 3). It is a charac-

teristic peak of the functional group formed by the

oxygen ion and the Fe3? ion (at the octahedral posi-

tion). The absorption peak at around 1640 cm-1 is a

characteristic peak of hydroxide, the absorption peak

at around 1384 cm-1 is the characteristic peak of

nitrate, and the absorption peak at around 1130 cm-1

is the characteristic peak of C–O bond. The absorp-

tion peak of the functional group formed by Fe3? and

oxygen ions in the tetrahedral position was not found

in the map because its vibration frequency exceeded

the measurement range of the instrument. The pres-

ence of these absorption peaks also confirmed that

the prepared samples all had a spinel structure.

However, in the absorption spectrum of the pow-

der which is from self-propagating combustion of the

xerogel, it can be seen that the spectrum exhibits

typical characteristics of the IR spectrum of a typical

inorganic substance. After annealing at 650 �C, the

characteristic peaks of –COOH and NO3
- almost

disappeared completely in the spectrum, and a

strong absorption peak appeared at around

582 cm-1, which corresponds to the characteristic

absorption peak of Fe–O ferrite. It indicates that the

self-propagating combustion reaction occurred

between the nitrate and the carbon-containing group.

The nitrate has oxidizing property to be as an oxi-

dizing agent, and the carbon-containing group acts as

a reducing agent in the reaction. A redox reaction

occurs between them and a large amount of heat is

released. The heat causes the Fe–O ferrite to form the

10554 J Mater Sci: Mater Electron (2021) 32:10549–10563



spinel structure instantaneously during the self-

combustion process. The complexing agent used in

this experiment mainly plays two roles in the reac-

tion. Firstly, it acts as a complexing agent to form a

uniform, stable and transparent sol in the early stage

of the reaction; secondly, it acts as a fuel to provide

energy for the self-combustion reaction. It is shown in

Table 3 that the absorption peak t1 also moves with

different complexing agents, and the change is the

most pronounced when tartaric acid is used as the

complexing agent. It indicates that the addition of the

complexing agent can affect the bond length of the

Fe–O bond and then can change the frequency of the

vibration. It also provides a powerful reference for

studying the influence of the type of complexing

agent on the microstructure of magnesium–cobalt

ferrite.

3.3 Scanning electron microscopy (SEM)

Figure 4 shows a photograph of a sample topography

taken by a scanning electron microscope of each

sample. From the SEM photograph of the product, it

is known magnesium–cobalt ferrite particles have

small particle sizes, good dispersibility, and uniform

size. Due to the strong magnetic properties of the

sample, the phenomenon of particle agglomeration is

serious. But, the basic morphology of the sample

particles can still be clearly seen. The sample particles

are round or oval, and the particle size is between 20

and 50 nm, which indicates that the complexing

agent has a certain effect on the particle size of

magnesium–cobalt ferrite.

Fig. 3 FT-IR spectra of

Mg0.1Co0.9Fe2O4 ferrite

nanoparticles prepared using

different complexing agents

Table 3 Frequency bands t1
of the samples Complexing agent Sample Annealing temperature (�C) t1 (cm

-1)

No complexing agent Mg0.1Co0.9Fe2O4 650 586

Citric acid Mg0.1Co0.9Fe2O4 650 584

Oxalic acid Mg0.1Co0.9Fe2O4 650 578

Tartaric acid Mg0.1Co0.9Fe2O4 650 570

Glucose Mg0.1Co0.9Fe2O4 650 579

Egg white Mg0.1Co0.9Fe2O4 650 596
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3.4 Elemental analysis (EDS)

