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Abstract CugsMgp sFe;O4 precursor was synthesized by
solid-state reaction at low heat using CuSO4-5H,0,
MgSO04-6H,0, FeSO4-7H,0, and NayCy04 as raw mate-
rials. The spinel CupsMgpsFe,O4 was obtained via cal-
cining precursor above 300 °C in air. The precursor and
its calcined products were characterized by thermogravime-
try and differential scanning calorimetry (TG/DSC), Fourier
transform FT-IR, X-ray powder diffraction (XRD), scan-
ning electron microscopy (SEM), energy dispersive X-ray
spectrometer (EDS), and vibrating sample magnetometer
(VSM). The result showed that Cug sMgp 5Fe,O4 obtained
at 600 °C had a saturation magnetization of 36.8 emug™'.
The thermal process of CugsMggs5Fe;O4 precursor expe-
rienced two steps, which involved the dehydration of the
five and a half crystal water molecules at first, and then
decomposition of Cug;MgpsFer(C204)3 into crystalline
Cup 5Mgo 5Fe>04 in air. Based on the Kissinger equation,
the values of the activation energy associated with the ther-
mal process of the precursor were determined to be 85 and
152 kJ mol~! for the first and second thermal process steps,
respectively.
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1 Introduction

Spinels of the type M?>*M;T04 (M?* = Cu?*, Mn?*,
Mg?t, Zn?*, Ni%t, Co?*, etc.; M3t = Fe3t) have many
unique properties, such as high electrical resistivity, high
permeability, high Curie temperature, mechanical hardness,
large magnetocrystalline anisotropy, high coercivity, chem-
ical stability, and temperate specific saturation magnetiza-
tion. Therefore, spinel ferrites have been extensively used in
many fields, such as high-density information storage, cata-
lysts, ferrofluids, drug targeting, magnetic separation, mag-
netic resonance imaging, and gas sensor [1-11]. Spinel fer-
rites have a cubic close-packed structure. The cation occu-
pies two types of interstitial position. One of them is called
a tetrahedral A-site with the cation surrounded by four oxy-
gen ions forming tetrahedral coordination. The other inter-
stitial position is known as octahedral B-site with the cation
coordinated by six oxygen ions forming octahedral coor-
dination. The ferrospinels can be depicted in the chemical
formula (M3FFeJ ™) [M3*Fe3 102~ Here the parentheses
and square brackets denote A and B sites, respectively, M
represent divalent cation and § the inversion parameter [1].
The magnetic moment direction of cations in parentheses is
opposite with that in square brackets. Therefore, magnetic as
well as electrical properties of spinel ferrites depend on the
distribution of cations at the different sites as well as prepa-
ration conditions. Copper ferrite (CuFe,04) is very impor-
tant soft magnetic material. Its properties, such as magnetic
behavior and gas-sensing properties, are highly dependent
on the synthesis method and doping elements.

To date, various methods have been developed to synthe-
size CuFe,0O4 with cubic structure, including ball-milling
[12, 13], sol-gel synthesis [14], coprecipitation [15, 16],
combustion synthesis [17], microwave synthesis [18], solid-
state reaction at low heat [4, 19], etc. In the synthesis of
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CuFe;0q4, it was found that crystallite diameter, morphol-
ogy, and crystalline phases of CuFe,04 associated with its
properties were highly dependent on the synthesis method
and temperature. For instance, Sun et al. [4] obtained spinel-
type CuFe,;O4 with a crystallite size of 75 nm by solid-state
reaction at low heat when precursor was calcined at 600 °C.
Tao et al. [16] studied synthesis of spinel-type CuFe;O4
via sol-gel and coprecipitation methods, respectively. The
results showed that spinel-type CuFe,O4 was obtained at
600 °C via calcining precursor from coprecipitation method.
However, pure CuFe,O4 was not obtained until 800 °C by
a sol—gel process, which might be due to the loose contact
between copper and iron ions and the possible low diffusion
rate.

The doped copper ferrite can improve its performance.
Therefore, doped copper ferrite has caused great concern,
and some progress has been made. It is reported that
substitutions of Cu®* with other transition metals ions
lead to improve magnetic properties and catalytic prop-
erties of nanocrystalline ferrites [20-25], such as when
Cu?* jons in spinel CuFe,Oy4 are partially substituted by
Co?*, Cu;j_,Co,Fe;O4 obtained by chemical coprecipita-
tion shows that saturation magnetization of sample increases
with Co percentage [20]. Banerjee et al. [23] synthesized
Zn|_,Cu,Fey04 (x = 0.0, 0.25, 0.50, 0.75, 1.0) by copre-
cipitation method, and studied their catalytic properties. The
results showed that the conversion of pyridine increases with
increasing copper content in Znj_,Cu,Fe,O4. However,
synthesis research of doped CuFe, Oy still has fewer reports
in comparison with that of CuFe;O4. Therefore, new syn-
thesis methods for Cu_,M,Fe;O4 (M = transition metals
or alkaline earth metals) still need to be studied and inno-
vated further. Besides, the kinetics study of thermal pro-
cess for Cuj_,M,Fe;O4 precursor is important to obtain
high-quality crystalline doped CuFe,O4 for practical appli-
cations.

