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Fe304 magnetic nanoparticles (NPs) were synthesized by the co-precipitation of Fe3* and Fe?* with ammo-
nium hydroxide under hydrazine hydrate, and were characterized by X-ray powder diffraction (XRD),
transmission electron microscopy (TEM) and vibrating sample magnetometer (VSM). In order to improve
the particle dispersion, the bare Fe304 magnetic NPs were surface modified by sodium citrate under Ar
protection. Mn-Zn ferrite NPs were prepared by co-precipitation. A group of orthogonal tests (L4°) were
arranged to investigate the effects of reaction temperature, and OH- and Fe?* concentrations on the mag-
netic property of Mn-Zn ferrite. It was found that the saturation magnetization increases evidently with
the increasing reaction temperature. The effects of OH- and Fe?* concentrations on the magnetic prop-
erty are minor. Mn-Zn ferrite NPs with high saturation magnetization (53 emu/g) were obtained.The XRD
and element analysis for the Mn-Zn ferrite NPs indicates the particles are pure Mng gZngFe;04. Finally,
Fe304/MnggZng,Fe;04 core/shell nanocomposites were prepared by co-precipitation under the same
condition. The core/shell nanocomposites obtained in the optimal condition demonstrate the highest
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saturation magnetization of 68 emu/g.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Magnetite (Fe304), an important member of spinel type ferrite,
is widely used in mineral separation [1], heat transfer applica-
tions [2], electrophotography [3], efficient hyperthermia for cancer
removal [4], therapy, pharmacy, biosensors [5,6], MRI contrast
agents [7,8], dynamic sealing [9], orientation control and direc-
tional transportation [10], and so on. Methods about synthesis of
Fe3;04 magnetic nanoparticles (NPs) have been reported in the lit-
eratures [11-14], e.g. reduction of hematite by CO/CO, or H, [15],
co-precipitation from the ferrous/ferric mixed solution in alkaline
medium [16]. Recently, conventional hydrothermal method has
been used to synthesize magnetite NPs by the reaction of ferric
chloride and iron powder. In all these reported wet chemical meth-
ods, to get reproducible stoichiometric magnetite NPs, the critical
control of various synthesis parameters [17,18], such as pH, temper-
ature, FeZ* [Fe3* ratio, use of mild reducing agent, use of oxidant like
KNOs, etc., is necessary.

Soft ferrites such as Mn-Zn, Ni-Zn and Mg-Mn ferrites, are
widely used in many fields [19,20]. Manganese zinc ferrites are
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technologically important materials because of their high mag-
netic permeability and low core losses. These ferrites have been
widely used in electronic applications such as recording heads,
choke coils, transformers, noise filters, etc. Ferrites are commonly
produced by a ceramic process involving high temperature solid
state reactions. The particles obtained by this process are rather
large and non-uniform in size. These non-uniform particles result
in the formation of voids or low density area in the green com-
pacts. On sintering, non-reproducible products in terms of their
magnetic property are obtained. In order to overcome the diffi-
culties arising out of the ceramic route, wet chemical methods
like air oxidation [21], co-precipitation [22,23], hydrothermal pro-
cessing [24,25], etc., have been considered for the production of
homogeneous, fine and reproducible ferrites. To synthesize pure,
nanosized, relatively strain free Mn-Zn ferrites with narrow size
distribution at a low reaction temperature, the hydrothermal pro-
cessing attracts much attention in recent years [26-28]. However,
the research about Fe304/Mng gZng ;Fe; 04 core/shell magnetic NPs
has not been reported.

Various chemical methods have been applied for the production
of NPs with narrow size distribution such as sol-gel process-
ing, flame aerosol technique [29], solvothermal synthesis [30],
micro-emulsion method, hot soap method and pulsed wire evapo-
ration method [31]. The nanosized reactors, which were developed
recently, have attracted much attention and can be used to produce
NPs with narrow size distribution [32,33]. Besides, much attention
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has been paid to the simulation, kinetics and mechanism of the
synthesis of NPs [34,35].

