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Abstract Gadolinium-substituted magnesium–zinc ferrite

(MgxZn1-xGdyFe2-yO4) nanoparticles with different metal

compositions for x between 0 and 1 and y between 0 and

0.06 were synthesized via coprecipitation of metal

hydroxides, followed by calcination. Their crystal structure

was characterized via X-ray diffraction analysis, confirm-

ing that the Gd-substituted Mg–Zn ferrite samples had a

single-phase spinel structure. The metal composition sig-

nificantly affected the crystal structure, including the lattice

parameters and crystallite size. Scanning electron micro-

scopy (SEM) showed that the ferrite samples had a diam-

eter of approximately 50–200 nm. Furthermore, the

temperature rise in an alternating magnetic field was

measured, and the magnetic induction heating properties

were evaluated using the specific absorption rate (SAR)

determined from the temperature profile. The SAR signif-

icantly varied depending on the compositions of x and

y. When x = 0.5 and y = 0.02, the SAR was found to be at

maximum. This reveals that the compositions can control

the magnetic induction heating properties. The results

suggest that Gd-substituted Mg–Zn ferrite nanoparticles are

promising candidates for magnetic hyperthermia

applications.

Keywords Magnesium–zinc ferrites � Gadolinium

substitution � Induction heating � Hyperthermia

Introduction

Magnesium–zinc (Mg–Zn) ferrites (MgxZn1-xFe2O4,

0\ x\ 1) are well known as a soft magnetic material with

good properties, such as electrical resistivity (Ali et al.

2017; Mansour and Abdo 2017; Sharma et al. 2016), low

eddy current loss at high frequencies (Mansour and Abdo

2017; Sharma et al. 2016), and induction heating properties

in an alternating (AC) magnetic field (El-Sayed et al. 2017;

Reyes-Rodrı́guez et al. 2017), and they are widely used in

various industrial products, e.g., power transformers

(Choodamani et al. 2016; Sharma et al. 2016), microwave

devices (Choodamani et al. 2016; Ghodake et al. 2017;

Sharma et al. 2016), and telecommunications equipment

(Choodamani et al. 2016; Ghodake et al. 2017). In recent

years, the biocompatibility of Mg–Zn ferrites has also

attracted attention, and several researchers have studied

their application as a heating mediator in magnetic

hyperthermia treatments (Ali et al. 2017; El-Sayed et al.

2017; Reyes-Rodrı́guez et al. 2017). To use Mg–Zn ferrites

for magnetic hyperthermia, the induction heating behavior

must be precisely controlled. As a promising means for

controlling the properties, the metal composition of ferrites

has often been adjusted. For example, when the Mg/Zn

molar ratio in an Mg–Zn ferrite is varied, the generation of

heat can be controlled due to variations of the magnetic

properties such as magnetization (El-Sayed et al. 2017;

Reyes-Rodrı́guez et al. 2017). Furthermore, the replace-

ment of Fe3? ions in the ferrite structure with other metal

ions has also been performed to vary the magnetization. In

particular, gadolinium (Gd) is a frequently used transition

metal for the replacement because of its large magnetic

moment, magneto-crystalline anisotropy, magnetostriction

(Kumar et al. 2014), and biocompatibility (Chaudhary et al.

2015; Elkady et al. 2015). In prior studies (Elkady et al.
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2015; Hejase et al. 2012; Raja et al. 2017; Yao et al. 2009),

the replacement of Fe3? ions with Gd3? ions in Mg ferrites

and Zn ferrites was performed, resulting in a variation of

their magnetization. This led to enhanced performance for

magnetic hyperthermia mediators (Elkady et al. 2015;

Hejase et al. 2012; Raja et al. 2017; Yao et al. 2009) and

magnetic resonance imaging (MRI) contrast agents (Elk-

ady et al. 2015; Raja et al. 2017). Accordingly, the Gd

substitution in Mg–Zn ferrites can not only maintain the

biocompatibility of the ferrites but also contribute to the

control of induction heating behavior. However, to our

knowledge, there have been no reports on the induction

heating properties of Gd-substituted Mg–Zn ferrites.

Therefore, in this work, we studied the synthesis of Gd-

substituted Mg–Zn ferrites and the composition depen-

dence of magnetic induction heating properties to provide

criteria for the preparation of materials available for

magnetic hyperthermia.