The above can prove the successful preparation of

magnesium–cobalt ferrite powder with spinel struc-

ture using different complexing agents and

combustion improvers (citric acid, oxalic acid, tartaric

acid, glucose, and egg white). This is mainly due to

the use of egg white as the complexing agent. The

same sample was selected from multiple regions to

quantitatively analyze the sample, and the average

Fig. 4 Scanning electron microscopy micrographs of Ni0.2Mg0.1Co0.9Fe2O4 ferrite nanoparticles prepared using different complexing

agents: a no complexing agent, b citric acid, c oxalic acid, d tartaric acid, e glucose, and f egg white
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Fig. 5 EDS spectra of Mg0.1Co0.9Fe2O4 ferrite nanoparticles prepared using different complexing agents (a no complexing agent, b citric

acid, c oxalic acid, d tartaric acid, e glucose, and f egg white)
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value of multiple measurements is shown in Fig. 5.

The calculation of each element content gives the

chemical formula of the prepared sample which is

approximate to Mg0.11Co0.88Fe2.1O4.8. The chemical

element ratio of the sample is somewhat different

from the target product. It may be due to the irreg-

ularity of the selected area of the sample component.

In addition, since the prepared sample has a large

number of pores and a relatively large porosity, the

prepared sample will absorb a certain amount of

oxygen on the surface, resulting in an excessive

oxygen content. It is thus possible to initially deter-

mine the preparation of the sample as the target

product.

3.5 Specific surface area test analysis (BET)

The specific surface area of magnesium–cobalt ferrite

nanocrystals was measured by static nitrogen

adsorption capacity method. Before measuring the

specific surface area of the prepared sample, the

sample was degassed under the condition of vacuum

and - 197 �C for 4 h to remove the original adsorbate

on the solid surface, and then adsorbed with liquid

nitrogen.

The nanoparticles prepared without complexing

agent (annealed) have a specific surface area of 3.8771

m2/g and an average pore diameter of 39.84 nm. The

nanoparticles prepared using glucose as the com-

plexing agent (annealed) have a specific surface area

of 5.9122 m2/g and an average pore diameter of

28.57 nm. Theoretically, the grain size is inversely

proportional to the specific surface area, but in this

experiment, the specific surface area of the prepared

sample became larger as the grain size became larger.

It may be due to the fact that the sample prepared by

the addition of glucose has a strong magnetic prop-

erty, causing a serious agglomeration of the sample.

Many gaps are formed among the particles in the

grains agglomeration which includes larger grains,

while the smaller grains are agglomerated more clo-

sely and the gap among the particles becomes smaller

and fewer.

3.6 Magnetic measurements (VSM)

The use of different complexing agents (citric acid,

oxalic acid, tartaric acid, glucose, and egg white) to

successfully prepare a magnesium–cobalt ferrite

powder which has a spinel structure can be

demonstrated. This experiment mainly studies the

effect of the type of complexing agent on the mag-

netic properties of ferrite. Therefore, the sample is

characterized by the vibration sample magnetometer

and the characterization results are shown in Fig. 6.

The saturation magnetization, residual magnetiza-

tion, and coercivity of the sample are different from

those without the addition of complexing agent.

Analysis of the shape of the hysteresis loop shows

that the prepared samples belong to the hysteresis

loop of the ferromagnetic material.

During the formation of the spinel ferrite, the

divalent and trivalent metal cations occupy the

octahedron (B position) and the tetrahedron (A

position) in the spinel structure, respectively. The

reason for the formation of positive magnetic spinel

structure is that the octahedral position is occupied

by trivalent metal ions and the tetrahedral position is

occupied by divalent metal ions. The formation of

inverse magnetic spinel structure is due to the fact

that the octahedral position is occupied by divalent

metal ions and the tetrahedral position is occupied by

trivalent metal ions. The lattice structure model of the

ferrite and the definition of the position of the octa-

hedron and the tetrahedron are shown in Fig. 6.