Co-precipitation is an easy and effective method to synthesize
NPs. In the present investigation, Mn-Zn ferrite NPs were pre-
pared by co-precipitation. Orthogonal tests (L4°) were carried out
to find the effects of OH~ and Fe3* concentrations, and the temper-
ature on the saturation magnetization of Mn-Zn ferrite NPs. The
best reaction condition was obtained. Then, Fe304/Mng gZng;Fe;04
core/shell magnetic NPs were synthesized by co-precipitation
under the same condition. The Fe304/MnggZng,Fe;04 core/shell
magnetic NPs reveal the highest saturation magnetization of
68 emu/g at the ratio of 2:1.

2. Experimental
2.1. Materials

Ferric chloride (FeCls-6H,0), ferrous sulfate (FeSO4-7H,0), MnCl,-4H,0, zinc
sulfate heptahydrate (ZnS04-7H,0), sodium hydroxide (NaOH), hydrazine hydrate
(N2H4-H,0), and aqueous ammonia (NH3-H;0) used in the experiments are all ana-
Iytic grade. Hydrochloric acid and sodium citrate are chemical grade. Ar is industrial
grade. Deionized water was used throughout the experiments.

2.2. Synthesis of Fe304 magnetic NPs

The synthesis of Fe304 magnetic NPs was based on our previous studies [36], in
which a mixed solution of FeCl; (0.5 M) and FeSO4 (0.5 M) with a molar ratio of 1.75:1
was prepared under Ar protection. Then, 10 ml of ammonia aqueous solution was
quickly dropped into the solution with vigorous stirring, followed by more ammonia
aqueous solution and some hydrazine hydrate until the pH of the solution reached 9.
Then, the solution was stirred for additional 30 min under Ar protection. Finally, the
precipitates were collected by a magnet and washed several times with deionized
water until the pH decreased to 7.0.

2.3. Sodium citrate modification of Fe304 NPs

The surface modification of Fe304 magnetic NPs was carried out, and the typ-
ical procedure was as follows: 1g of Fe304 and 200 ml of sodium citrate (0.5 M)
were mixed together in a flask. To reduce the aggregation of NPs, the mixture
was kept in ultrasonic irradiation for 30 min. After that, the reaction mixture
was stirred for 12h at 60°C under Ar protection. Then, the precipitates were
collected by a magnet and washed with acetone to remove remnant sodium
citrate.

2.4. Synthesis of Mn;_xZnyFe;04 NPs

2.4.1. Preparation procedure

The synthesis of Mn;_,ZnyFe,O4 NPs was carried out using OH-, and
the equation can be expressed as (1-x)Mn2*+xZn?*+2Fe3* +80H-
— Mn_xZnyFe,04 +4H,0, where x is the molar ratio of Zn?*,and 0<x<1.

The preparation process was as follows: the mixed solution of MnCl, (177 ml,
0.1 M), ZnSO4 (10 ml, 0.5M) and FeCl; (10 ml, see Table 1 for concentrations) was
prepared. The solution was stirred at expectant temperature, and some dosage of
NaOH solution was quickly added into the solution. Then, the solution was stirred
for additional 1h under Ar protection. Finally, the precipitate was collected by a
magnet and washed several times with deionized water until the pH decreased
to 7.0.

2.4.2. Orthogonal tests (L4°)

A group of orthogonal tests (L4°) was arranged to investigate the effects of reac-
tion temperature, and OH- and Fe3* concentrations on the magnetic property of
Mn-Zn ferrite, and the reaction time and aging time were set as constant, which is
shown in Table 1. A series of experiments were carried out in sequence, as shown in
Table 2. The saturation magnetizations of Samples 1 to 16 were obtained.

Table 2

Results of orthogonal tests (L4%).