The aim of this work is to prepare polycrystalline
CugsMgps5Fe04 using CuSO4-5H,0, MgSO4-7H,0,
FeSO4-7H,0, and Na,C,04 as raw materials via solid-state
reaction at low heat [6, 11] and to study magnetic properties
of Cug.sMgo 5Fe;O4, and kinetics of the thermal process of
precursor. The kinetics of the thermal process of precursor
was studied using TG-DSC techniques. Non-isothermal ki-
netics of the thermal process of precursor was interpreted
by Kissinger equation [11, 26-28]. The kinetic parameters
(E,, A) of the thermal decomposition of CugsMgp s5Fe204
precursor are discussed for the first time.

2 Experimental
2.1 Reagent and Apparatus

All chemicals were of reagent grade purity (purity >
99.9 %). TG/DSC measurements were made using a Netsch
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40PC thermogravimetric analyzer. X-ray powder diffrac-
tion (XRD) was performed using a Rigaku D/max 2500 V
diffractometer equipped with a graphite monochromator and
a Cu target. The FT-IR spectra of the precursor and its cal-
cined products were recorded on a Nexus 470 FT-IR instru-
ment. The morphologies of the calcined samples and en-
ergy dispersive X-ray spectrometer (EDS) were obtained on
S-3400 scanning electron microscopy (SEM). The specific
saturation magnetizations (M) of the calcined sample pow-
ders were carried out at room temperature using a magnetic
property measurement system (SQUID-MPMS-XL-5).

2.2 Preparation of CugsMgp 5Fe204

The Cug Mg 5Fe, 04 precursor was prepared by solid-state
reaction at low heat using CuSO4-5H,0, MgS0O4-7H50,
FeSO4-7H,0, and Na,C,04 as raw materials at first. In a
typical synthesis, CuSO4-5H>0 (12.25 g), MgSO4-7H,0
(12.09 g), FeSO4-7H,0 (54.54 g), NayCr04(45.34 ),
and surfactant polyethylene glycol (PEG)-400 (3.5 mL,
50 vol.%) were put in a mortar, and the mixture was
fully ground by hand with a rubbing mallet at room tem-
perature for 35 min. The grinding velocity was about
220 circles/min, and the strength applied was moderate.
The reactant mixture gradually became damp, and then
a paste formed quickly. The reaction mixture was kept
at room temperature for 2 h. The mixture was washed
with deionized water to remove soluble inorganic salts
until SOZ_ ion could not be visually detected with a
0.5 molL~! BaCl, solution. The solid was then washed
with a small amount of anhydrous ethanol and dried at
75 °C for 6 h. The resulting material was subsequently de-
termined to be CupsMgp sFe2(C204)3-5.5H,0. Nanocrys-
talline Cup 5Mgg sFe,O4 with cubic structure was obtained
via calcining Cug sMggp 5Fe2(C204)3-5.5H,0 above 300 °C
in air for 1 h.

3 Determination of Kinetic Parameters of Thermal
Process

According to DSC curves and the Kissinger equation

(Eq. (1)) [26], the activation energy of thermal process of

the Cug sMgg.sFe>O4 precursor can be obtained,
B E, AR
n——

n— =-— 1
TP2 RTP+ E,

ey

where B is the heating rate (Kmin™'), 7p is the peak
temperature (K) in DSC curve, E, is the activation en-
ergy (kI mol~!) of thermal process, R is the gas constant
(8.314x1072 kJmol~! K~!), and A is the pre-exponential
factor. According to Eq. (1), the plot of In(8/ TP2) Versus
1/Tp can be obtained by a linear regression of least-square
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Fig.1 TG/DSC curves of a
Cup.5sMgo.5Fe2(C204)3-5.5H,0
at different heating rates in air 904
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method. The dependence of In(8/ TPZ) on 1/Tp must give
a good linear relation. Thus, reaction activation energy E,
can be obtained from linear slope (—E,/R), and the pre-
exponential factor A can be obtained from linear intercept
(IN(AR/Ey)).