Experimental

Synthesis

Gd-substituted Mg–Zn ferrite (MgxZn1-xGdyFe2-yO4)

nanoparticles with different compositions of x (x = 0, 0.25,

0.5, 0.75 and 1) and y (y = 0, 0.02, 0.04 and 0.06) were

synthesized via calcination of a precursor consisting of

metal hydroxides prepared via coprecipitation. Metal

chloride solutions with a concentration of 0.1 M were

separately prepared by dissolving MgCl2�6H2O, ZnCl2,

GdCl3�6H2O, and FeCl3�6H2O (Wako Pure Chemical

Industries) into deionized water. When preparing the ZnCl2
solution, a tiny amount of 36.6 mass % HCl solution was

added to the solution to completely dissolve ZnCl2. Pre-

determined amounts of the metal chloride solutions corre-

sponding to x and y were mixed and stirred for 10 min with

a magnetic stirrer. Afterwards, a 1 M NaOH solution was

slowly added to the mixed solution at a rate of approxi-

mately 1 g/min under stirring. According to the following

reaction, a mixture of the metal hydroxides was formed:

xMgCl2 þ ð1�xÞZnCl2 þ yGdCl3 þ ð2�yÞFeCl3

þ 8NaOH ! xMg(OH)2 þ ð1�xÞZn(OH)2 þ yGd(OH)3

þ ð2�yÞFe(OH)3 þ 8NaCl:

ð1Þ

The final molar ratio of OH-/(Mg2? ? Zn2? ?

Gd3? ? Fe3?) in the resulting solution was fixed at 8/3,

and the pH was higher than 12 regardless of x and y. The

solution was vigorously stirred for an additional 30 min.

The precipitates were separated from the solution by

centrifugation, washed with water for removing NaCl, and

dried at 383 K for longer than 12 h. The precursor obtained

was ground using a mortar and pestle and calcined at

1173 K for 5 h in the air. Finally, the

MgxZn1-xGdyFe2-yO4 ferrites were formed according to

the following reaction:

xMgðOHÞ2 þ ð1�xÞZnðOHÞ2 þ yGdðOHÞ3

þ ð2�yÞFeðOHÞ3 ! MgxZn1�xGdyFe2�yO4 þ 4H2O:

ð2Þ

In addition, the precursor with the composition of x = 0.5

and y = 0.02 was also calcined at 973 and 1073 K to

obtain samples with different crystallinities.

Characterization

The phase evolution and crystallinity of the samples were

evaluated using a powder X-ray diffractometer (XRD;

RINT-1500, Rigaku, Cu Ka radiation, 40 kV, 80 mA). The

average crystallite size, D, was calculated via Scherrer’s

equation (Eq. 3) using the diffraction data measured at

2h & 30.1�, 35.4�, and 62.6�, which corresponded to the

(220), (311), and (440) planes, respectively:

D ¼ Kk=ðb cos hÞ ð3Þ

where K is the Scherrer constant, b is the integral breadth

of the peak, k is the X-ray wavelength, and h is the

diffraction angle. The a-axis lattice constant, a, was also

determined using Eq. 4 from the XRD data measured at the

(220), (311), and (440) planes, and the average was

calculated:

a ¼ dhklðh2 þ k2 þ l2Þ0:5 ð4Þ

where h, k, and l are the Miller indices (h k l) and dhkl is the

interplanar spacing. Furthermore, the morphology was

observed with a field emission scanning electron micro-

scope (FE-SEM; JSM-6700F, JEOL, 18.0 kV).

The induction heating properties of magnetic fluids

consisting of the sample powder (5 mass %) and glycerol

(Smolkova et al. 2015) were evaluated using an AC mag-

netic field generator composed of a radio frequency power

source (T162-5723A, THAMWAY), an impedance

matching box (T020-5723F, THAMWAY), and a solenoid

coil (70 mm in inner diameter) with 21 turns of copper tube

(4 mm in outer diameter and 3 mm in inner diameter).

Cooling water flowed inside the copper tube. One milliliter

of the magnetic fluid was charged in a glass test tube with

an outer diameter of 15 mm. After sonication, the test tube

was placed in the center of the coil. The temperature rise of

the fluid in the AC magnetic field was measured with an

optical fiber thermometer (FTI-10 with FOT-L-NS-967,

FISO Technologies). The frequency and amplitude of the

magnetic field were 600 kHz and 5 kA/m, respectively
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(Hirosawa et al. 2016). The specific absorption rate (SAR)

corresponding to the heat generation of the sample powder,

defined by Eq. 5, was determined (El-Sayed et al. 2017;

Reyes-Rodrı́guez et al. 2017):

SAR ¼ ½fmCpf þ ð1�mÞCpgg=m�ðDT=DtÞ ð5Þ

where m is the content of the sample powder in the fluid

(i.e., m = 0.05), Cpf (¼0.61–0.75 J/(g K) (Hajarpour et al.

