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Abstract In this study, we reported on the structural and magnetic properties of TEG-CoFe2O4 and

TEG-Mn0.2Co0.8Fe2O4 nanocomposites produced by the glycothermal reaction (polyol). X-ray

diffraction (XRD), transmission electron microscopy (TEM) and vibration sample magnetometer

(VSM) analysis have been carried out in order to understand the effect of Mn2+ into CoFe2O4 and

it was observed that the addition of Mn2+ tends to reduce the crystallite size, increase the ao (cell

parameter) and increase the TB. The presence of adsorbed polyol entities on the surface of the

CoFe2O4 andMn0.2Co0.8Fe2O4NP’swas also proven byTGmeasurements. FT-IR analysis suggested

the presence of adsorbed TEG molecules on the surface of CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Both MnFe2O4 and CoFe2O4 ferrites are among the widely
studied ferrites because of a number of possible applications
such as high frequencymagneto strictive and electromagnetic
applications (Zi et al., 2009; Msomi et al., 2011). In order to
change the magnetic properties, substitution of other elements
such as manganese into cobalt ferrites was proposed by many
researchers (Paulsen et al., 2004; Caltun et al., 2007a,b). Zhou

et al. (2002) reported that thin films and fine particles of the
manganese doped cobalt ferrites were found to be suitable for
magneto-optical applications. Mossbauer spectroscopy investi-

gation of CoMnxFe2�xO4 was carried out by Krieble et al.
(2005). The superparamagnetic properties of ferrite materials
can be controlled by particle sizes and concentration of non-

magnetic atoms. Efforts are being made to produce fine articles
and to find dopants that can improve the properties and find
new applications. Recently, interest has also shifted to Mn
doped CoFe2O4 ferrites, which appear to have high stress sensi-

tivity and large magnetomechanical effects, making these
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Figure 1 XRD powder patterns of as-synthesized: (a) CoFe2O4

and (b) Mn0.2Co0.8Fe2O4 NP’s capped with TEG.

Figure 2 FT-IR spectrum of as-synthesized: (a) TEG,

(b) CoFe2O4 and (c) Mn0.2Co0.8Fe2O4 NP’s capped with TEG.
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ferrites suitable for application as stress sensors (Msomi et al.,

2011; Kambale et al., 2010; Shobana and Sankar, 2009;
Shobana et al., 2009).

A number of synthetic polymers such as poly(ethylene gly-
col), poly(acrylamide), and poly(N-isopropylacrylamide), as

well as naturally occurring polymers such as dextran and
chitosan were used for modifying the surface properties of
magnetic particles to achieve desirable surface functionalities

(Takafuji et al., 2004).
Polyol process is a versatile chemical approach, which uses

poly alcohols to reduce metal salts to metal particles, was suc-

cessfully used to prepare a great variety of non-aggregated
inorganic compounds. The polyols often serve as reaction
medium with high boiling point solvent and reducing agent,

as well as stabilizer to control the particle growth and prevent
interparticle aggregation. The advantage of this method is the
possibility to control experimental conditions and easy scale-
up (Fievet et al., 1989; Feldman and Jungk, 2001; Cai and

Wan, 2007; Kim et al., 2007; Chae et al., 2004; Gupta et al.,
2007).

In this study, both TEG-CoFe2O4 and TEG-Mn0.2Co0.8-
Fe2O4 nanocomposites were synthesized by the glycothermal
reaction (polyol) for the first time. Structural, morphological
and magnetic characterization of both products was done by

XRD, FT-IR, TGA, TEM and VSM methods.

2. Experimental

2.1. Instrumentation

X-ray powder diffraction (XRD) analysis was conducted on a
Rigaku Smart Lab operated at 40 kV and 35 mA using Cu Ka
radiation (k = 1.54059 Å).

Fourier transform infrared (FT-IR) spectra of the samples
were recorded with a Perkin Elmer BX FT-IR infrared spec-
trometer in the range of 4000–400 cm�1.

The thermal stability was determined by thermo gravimet-
ric analysis (TGA, Perkin Elmer Instruments model, STA
6000). TGA thermo grams were recorded for 5 mg of powder

sample at a heating rate of 10 �C/min in the temperature range
of 30–800 �C under nitrogen atmosphere.