4 Results and Discussion
4.1 TG/DSC Analysis of Precursor

Figure 1 shows the TG/DSC curves of the synthetic product
at four different heating rates in air, respectively.

The TG/DSC curves show that thermal process of the
Cup.sMgp 5Fe2(C204)3:5.5H>0 below 700 °C occurs in
two well-defined steps. For heating rate of 10 °C min~!,
the first step starts at 50 °C, ends at 202 °C, and character-
ized by an endothermic DSC peak at about 202 °C, which
can be attributed to dehydration of the five and a half crys-
tal water molecules from CupsMgp sFe2(C204)3-5.5H,0
and formation of CupsMgpsFey(C204)3. The observed
mass loss in the TG curve is 19.53 %, which is in good
agreement with 19.1 % theoretic mass loss of dehydra-
tion of the five and a half crystal water molecules from
Cup.sMgp 5Fe2(C204)3-5.5H>0. The second decomposi-
tion step begins at 202 °C, and ends at 400 °C, which in-
volves an exothermic process with a strong DSC peak at
255 °C, attributed to the decomposition of CugsMgg 5Fes
(C204)3 in air and formation of Cug Mg sFe204. The cor-
responding observed mass loss in the TG curve is 37.29 %,
which close to 38.55 % theoretic mass loss of reaction of
Cup sMgp 5Fe2(C204)3 with two Oz molecules. No other
exothermic DSC peak that is ascribed to crystallization of
CupsMgp 5Fe2O4, which indicates that exothermic DSC
peak of crystallization of CugsMgpsFe204 is overlapped
with that from decomposition of Cug ;Mg sFe2(C204)3.
The peak temperature of thermal process is the temperature
at which it attains its maximum. From Fig. 1b, there is an
upward shift in 7p with increasing heating rate, peak tem-
peratures from heating rate of 10, 15, 20, and 25 °C min~!
are 202, 209, 216, and 221 °C for first step, and 255, 261,
266, and 268 °C for second step, respectively.
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Fig. 2 FT-IR spectra of CugsMgpsFe2(C204)3-5.5H,0 and its cal-
cined samples

4.2 IR Spectroscopic Analysis of
Cug.sMgp 5Fe2(C204)3-5.5H,0 and Its Calcined
Samples

The FT-IR spectra of CugsMgpsFe2(C204)3-5.5H,0 and
of its calcined sample are shown in Fig. 2.

The CupsMgps5Fe2(C204)3-5.5H20 exhibits a strong
and broad band at about 3393 cm™! that can be assigned
to the stretching OH vibration of the water molecule. The
strong band which appears at 1647 cm~! in the spectrum
of the precursor can be ascribed to the bending mode of
the HOH. The bands at 1356 cm™! can be assigned to ei-
ther the appearance of new M-OC,03 (M = Cu, Mg, Fe)
bonds and/or to the combinations of OH librations and lat-
tice modes [6, 11, 19, 29]. The band at 1356 cm~! shifts to
1444 cm~! when sample is calcined at 400 °C, which in-
dicates that Cug ;5Mgg sFe>(C204)3 finishes the decompo-
sition of CZOi_. The absorption band of the samples ob-
tained above 300 °C, which appears at about 3400 cm ™!, is
attributed to the adsorption of water from air.

4.3 XRD Analysis of CugsMgg.sFe2(C204)3-5.5H,0 and
Its Calcined Samples

Figure 3 shows the XRD patterns of Cug sMgo sFe2(C204)3-
5.5H;0 dried at 75 °C and the products resulting from cal-
cination at different temperatures in air for 1 h.
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Fig. 3 XRD patterns of a
Cug.sMgo.5Fe2(C204)3-5.5H,0
and its calcined samples at
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From Fig. 3a, characteristic diffraction peaks of crys-
talline compound from the precursor are observed, which
indicates that the Cug sMgo 5Fe2(C204)3-5.5H,0 obtained
at 75 °C is a crystalline with higher crystallinity. The
diffraction peaks in the pattern can be indexed to be in
agreement with the orthorhombic FeC,04-2H;0 from PDF
card 23-0293, with space group 12/a(15). No diffraction
peaks of copper oxalate and magnesium oxalate, such as
CuC;,04, CuCy04-xH0, MgCy04, and MgC704-xH,0
are observed, which implies that Cu>* and Mg?* ions en-
ter lattice of FeC,04-2H,0, and CuC,04, CuC,04-xH,0,
MgC,04, and MgC>04-xH70 form a solid solution with
FeC,04-2H,0. It is explained by the fact that Cu?t jon
(72 pm), Mgt ion (65 pm), and Fe?* ion (76 pm) have
same electric charge and similar ionic radius. When the pre-
cursor is calcined at 300 °C for 1 h, characteristic diffrac-
tion peaks of crystalline compound are observed, all the
diffraction peaks in the pattern are in agreement with that
of cubic MgFe;04 [space group Fd-3m(227), PDF card
36-0398] and cubic CuFe;04 [space group Fd-3m(227),
PDF card 77-0010], which indicates that MgFe,O4 and
CuFe,04 in the calcined product CugsMgpsFe,O4 form
a solid solution. Intensity of diffraction peaks of cubic
Cugs5MgpsFer04 increases with increasing calcination
temperature, which indicates that crystallite sizes of cu-
bic Cugs;MgpsFe,04 increases with increasing calcina-
tion temperature. However, diffraction peaks of impuri-
ties, such as CuO, and MgO, increase with increasing
calcination temperature, which implies that crystallinity
of CupsMgp 5Fe,04 decreases with increasing calcination
temperature.