No. Temperature (°C) OH~ (molL1) Fe3* (molL1) Ms (emug-1)
1 55 1.0 0.5 20
2 55 2.0 1.0 32
3 55 4.0 1.2 35
4 55 5.0 1.5 40
5 75 1.0 1.0 42
6 75 2.0 0.5 20
7 75 4.0 1.5 40
8 75 5.0 1.2 37
9 95 1.0 1.2 36

10 95 2.0 1.5 48

11 95 4.0 0.5 50

12 95 5.0 1.0 44

13 115 1.0 1.5 46

14 115 2.0 1.2 51

15 115 4.0 1.0 40

16 115 5.0 0.5 53

2.5. Preparation of Fe304/Mn;_yZnyFe;04 NPs

The sodium citrate modified magnetic NPs were re-dispersed in the mixed solu-
tion of MnCly,, ZnSO4 and FeCls, and the same process described in Section 2.4 was
performed to synthesize Mn-Zn ferrite shell. The optimal preparation condition for
Mn-Zn ferrite was obtained from a series of experiments according to the orthogonal
tests (L4°)in Section 2.4.2. Finally, five kinds of Fe304/Mng gZng » Fe, 04 core/shell NPs
were obtained with molarratioof3:1,2:1,1:1, 1:2 and 1:3, and are named as Samples
1,2, 3,4 and 5, respectively. In the following analyses, Sample 2 was characterized
by a series of measurements.

2.6. Characterization

Fourier transform infrared (FT-IR) spectra were obtained using Nicolet FT-IR
Avatar 360 (Nicolet, USA) with the KBr method. XPS analysis was conducted in PHI-
5300 ESCA system (PerkinElmer, USA) at a power of 250 W, with Mg-Ka radiation.
X-ray diffraction (XRD) measurements were carried out with D/Max-IIIC (Rigaku,
Japan), using Cu-Ka radiation. The sizes of NPs were determined by a transmis-
sion electron microscope (TEM, Hitachi H-600-II, Japan). The size distribution of
magnetic particles in water was obtained using a Malvern HPPS5001 laser particle-
size analyzer. The magnetic property of NPs was measured by a vibrating sample
magnetometer (VSM, EV7, ADE Co. of USA, with a precision of 0. 1) under room
temperature.

3. Results and discussion
3.1. IR analysis

Fig. 1 shows the FT-IR spectra of sodium citrate coated-Fe304
(Fig. 1a) and Fe304/MnggZng,Fe;04 core/shell NPs (Fig. 1b). The
absorptions at 1589.9 and 1396.9cm~! in Fig. 1a can be assigned
to the COO-Fe bond, and the peak at 578.8cm™! is the charac-
teristic absorption of Fe-O bond. It reveals that sodium citrate
has been grafted onto the surface of Fe304 NPs through the reac-
tion of hydroxide radical groups (-OH) on the surface of Fe304
NPs and carboxylate anion (R-COO~) of sodium citrate [37]. In
Fig. 1b, the characteristic absorptions of COO-Fe bond and Fe-O
bond still appear at 1620.3 and 1385.0cm~! and 460.0cm™!,
respectively. Moreover, the characteristic absorption peaks of
MnggZng,Fe;04 NPs appear at 455.2 and 598.0cm~!, demon-
strating that Fe304/Mng gZng ; Fe, 04 core/shell NPs are successfully
synthesized.

Table 1

Factors of orthogonal tests (L4°).

No. Temperature (°C) OH- (molL1) Fe3* (molL-1) Reaction time (h) Aging time (d)
1 55 1.0 0.5 1 3

2 75 2.0 1.0 1 3

3 95 4.0 1.2 1 3

4 115 5.0 1.5 1 3




R.Y. Hong et al. / Journal of Alloys and Compounds 480 (2009) 947-953 949

40
381
36 1
341
32
301
28

26

Transmittance %

24 1

22 1

201

16 1

Y e

13989

4000 3000

2000 1000

Wavenumbers (cm-1)

(b) 100
98 -
96 -
94
92
90
88
86
84
82
80
78
76
74
72
70
68
66 -
64
62
60

Transmittance %

a76.1

1385.0

"2z

4000 3000

2000 1000

Wavenumbers (cm-1)

Fig. 1. FT-IR spectra of sodium citrate treated Fe304 NPs (a) and Fe304/MnggZng,Fe;04 NPs (b).