We know that the magnetic properties of ferrite are

derived from the spin of the surrounding electrons of

the metal cation and the superexchange interaction

between the metal cation and the oxygen ion. The

interaction between the same cation and the oxygen

ion is (A–A, B–B), and the interaction between the

different metal cations and the oxygen ion is (A–B)

[23]. Among these three exchange effects, the type of

super-exchange of A–B is the strongest. Neel’s fer-

romagnetic theory which describes the superex-

change effect is shown in Fig. 7 [24, 25]. Physical

properties of the prepared samples were measured

by VSM (the test results are shown in Fig. 8) to obtain

data, such as saturation magnetization, residual

magnetization, and coercive force of the prepared

samples (detailed data are shown in Table 4). The

magnetic parameters were calculated in conjunction

with the data given in Table 4 and the following

formula, as shown in Table 5.

The formula is as follows [22]:

lBðCal:Þ ¼ MB �MA; ð7Þ
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Fig. 6 Ferrites crystallize in the form of a cubic structure. Each corner of a ferrite unit cell consists of a ferrite molecule. a Tetrahedral or A

sites and b octahedral or B sites

Fig. 7 Configuration of ion pairs in spinel ferrites with favorable distances
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Fig. 8 M–H hysteresis loops

of Mg0.1Co0.9Fe2O4 ferrite

nanoparticles prepared using

different complexing agents at

room temperature
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where lB is the total magnetic moment; MA and MB

are the magnetic moments of the metal ion at the A

and B positions, respectively [26].

lBðexp :Þ ¼
Mw �Ms

5585
; ð8Þ

where M is the molecular mass of the corre-

sponding ferrite, and Ms is the saturation magneti-

zation of the corresponding sample [27].

Hc ¼
2K

l0 �Ms

: ð9Þ

The saturation magnetization Ms, coercive force Hc,

and K are magnetic anisotropy constants.

Analysis of the data given in Tables 4 and 5 shows

that the addition of a complexing agent to the reac-

tion greatly enhances the magnetic properties of the

sample, but the degree of effect of different com-

plexing agents on the magnetic properties of the

sample is different. Thus, the promotion on the

magnetic properties of the sample is different, and

when glucose acts as the complexing agent, the per-

formance of the sample is increased the most. Glu-

cose acts as a complexing agent to increase the

saturation magnetization of the sample from 20.836 to

61.512 emu/g, the residual magnetization from 10.19

to 31.58 emu/g, and the coercive force from 1128.24

to 1286.62 Oe. The anisotropy constant was also

increased from 1.18 9 104 to 3.96 9 104 erg/g.

When glucose is used as the complexing agent, the

gel mechanism is that the gel reacts with metal ions in

the solution to form a complex, which is then calcined

to be converted into magnesium–cobalt ferrite. The

change of residual magnetization is mainly due to the

fact that the use of different complexing agents

changes optimum annealing temperature for each

sample. On one hand, each sample annealed in the

condition of heat preservation at 650 �C for three

hours, resulting in different distribution of impurity

and pore in the sample. The use of glucose as the

complexing agent causes the magnetization inside

Table 4 Magnetic parameters of the prepared ferrite samples

Complexing

agent

Remanent magnetization, Mr

(emu/g)

Saturation magnetization, Ms

(emu/g)

Coercivity, Hc

(Oe)

Squareness,

S (Mr/Ms)

Coercivity

squareness S*

No 10.19 20.836 1128.24 0.489 0.988

Citric acid 27.98 60.520 1102.73 0.462 0.246

Oxalic acid 21.25 49.611 1163.31 0.428 0.220

Tartaric acid 24.79 55.262 1074.98 0.463 0.354

Glucose 31.58 61.512 1286.62 0.449 0.101

Egg white 20.63 48.160 875 0.428 0.530

Table 5 Magnetic moment, magnetic anisotropy, dM/dH, and Hm calculated from M(H) data for Mg0.1Co0.9Fe2O4

pH value Unit cell magnetic moment lB(exp.) Anisotropy constant K 9 104 (erg/g) Hm (Oe) dM/dH (emug/Oe) 9 10-3