VSM measurements were performed by using a Vibrating
sample magnetometer (LDJ Electronics Inc., Model 9600).

The magnetization measurements were carried out in an exter-
nal field up to 15 kOe at room temperature.

Transmission electron microscopy (TEM) analysis was per-

formed using a FEI Tecnai G2 Sphera microscope. A drop of
diluted sample in alcohol was dripped onto a TEM grid.

2.2. Chemicals

Co(acac)2, Mn(acac)2, Fe(acac)3, and triethylene glycol (TEG)

were purchased from Merck and used as received without fur-
ther purification.

2.3. Procedure

For the synthesis of TEG-CoFe2O4 nanocomposite, a stoichi-
ometric amount of Co(acac)2 and Fe(acac)3 was dissolved in

TEG (20 mL). And for the synthesis of TEG-Mn0.2Co0.8Fe2O4

nanocomposite, a stoichiometric amount of Co(acac)2,
Mn(acac)2 and Fe(acac)3 was dissolved in TEG (20 mL). Then
both solutions were continuously heated to 110 �C under vig-
orous magnetic stirring and nitrogen atmosphere separately.
After heating for 1 h, the solutions were then heated to
210 �C and kept for 2 h at this temperature. The system was

then refluxed at 295 �C for 1 h. Finally the black–brown mix-
ture (for TEG-Mn0.2Co0.8Fe2O4 nanocomposite) and black
mixture (for TEG-CoFe2O4 nanocomposite) were cooled

down to room temperature by removing the heat source. Then,
ethanol was added and the solutions were centrifuged at
8000 rpm for 15 min to remove the solvent. Then obtained pre-

cipitates were washed by ethanol for three times, which could
be easily dispersed in water.

3. Results and discussion

3.1. XRD analysis

The X-ray diffraction patterns of the TEG-CoFe2O4 nanocom-
posite and TEG-Mn0.2Co0.8Fe2O4 nanocomposite (Fig. 1) show

six reflection planes; (220), (311), (400), (422), (511) and
(440), which indicate the presence of the spinel cubic structure



Figure 3 TGA curve of (a) CoFe2O4 and (b) Mn0.2Co0.8Fe2O4

NP’s capped with TEG.
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(El-Sayed, 2002). The lattice parameters were computed using
the d-spacing values and the respective (hkl) parameters. Lattice
constants of 8.381 ± 0.001 Å for CoFe2O4 (agrees with that
Figure 4 TEM micrographs and calculated histogram from sever

Mn0.2Co0.8Fe2O4 NP’s capped with TEG.
reported in JCPDS Card No. 22-1086) were obtained compared

to 8.390 ± 0.001 Å for Mn0.2Co0.8Fe2O4, which we may attri-
bute to the larger size of Mn (ionic radius of 0.970 Å) substitut-
ing Co (0.885 Å). Larger Mn2+ replacing Co2+ ions therefore
causing the crystal to slightly expand is in agreement with the

Vegard’s law (Fig. 2) (Smith and Wijn, 1959; Gao et al., 2004;
Sertkol et al., 2009).

And also according to Kim et al. (2007) studyies, the ab-

sence of cubic-tetragonal (Jahn–Teller) transition in MnxCo

1�x Fe2O4 indicates a dominance of Mn2+ ions rather than
Mn3+ at the octahedral sites. The octahedral Mn2+ (Mn3+)

ion in the high-spin state has an ionic radius of 0.970 Å
(0.785 Å) while the octahedral Co2+ ion in the high-spin state
has 0.885 Å. Thus, Mn2+ substitution for octahedral Co2+

can explain the increase of ao with increasing x.
The average crystallite diameter, L, was estimated by Scher-

rer’s equation, L = 0.9k/bcoshB, from the full-width at half
maximum (FWHM) of the most intense peak (311) (Chae

et al., 2004; Gupta et al., 2007). The result shows that the crys-
tallite sizes of CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s were calcu-
lated as 5 ± 2 nm and 4.8 ± 2.1 nm respectively. The decrease

in crystal size with the increase of Mn composition observed in
the present work is in accordance with the earlier results of Lee
et al. (1998) and Shobana et al. (2009) studies.
al TEM images with log-normal fitting: (a) CoFe2O4 and (b)