According to the Scherrer formula [11]: D = KX/
(BcosB), where D is crystallite diameter, K = 0.89 (the
Scherrer constant), A = 0.15406 nm (wavelength of the X-
ray used), B is the width of line at the half-maximum inten-
sity, and 0 is the corresponding angle. The resulting crys-
tallite sizes of the products from calcining precursor at the
temperatures of 400, 600, 700, and 800 °C for 1 h, are 30,
40, 48, and 52 nm, respectively.
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4.4 SEM and EDS Analysis of Calcined Samples

The morphologies and EDS spectrum of the calcined sam-
ples are shown in Fig. 4. From Fig. 4a, it can be seen that the
calcined sample obtained at 600 °C is composed of approxi-
mately spherical particles, and there is a soft agglomeration
phenomenon in the particles of CugsMgpsFe,04 sample,
which contains particles having a distribution of small par-
ticles (70-100 nm) and large particles (100-200 nm). With
the increase of calcination temperature, the calcined sample
is aggregated into larger polyhedral grains further. Figure 4c
shows the SEM micrograph of sample obtained at 800 °C.
It can be seen that the particle sizes of calcined sample ob-
tained at 800 °C are between 250 and 500 nm. The average
crystallite sizes of the calcined samples determined by X-
ray diffraction are significantly smaller than the values de-
termined by SEM. This is attributed that values observed by
SEM technique give the size of the secondary particles, and
the X-ray line broadening analysis discloses only the size of
primary particles. EDS spectrum of the calcined product at
700 °C shows that the atomic percentages of Cu, Mg, and Fe
are 15.36 %, 16.01 %, and 68.63 %, respectively. In other
words, that mole ratio of Cu:Mg:Fe in calcined product is
equal to 0.47:0.49:2.10, which is close to the value of the
pre-design and synthesis.

4.5 Magnetic Properties of Calcined Samples

Figure 5 shows the hysteresis loops of the Cug sMgo sFe204
particles obtained at different calcination temperatures.
From Fig. 5, it can be observed that specific saturation mag-
netizations of powders calcined at 400, 600, 700, and 800 °C
for 1 h are 25.4, 36.8, 32.5, and 31.7 emu g_l, respec-
tively. That is, specific saturation magnetization increases
between 400 and 600 °C with increasing calcination tem-
perature. In other words, the larger the crystallite size of
the particles, the larger is the specific saturation magnetiza-
tions. The larger My values associated with larger crystal-
lite sizes can be explained as follow: First, surface distor-
tions due to the interaction of the transition metal ions with
the oxygen atoms in the spinel lattice of CupsMgo 5Fe204
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Fig. 4 SEM and EDS analysis
of the calcined sample:
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Fig. 5 M-H (magnetization—hysteresis) loops of CugsMgpsFe>04
samples obtained at different temperatures in air for 1 h

can reduce the net magnetic moment in the particle. When
the calcination temperature increases, the crystallite size of
particles increases, and surface distortions is reduced, so
M value increases with increasing calcination temperature.
Second, the magnetocrystalline anisotropy of the particles
is dependent on the crystallinity of CugsMgg sFe;O4. The
higher calcination temperature, the larger is crystallinity of
particles, which reduces magnetocrystalline anisotropy dis-
tortion, and increases magnetic moment within the parti-
cles of CugsMgp s5Fe 04 [3, 11]. Compared with magnetic
properties of CuFe,;O4 (600 °C, 33.5 emu g_l) [19] and
MgFe,>04 (600 °C, 30.4 emu g_l) [6], it can be seen that
Cug 5Mgp 5Fe 04 obtained at 600 °C exhibits higher spe-
cific saturation magnetizations than CuFe,O4 and MgFe,O4