2013; Klemme and Ahrens 2005)) and Cpg (¼2.43 J/(g K)

(Smolkova et al. 2015)) are the specific heat capacities of

ferrite and glycerol, respectively, T is the temperature, t is

the time, and DT/Dt is the initial heating rate.

Results and discussion

Characterization

Figure 1 shows the XRD patterns of MgxZn1-xGdyFe2-y-

O4. The samples were confirmed to have a single-phase

spinel structure except for the Zn ferrite (ZnGd0.06Fe1.94O4)

and Mg ferrite (MgGdyFe2-yO4; y = 0.02, 0.04, and 0.06)

samples containing gadolinium orthoferrite (GdFeO3) as

the by-product. This result demonstrates that our synthesis

method can provide Gd-substituted Mg–Zn ferrites,

whereas Fe3? ion in Zn ferrites and Mg ferrites is difficult

to replace with Gd3? ions. As shown in Fig. 2, the lattice

parameter, a, tended to decrease with increasing Mg con-

tent, x, because the ionic radius of the Mg2? ion (0.66 Å) is

smaller than that of the Zn2? ion (0.82 Å) (El-Sayed et al.

2017; Reyes-Rodrı́guez et al. 2017). In contrast, the Gd

content, y, hardly affected the lattice parameter due to the

relatively low Gd replacement. Figure 3 illustrates the

variation in the average crystallite size, D, with the Mg

content, x, and Gd content, y. The average crystallite size

slightly increased with decreasing Mg content at relatively

low Gd contents (y = 0–0.04), because the diffusion of

Zn2? ions in the crystal lattice may slightly expand the

lattice spacing (Gao et al. 2015). In addition, the crystallite

size tended to decrease with increasing Gd content because

of the inhibition of grain growth due to the incorporation of

Gd3? ions into the ferrite structure (Haralkar et al. 2012).

However, when y = 0.06, the Gd-substituted Zn ferrite

Fig. 1 XRD patterns of MgxZn1-xGdyFe2-yO4 with x = a 0, b 0.25, c 0.5, d 0.75, and e 1 calcined at 1173 K

Fig. 2 Variation of the a-axis lattice parameter of MgxZn1-xGdy-

Fe2-yO4 calcined at 1173 K

Appl Nanosci (2017) 7:209–214 211

123



(x = 0) sample had a relatively large crystallite size. As

shown in Fig. 1, this sample contained a small amount of

GdFeO3, which may lead to a surplus of Zn2? ions in the

ferrite structure, resulting in expansion of the lattice

spacing as mentioned earlier.

Figure 4 shows a typical SEM image of Mg0.5Zn0.5-

Gd0.02Fe1.98O4 nanoparticles calcined at 1173 K. The par-

ticle diameter was approximately 50–200 nm, indicating

that the nanoparticles were polycrystalline. For other x and

y contents, similar results were obtained.