3.2. Element analysis

According to the element analysis (not shown) using an acces-
sory (EDS) of the HRTEM (JEM-2010, Jeol, Japan), the contents of
different elements in Sample 16 are determined as follows: Mn2*:
8.68 at%, Zn%*: 3.34at%, Fe3*: 30.81 at% and 02~ : 47.48 at%, which
are shown in Table 3. It can be calculated that the obtained molec-
ular formula is in accordance with MnggZng,Fe;04.

The XPS spectra of MnggZngFe;04 NPs  and
Fe304/MnggZng,Fe;04 core/shell NPs (Sample 2) are shown
in Fig. 2. The peaks of Mn from the two XPS spectra overlap, so do
the peaks of Zn, Fe and O. The same intensity could be found when
comparing the XPS spectrum of MnggZng,Fe;04 with that of
Fe304/MnggZng;Fe;04. The result indicates that Mng gZng,Fe;04
NPs are completely coated onto the Fe304 NPs surfaces. XPS test

also shows the atomic content of the nanocomposite surfaces: Mn
9.61%, Zn 2.4%, Fe 24.92% and O 46.61%. This indicates that the
components of the nanocomposite surfaces are Mng gZng;Fe;04.
The result agrees with the FT-IR analysis.

Table 3
Element contents in Sample 16.

Element wt% at% at% (theoretically)
C 3.54 9.69 9.69

(0] 23.07 47.48 51.61

Mn 14.49 8.68 10.06

Fe 52.26 30.81 25.8

Zn 6.64 3.34 2.84
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Fig. 2. XPS patterns of Mng sZngFe;04 and Fe304/MngsZngFe;04 NPs.
3.3. XRD analysis
Fig. 3 shows the X-ray powder diffraction patterns of Fe304

magnetic NPs (Fig. 3a), MnggZng,Fe;04 NPs (Fig. 3b) and
Fe304/MnggZng,Fe;04 (Fig. 3c). A series of characteristic peaks
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|
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—
(2]

311

20 (degree)

Fig. 3. XRD patterns of Fes04 NPs (a), MnggZng,Fe;04 NPs (b) and
Fe304/MnggZno,Fe,04 core/shell NPs (c).

in Fig. 3a at 2.968(220), 2.535(311), 2.103(400), 1.719(422),
1.614(511), 1.478(440) and 1.271(533) agree with the inverse
cubic spinel phase of Fe304. The peaks are broadened because
of tiny particle size. The average crystallite size D of the NPs

Fig. 4. TEM images of Fe304 magnetic NPs (a), sodium citrate coated-Fe;04 magnetic NPs (b), MnggZng,Fe;04 NPs (c), Fe304/MnggZng,Fe;04 NPs (d) and sodium citrate

coated-Fe304/MnggZng,Fe;04 NPs (e).
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Fig. 5. Particle size distribution of Sample 2.

is about 10 nm, which was obtained from the Sherrer equation:
D=K\[(Bcosh), where K is the Sherrer constant (K=0.89), A the X-
ray wavelength (A=1.5406 A), 8 the peak width of half-maximum,
and 6 is the Bragg diffraction angle.

Fig. 3b shows the XRD pattern of Mn-Zn ferrite NPs. All peaks can
be well indexed to MnggZng,Fe;04. No other peaks of impurities
are observed, suggesting that high-purity Mng gZng,Fe;04 NPs are
obtained. The diameter D of MnggZng,Fe;0,4 particles calculated
using Sherrer equation is about 10 nm.