Fig. 4 (continued)
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3.2. FT-IR analysis

The bands at 2923 and 2845 cm�1 were assigned to stretching
of C–H groups and the bands at 1120–1060 cm�1 to C–O

stretching surface. The broad band centered at 3430 cm�1

can be assigned to hydrogen bonded O–H stretching vibration
arising from surface hydroxyl groups on nanoparticles and ad-

sorbed TEG and water (Selvan et al., 2003). The absorption
band at 1630 cm�1 on the spectra refers to the vibration of
remainder H2O in the sample (Rajh et al., 2002). FT-IR anal-

ysis suggests the presence of adsorbed TEG molecules on the
surface of CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s (Fig. 2).

3.3. TG analysis

The TG thermogram in Fig. 3 showed a minor weight-loss of
3% between 50 and 127 �C due to the loss of physically ad-

sorbed water. The major weight-loss of 60% in the tempera-
ture range of 130–570 �C was due to the burning-off of
adsorbed TEG in the sample. The weight was stabilized above

570 �C indicating all decomposition processes being com-
pleted. The presence of adsorbed polyol entities on the surface
of the CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s was also proven by
TG measurements (Altincekic et al., 2010).
3.4. TEM analysis

Powder morphology was also investigated by transmission
electron microscopy (TEM). A typical TEM picture was

shown in Fig. 4 for CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s.
The nano- particles for both compounds consist of spherical
particles. For CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s, the aver-

age particle size, as observed by TEM measurements, were
found to be 6.8 ± 0.1 and 6.9 ± 0.2 nm, respectively. These
values were in agreement with estimates from the XRD data.

3.5. VSM measurements

We have investigated the magnetic properties of CoFe2O4 and

Mn doped CoFe2O4 nanoparticles by measuring the magneti-
zation in both zero-field-cooled (ZFC) and field-cooled (FC)
modes under 50 Oe magnetic fields as shown in Fig. 5. As

shown in Fig. 5 the variation of the magnetization in FC
and ZFC modes indicated the superparamagnetic behavior in
which the FC and ZFC curves coincide at high temperature

then start to separate from each other with decreasing temper-
ature. In the ZFC curve, the magnetization started to increase
slowly with increasing temperature until it reaches a maximum
value where the thermal energy becomes comparable with the



Figure 5 Magnetization (M) versus temperature (T) measured in

both FC and ZFC mode for CoFe2O4 and Mn0.2Co0.8Fe2O4 NP’s

capped with TEG.

Figure 6 Magnetic hysteresis curves, M(H), obtained at differ-

ent temperatures above and below TB for CoFe2O4 and

Mn0.2Co0.8Fe2O4 NP’s are capped with TEG.

Figure 7 Variation of coercive field and saturation magnetiza-

tion with temperature for CoFe2O4 (Sample A) and Mn0.2Co0.8
Fe2O4 (Sample B) NP’s capped with TEG.
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anisotropy energy and then started to decrease suddenly. This
temperature is known as blocking temperature and we mea-
sured 187 K for CoFe2O4 and 201 K for Mn0.2Co0.8Fe2O4

NP’s. The variation of the blocking temperature by adding

Mn ions was attributed to the changing of effective magnetic
anisotropies of CoFe2O4 NP’s (Melikhov et al., 2006; Kambale
et al., 2010).

The magnetic hysteresis loops of the doped and un-doped
samples are shown in Fig. 6 at two different temperatures (be-
low and above the TB) in a magnetic file up to ±40 kOe. The

saturation magnetization (Ms) of pure CoFe2O4 and Mn
doped CoFe2O4 is about 33 and 32 emu/g at 300 K respec-
tively. Further increase in doping of Mn decreases the strength

of exchange interactions, and therefore the saturation magne-
tization decreased as reported by earlier studies (Lee et al.,
1998; Caltun et al., 2007a,b; Palamaru et al., 2008). The mag-
netic hysteresis loop above the blocking temperature behaves

as a paramagnetic.
The magnetization of ferrites which has a spinal structure

depends on the distribution of magnetic moments in tetrahe-

dral and octahedral sites (Qi and Wu, 2008). The CoFe2O4

known as inverse spinal structure and in which one-eighth of
the tetrahedral sites is occupied by Fe+3 ions and one-half of

octahedral sites are occupied by divalent Co+2 and Fe+3 ions
(Sawatzky et al., 1968). The manganese substituted cobalt
ferrite exhibited different magnetic behavior at low tempera-

ture as seen in Fig. 7. The magnetization of the manganese
substituted cobalt ferrite is almost the same with un-doped



Figure 8 M vs. H curves at room temperature, 300 K, and their size-weighted Langevien fits for CoFe2O4 and Mn0.2Co0.8Fe2O4 NPs.