0 2 4 6 8 10 12 14 16
Energy (keV)

obtained at same calcination temperature, which implies that
Cu®*, and Mg?* ions in CugsMggsFe;O4 have a syn-
ergistic effect in improving the saturation magnetization
of Cug.sMgg 5Fe;04. The reason can be explained as fol-
low: First, when Cu?* ions with magnetic moment are par-
tially substituted by Mg?* ions with zero magnetic moment,
Mgt and Cu?* ions occupy tetrahedral A-site together,
which reduces the tetrahedral A-site magnetic moment,
and results that magnetic moment of CugsMgo 5Fe;Oy4 is
greater than that of CuFe;O4. Second, the magnetic moment
of MgFe;Qy is less than that of Cug sMgo.sFe,O4, which is
attributed that part of Mg”* ions occupy octahedral B-site
in MgFe;0y4, and part of Fe3* ions occupy tetrahedral A-
site. This causes that magnetic moment of tetrahedral A-site
increases, and magnetic moment of octahedral B-site de-
creases, so that the net magnetic moment of MgFe,Oy is
decreased.

When precursor is calcined above 600 °C, specific sat-
uration magnetization decreases with increasing calcina-
tion temperature, which is attributed that Cug sMgo sFe204
is decomposed into CuO, MgO, and Fe,O3 particles with
weak magnetic intensity above 600 °C. In other words, crys-
talline Cug 5sMgp 5Fe204 is thermodynamically more stable
at 600 °C.

4.6 Kinetics of Thermal Process of Precursor

In accordance with TG/DSC, FT-IR, XRD, and EDS analy-
sis of Cup sMgp sFe2(C204)3-5.5H,0 and its calcined prod-
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Table 1 Peak temperature (7p)

and kinetic parameters of Heating rates Step 1 Step 2
thermal process of the precursor K mol~! ) Tp E, InA r2 Tp E, InA r2
for the first and second steps X) (kI mol~1) (K) (kI mol~1)
obtained from Kissinger method
10 475 85 20.71 0.9940 528 152 34.26 0.9901
15 482 534
20 489 539
25 494 541
9.0 obtained via calcining precursor above 300 °C in air for 1 h.
-9.24 Magnetic characterization indicates that the specific satura-
941 tion magnetization of CugsMgp sFe,O4 obtained at 600 °C
_ step 1 is 36.8 emu g~ !. Cu?>* and Mg?* ions in Cug sMgg sFe2O4
“gf -9.61 have a synergistic effect in improving the specific satura-
£ 9.8 step 2 tion magnetization of CugsMgo sFe;O4. The thermal pro-
10,04 cess of the precursor in the range of ambient temperature to
700 °C experiences two steps, which involves the dehydra-
-10.21 tion of the five and a half waters of crystallization at first,
-10.4 and then the decomposition of CugsMgp sFe2(C204)3 into

195 200 205 210 215
1000/T» (K™)

180 185 1.90

Fig. 6 Kissinger plots of thermal processes of the precursor for the
first and second steps

ucts mentioned above, thermal process of the precursor be-
low 700 °C consists of two steps, which can be expressed as
follows:

Cug sMgg sFe2(C,04)3-5.5H20(cr)

— Cug sMg sFe2(C,04)3(am) 4 5.5H,0(g) )
Cug sMg sFe2(C,04)3(am) + 20,(g)
— CugsMg sFe;04(c) + 6CO2(g) 3)

Figure 6 shows Kissinger plots of the thermal process
of the precursor for the first and second thermal steps.
From the slopes of the straight lines, the activation energy
values of two thermal process of the precursor are deter-
mined to be 85, and 152 kJmol~! for the first, and sec-
ond thermal process steps, respectively (Table 1). The step
2 exhibits higher activation energy value in comparison
with steps 1, which suggests that thermal decomposition of
Cup.sMgp 5Fe2(C204)3 into CugsMgp sFex04 is the rate-
limiting step of the thermal process of the precursor.

5 Conclusions

We have successfully synthesized nanocrystalline
Cup.sMgp 5Fe,O4 with cubic structure via a novel and sim-
ple method. XRD analysis shows that precursor is a solid
solution containing MFe;(C204)3-5.5H,0 (M = Cu, and
Mg). Crystalline CugsMgosFe;04 with cubic structure is
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cubic CugsMgpsFe;04. The kinetics of the thermal pro-
cess of the precursor is studied using DSC technique. The
values of the activation energy associated with thermal pro-
cess of the precursor are 85 and 152 kI mol~! for the first
and second steps, respectively.
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