H ? 0 H ? Hm

No 0.86 1.18 997 5.04 12.8

Citric acid 2.50 3.34 991 16.346 34.26

Oxalic acid 2.05 2.89 1489 12.598 23.82

Tartaric acid 2.29 2.97 997 14.96 29.78

Glucose 2.55 3.96 1489 12.13 37.26

Egg white 1.99 2.11 896 14.98 30.86

cFig. 9 Field dependence of dM/dH of different samples. 2Hm

measures the magnetic field that separates two peaks
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the material to become relatively uniform, so that the

demagnetizing field generated around the impurity

and the pores is reduced, and thus, the residual

magnetization becomes larger. On the other hand,

since the addition of glucose sugar makes the impu-

rities and pores uniform, the growth of magnetiza-

tion reversal core is not easy so that the

demagnetization process is in the first quadrant of the

hysteresis loop, and the demagnetization nucleus

becomes less to increase the residual magnetization.

In the process of adjusting the acidity of the solu-

tion with ammonia water, the metal ions in the

solution, especially Fe3?, first react with OH- to form

a yellow precipitate, and then the glucose is com-

plexed with the formed metal precipitate to dissolve

because of the difference of complexing constant. The

complexing constant of glucose is the lowest; there-

fore, the distribution of metal ions in the xerogel

obtained using glucose as the complexing agent is the

most uneven, and the agglomeration is serious and

the particle distribution is uneven when the particles

are formed (this phenomenon can be observed in

SEM). The grain boundary becomes thicker and the

movement of domain wall becomes more difficult,

resulting in a larger Hc of the resulting ferrite. When

the sample is produced, the interaction of the crystal

lattice changes due to the type of the complexing

agent used, and thus, the anisotropy constant

changes.

The dM/dH changes with the magnetic field at

room temperature as shown in Fig. 9 and the dM/dH

term represents the magnetic susceptibility of the

magnetic material. For ideal single-domain particles

in the hysteresis loop, the magnetic susceptibility is

theoretically infinite (very large) when the magnetic

field is Hc, and the magnetic susceptibility approa-

ches zero when the magnetic field is zero. However,

the experimental values differ greatly from the the-

oretical values and the data are shown in Table 5.

This phenomenon further confirms the lattice struc-

ture of the monodomain/pseudo-monodomain and

multidomain crystals in the studied sample [28, 29].

There are two peaks shown in Fig. 9 between

which the distance is 2Hm and there is a difference

between the peak height of the sample and the dis-

tance between the peaks (2Hm), because there are a

large number of unstable superparamagnetic

domains in the sample, and the amorphous phase

which coexists in the lattice structure largely affects

the crystallization of the sample and thus causes a

change in the performance of the sample.

4 Conclusions

A magnesium–cobalt ferrite of the formula Mg0.1-

Co0.9Fe2O4 was prepared by the sol–gel method. The

nano-magnesium-cobalt ferrite powder which has a

spinel structure and is relatively pure can be pre-

pared without adding a complexing agent or chang-

ing the type of complexing agent (citric acid, oxalic

acid, tartaric acid, glucose, and egg white). XRD and

FTIR proved that the prepared sample has a good

crystal spinel structure, and the purity of the sample

is good. The addition of the complexing agent can

change the microstructure of the sample. The SEM

proves that the sample is granular or elliptical and

the particle size is similar to the particle size calcu-

lated by XRD. It can also be seen that the sample

particle size and distribution uniformity are different.

The BET test shows that when a sample is prepared

using glucose as the complexing agent, the specific

surface area of the sample can be increased to

enhance the adsorption capacity of the magnetic

particles. VSM indicates that the addition of com-

plexing agent to the reaction can greatly improve the

magnetic properties of the samples, and when glu-

cose is used as the complexing agent, Mg0.1Co0.9Fe2-

O4 ferrite with high magnetic properties can be

prepared.
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