Induction heating properties

Figure 5 shows the typical temperature profiles of the

magnetic fluids containing the Mg0.5Zn0.5GdyFe2-yO4

nanoparticles. The temperature of the magnetic fluids

rapidly increased immediately after applying the magnetic

field. Figure 6 illustrates the composition dependence of

the SAR. When y = 0 (i.e., MgxZn1-xFe2O4), the maxi-

mum value of the SAR was observed at x = 0.75. This can

be explained by the magnetization and coercivity of the

samples. According to Choodamani et al. (2016), the

coercivity of Mg0.75Zn0.25Fe2O4 was approximately three

times as large as that of Mg0.5Zn0.5Fe2O4, although they

had a similar level of magnetization. In addition, the

magnetization of MgFe2O4 was approximately half of

those of Mg0.5Zn0.5Fe2O4 and Mg0.75Zn0.25Fe2O4. There-

fore, the Mg0.75Zn0.25Fe2O4 sample showed a larger hys-

teresis loss in the magnetic field, resulting in a higher heat

generation. When a small amount of Fe3? ions was

replaced with Gd3? ions, i.e., at y = 0.02, the SAR sig-

nificantly increased at x = 0.5. The Gd3? ion has a higher

effective magnetic moment than Fe3? ion (Calderon-Ortiz

et al. 2009; Kadam et al. 2016; Kumar et al. 2014). In the

Gd-substituted Mg–Zn ferrites, Fe3? ions in the B-site can

be replaced with Gd3? ions, which may increase the

magnetization and coercivity. Thus, the SAR can vary

depending on x, according to the similar mechanism to the

case of y = 0. Furthermore, Gd substitution decreased the

SAR, because the magnetization can decrease due to an

Fig. 3 Variation of the average crystallite size of MgxZn1-xGdy-

Fe2-yO4 calcined at 1173 K

Fig. 4 Typical SEM image of Mg0.5Zn0.5Gd0.02Fe1.98O4 calcined at

1173 K

Fig. 5 Typical temperature profile curves of Mg0.5Zn0.5GdyFe2-yO4

Fig. 6 Composition dependence of the SAR of MgxZn1-xGdyFe2-y-

O4 calcined at 1173 K
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Fe3?–O–Fe3? superexchange interaction in the ferrites

(Calderon-Ortiz et al. 2009; Kadam et al. 2016). As Kadam

et al. (2016) noticed, by replacing Fe3? ions with Gd3?

ions, the valence state of iron on the B-site can change

from Fe3? (high spin 3d5) to Fe2? (low spin 3d6), resulting

in partial development of the Fe2?–O–Fe3? superexchange

interaction, which is weaker than the Fe3?–O–Fe3? inter-

action. Accordingly, a magnetic dilution may occur due to

the Gd substitution, resulting in a decrease in the SAR.

As shown in Fig. 7, when the calcination temperature of

the Mg0.5Zn0.5Gd0.02Fe1.98O4 sample was increased from

973 to 1173 K, the average crystallite size (indicated by

open squares) increased from 24.9 to 41.2 nm due to the

coalescence of small grains through the grain boundary

diffusion during calcination (Caglar et al. 2009). This can

increase the magnetization (Choodamani et al. 2014),

resulting in an increase of the SAR with temperature, as

indicated by closed circles.

In general, the induction heating properties of magnetic

particles can be controlled by the particle diameter. For

example, magnetite (Fe3O4) nanoparticles, which are

widely used as the heating mediator with excellent induc-

tion heating properties, can exhibit the maximum heat

dissipation under certain magnetic field conditions when

the particle diameter is approximately 12 nm; however, a

slight variation of the particle diameter can cause a drastic

decrease of the heat dissipation (Jeyadevan 2010). There-

fore, the particle size distribution must be precisely

adjusted to obtain the appropriate induction heating prop-

erties (Murase et al. 2011). Although various methods for

preparing the magnetic particles with different diameters

have been proposed so far (Iljinas et al. 2005; Iwasaki et al.

2010; Jing et al. 2012; Mizutani et al. 2010; Nemati et al.

2017), it is hard to precisely adjust the particle size dis-

tribution, which may lead to insufficient control of the

induction heating properties. In contrast, our results

demonstrate that the induction heating properties of Gd-

substituted Mg–Zn ferrites can be relatively easily con-

trolled by the metal composition compared with the par-

ticle size. We believe that this is one of the advantages that

the Gd-substituted Mg–Zn ferrite nanoparticles have over

magnetic particles available for hyperthermia.

Conclusion

MgxZn1-xGdyFe2-yO4 nanoparticles were prepared via

coprecipitation of metal hydroxides, followed by calcina-

tion in the air. The synthesis process can successfully

provide pure MgxZn1-xGdyFe2-yO4 with x ranging from

0.25 to 0.75 and y ranging from 0 to 0.06, although some

Gd-substituted Zn and Mg ferrites (i.e., x = 0 and 1)

contain GdFeO3 as a by-product. The lattice parameter and

crystallite size were found to depend strongly on the

composition, leading to a variation of the magnetic

induction heating properties. The SAR values of the Mgx-

Zn1-xFe2O4 samples were at a maximum at x = 0.75.

However, when Fe3? ions were replaced with Gd3? ions,

i.e., at higher y values, the maximum SAR values were

observed at x = 0.5 and decreased with y. The calcination

temperature also significantly affected the SAR due to a

variation of the crystallite size, which can alter the mag-

netization. We confirmed that the induction heating prop-

erties of Gd-substituted Mg–Zn ferrites can be relatively

easily controlled by adjusting the metal composition. The

results suggest that Gd-substituted Mg–Zn ferrite

nanoparticles are a promising candidate for heating medi-

ators used in magnetic hyperthermia treatments for cancer.
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