The XRD characteristic peaks of both Fe304 and Mng gZng ;Fe; 04
NPs can be found in Fig. 3c, which suggests that the crystalline
structure of Fe304 NPs does not change after the modifica-
tion with sodium citrate and coating with MnggZng;Fe;04, and
Fe304/Mng gZngFe;04 nanocomposites with core/shell structure
are synthesized.

3.4. TEM analysis

The TEM photographs of Fe;04 magnetic NPs before and after
treatment with sodium citrate are shown in Fig. 4a and b, respec-
tively. It is found that the dispersion of sodium citrate-modified
Fe304 NPs is apparently better than that of untreated ones. This
can be explained that after the treatment the surfaces of Fe304 NPs
are negatively charged, and the aggregation is reduced due to the
repulsion of electrostatic force. Besides, one can find that the nor-
mal size of Fe304 NPs is 10 nm, which is in accordance with the XRD
analysis.

Fig. 4c shows the TEM micrograph of Mn-Zn ferrite NPs. Because
of the large specific surface area, high surface energy, and dipolar
attractive interactions of the magnetic NPs, some of the magnetic
NPs congregated, such as the darker area in the micrograph. The
NPs are rather polydispersed in size. Fig. 4c also illustrates that the
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Fig. 6. Effects of reaction temperature (a), OH- concentration (b) and Fe3* concentration (c) on the saturation magnetization of Mn-Zn ferrite NPs.
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Table 4
Analysis of orthogonal tests (L4°) results.

I Il 11 v Variability

Reaction temperature (°C) 31.75 34.75 44.50 47.50 15.75
OH- concentration (mol/L) 36.0. 37.75 41.25 43.50 7.50
Fe3* concentration (mol/L) 35.75 39.50 39.75 43.50 7.75

Note: The variability is the value of Ms (IV) minus Ms (I).

normal size of Mn-Zn ferrite NPs is about 10 nm, which matches
the result obtained from XRD analysis very well.

Fig. 4d and e show the TEM photographs of unmodified Fe304
NPs coated with Mng gZng ;Fe; 04 and sodium citrate-treated Fe3O4
NPs coated with MnggZng,Fe;04. The TEM photographs illustrate
that the normal size of Fe304/Mng gZng,Fe;04 NPs is 30 nm, larger
than that of Fe304 NPs (which is found to be about 10 nm). We can
find in Fig. 4e that the dispersibility of NPs is much better than that
in Fig. 4d. This indicates that the surface modification of Fe304 NPs
has a great influence on the dispersibility of the nanoparticles. This
is due to the remarkable increase in particle size from 10 nm (Fe304
NPs) to 30 nm (Fe304/MnggZng,Fe;,04 NPs), the specific surface
area, surface energy, and dipolar attractive interactions of the NPs
are reduced greatly.

3.5. Particle size distribution

The size distribution of Sample 2 dispersed in water is shown
in Fig. 5. The value of d (0.98)num of Sample 2 indicates that the
mean size of Fe304/MnggZng,Fe;04 core/shell NPs in volume is
78.47 nm. The mean size determined by the laser particle-size ana-
lyzerislarger than that by the TEM and XRD analysis. That is because
the size distribution measurement reveals the sizes of both parti-
cles and aggregates if existed, while the TEM and XRD analysis only
show the sizes of particles. Generally, it is inevitable for aggrega-
tions existed in the NPs powders, leading to the larger mean size
shown by the laser particle-size analyzer.