Table 1 Statistical median size (dm), geometric standard deviation (rm) and average diameter (Dm) of CoFe2O4 and Mn0.2Co0.8Fe2O4

NP’s obtained from VSM measurements.

Sample Lattice constant (Å) Density (g/cc) Saturation magnetization Ms (emu/g) dm rm Dm

CoFe2O4 8.37 5.29 35 6.6 0.97 6.63

Mn0.2Co0.8Fe2O4 8.39 5.23 35.5 6.0 1.3 6.65
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cobalt ferrite nanoparticles. The distribution of cations (such
as Mn) in the spinel structure may directly influence the mag-
netic properties of materials. If the Mn concentration in
MnxCo1�xFe2O4 NP’s is higher than x P 0.2 value the, the

magnetic properties have not been affected with the increasing
Mn concentration (Sawatzky et al., 1968; Msomi et al., 2011;
Melikhov et al., 2006). The coercive field of Mn doped sample

decreased as a contrast to saturation magnetization at low
temperature. There are a lots of attributions in the literature
about how the substation sites of doped Mn ions in spinel fer-

rite structure depend on the magnetic measurements
(Sawatzky et al., 1968; Msomi et al., 2011; Melikhov et al.,
2006; Kim et al., 2006; Kundu and Mishra, 2008; Abdallah
et al., 2010). The charge compensation and the occupied

tetragonal/octahedral sites by doped ions may be investigated
with different experimental techniques.

The room temperature magnetic hysteresis curves of Co-

Fe2O4 and Mn0.2Co0.8Fe2O4 are well fitted with the size dis-
tributed Langevien function (Abdallah et al., 2010) as seen in
Fig. 8.

MðD;HÞ ¼
X

MiVifðdiÞLðxiÞ ð1Þ

where Mi and Vi, magnetization and volume of ith particle,
respectively and f(di) is the log-normal function of fðdiÞ ¼ 1=
ð
ffiffiffiffiffiffi
2p
p

lnrmÞ expð�ðln d� ln dmÞ2=2 lnr2
mÞ (Abdallah et al.,

2010; Yakushiji et al., 2000; Kavas et al., 2009) depend on
the statistical median dm and geometric standard deviation of
rm, and LðxiÞ ¼ cothðxiÞ � 1=xi with xi ¼MiHVi=kT. The

average diameter from magnetic measurement, which is
denoted as Dm in Table 1, is expressed as the average diameter
and is obtained by:

Dm ¼
P

difðdiÞ
n

ð2Þ

The magnetic sizes are found to be 6.66 nm for CoFe2O4 and
7.38 mm Mn0.2Co0.8Fe2O4 NPs and all dm, rm and Dm values
are tabulated in Table 1.

4. Conclusion

TEG-CoFe2O4 and TEG-Mn0.2Co0.8Fe2O4 nanocomposites
have been synthesized by the glycothermal reaction (polyol)
process. XRD diffraction and transmission electron micros-
copy analyses of both TEG-CoFe2O4, and TEG-Mn0.2Co0.8-
Fe2O4 nanocomposites indicated the presence of the spinel
cubic structure and confirming the single crystalline nature
of the nanoparticles in the products. Both TEG-CoFe2O4

and TEG-Mn0.2Co0.8Fe2O4 nanocomposites exhibited super
paramagnetic behavior with a blocking temperature of 187 K
and 201 K respectively. The VSM results showed an increment

of the blocking temperature and a decrement of the coercive
field with the doping of Mn ions into CoFe2O4 NP’s related
to effective magneto crystalline anisotropy of nanoparticles.
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