3.6. Optimal conditions for synthesis of Mng gZng >Fe;04

Table 4 is obtained by analyzing the data in Table 2 according to
the orthogonal tests. Among the three factors in Table 4, the reaction
temperature has the maximal variability indicating it has the great-
est effect on the saturation magnetization of Mn-Zn ferrite. The
variability of OH~ and Fe3* concentration are the same, implying
that the two factors have little effect on the saturation magnetiza-
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Fig. 7. Magnetic hysteresis curve of Fe304 magnetic NPs.
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Fig. 8. Magnetic hysteresis curve of MnggZng,Fe;04 NPs.

tion of Mn-Zn ferrite. According to the orthogonal tests, when only
one factor is considered, the change of saturation magnetization
can be obtained, as shown in Fig. 6. The slope of Fig. 6a is larger
than that of Fig. 6b and c, suggesting that the reaction temperature
has the greatest effect on the saturation magnetization of Mn-Zn
ferrite. This can be explained by the fact that higher reaction tem-
perature is propitious to better crystalline structure. Our previous
investigations have proved that different synthesis conditions, such
as reaction temperature, OH™ concentration, etc., directly affected
the crystalline and particle size, and that better crystal is related
to higher magnetization [38]. Therefore, the best reaction condi-
tion obtained here is the OH~ concentration of 5mol/L, the Fe3*
concentration of 0.5 mol/L and the temperature at 115°C.

3.7. Magnetic property

The magnetic property of Fe304 NPs is shown in Fig. 7. It demon-
strates that the coercivity of the NPs is 40.25 Oe, and the saturation
magnetization (Ms) is 60 emu/g. The saturation magnetization (Ms)
of Sample 1 to 16 is listed in Table 2, and Sample 16 has the high-
est saturation magnetization of 53 emu/g. The magnetic hysteresis
curve of Sample 16 is shown in Fig. 8, and one can find that the
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Fig. 9. Magnetic hysteresis curves of Fe304/MnggZno,Fe;04 NPs.
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synthesized MnggZng,Fe;,04 NPs (Sample 16) demonstrate super-
paramagnetism. The decrease of saturation magnetization can be
attributed to the substitution of Fe3* by Mn2* and Zn2*.

The magnetic hysteresis curves of Fe304/MnggZng,Fe;04 NPs
are shown in Fig. 9. It could be seen from the five loops that all the
Fe304/MnggZng,Fe;04 NPs are superparamagnetic and the satu-
ration magnetization (Ms) of Sample 1 to 5 is 55, 68, 61, 59 and
51 emu/g, respectively. The saturation magnetization of Sample 2
is 68 emu/g, which is higher than other core/shell NPs. This could
be ascribed to the strong interaction between magnetic hard phase
(Fe304) and soft phase (MnggZng,Fe;04) when at the molar ratio
of 2:1.

4. Conclusions

After the chemical synthesis and physical characterization, the
following conclusions can be drawn:

(1) The inverse cubic spinel phase of Fe304 NPs with a diameter
of about 10 nm and with saturation magnetization of 60 emu/g
were synthesized by the co-precipitation of Fe3* and Fe?* with
ammonium hydroxide under hydrazine hydrate.

(2) High purity Mng gZng ;Fe; 04 NPs with a diameter of 10 nm were
obtained by co-precipitation of Mn2*, Zn2* and Fe3*. The highest
saturation magnetization is 53 emu/g. The reaction temper-
ature was found to have important effect on the saturation
magnetization of Mn-Zn ferrite. The best reaction conditions
obtained by orthogonal experiments (L4°) are: OH~ concen-
tration of 5mol/L, Fe3* concentration of 0.5 mol/L and reaction
temperature at 115°C.

(3) Mng gZng,Fe;04 were successfully coated onto the Fe304 NPs.
The diameter of the Fe304/MnggZng,Fe;04 core/shell NPs is
about 30nm, and the Fe304/MnggZng,Fe,04 core/shell NPs
have the highest saturation magnetization of 68 emu/g when
the molar ration of Fe304 to Mng gZngFe; 04 is 2:1.

(4) The Fe304 magnetic NPs treated by sodium citrate show bet-
ter dispersibility, and the treated Fe304 NPs can be coated by
Mng gZng>Fe;04 uniformly. The surface modification of Fe304
NPs by sodium citrate can improve the surface coating effec-
tively.
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