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Synthesis of nonstoichiometric zinc ferrite nanoparticles
with extraordinary room temperature magnetism and
their diverse applications†

Yang Yang,a Xiaoli Liu,a Yong Yang,a Wen Xiao,a Zhiwei Li,b Desheng Xue,b Fashen Lib

and Jun Ding*a

A series of nonstoichiometric zinc ferrite (ZndFe3�dO4) nanoparticles with Zn-dopant concentration d

ranging from 0 to 0.5 was synthesized via thermal decomposition route employing oleic acid as

surfactant. The zinc dopant concentration was controlled by the ratio of Zn/Fe precursors. High room

temperature saturation magnetization of 110 emu g�1 was obtained for large Zn ferrite particles (more

than 100 nm) with nominal composition of Zn0.468Fe2.532O4. The origin of the extraordinary magnetic

property was revealed as the Zn substitution of Fe atoms at the tetrahedral site (A site) in the spinel

magnetite phase. It was found that the precursor/surfactant ratio was an important parameter for the

control of the shape and size of as-synthesized Zn ferrite particles. The details were investigated

through a series of experimental work. Size-dependent applications, such as radar absorption and

magnetic fluid hyperthermia, were further studied. Both applications required magnetic particles with

high saturation magnetization, hence our samples displayed advantages over Fe3O4 magnetite

nanoparticles. Especially for magnetic fluid hyperthermia, 26 nm Zn ferrite nanoparticles coated by

P-mPEG polymer showed superior biocompatibility and heating efficiency, implying the potential

usefulness to in vivo cancer therapy.
Introduction

Over the past decades, magnetic spinel ferrites [M(II)Fe(III)2O4;
M represents Co, Mn, Ni, Zn or Fe, etc.] have attracted consid-
erable research interest for their wide range of technological
applications in magnetic recording, microwave technology,
catalytic and biomedical elds.1–5 Spinel has a face-centred
cubic structure with the oxygen anions arranged in a cubic
closed-packed lattice. The metal cations ll either the tetrahe-
dral or octahedral interstices, resulting in normal structure
when M occupies the tetrahedral (A) sites and inverse structure
when M occupies the octahedral (B) sites. Also, intermediate
cases exist where the cations distribute at both sites. The
formula is commonly described as (M1�xFex)[MxFe2�x]O4,
where the round and square brackets refer to A sites and B sites,
respectively. x stands for the inversion degree, dened as the
fraction of A sites occupied by Fe3+ cations. Magnetically, the
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origin of net moment in a unit formula (u.f.) of the spinel
structure is from the arithmetic difference of the magnetic
moments at A sites (upwards) and at B sites (downwards).6

Hence the cation distribution exerts a decisive inuence on the
magnetic properties of spinel ferrites,7–9 such as blocking
temperature, magnetization and AC magnetic susceptibility.
The control of cation distribution provides a means to tailor
their properties. Theoretically, the preferable distribution of
various metal cations in spinel ferrites could be predicted by
taking the crystal eld stabilization energy and ionic radius into
consideration.10 The results based on a normalized ion energy
method11 show that Fe2+, Co2+ and Ni2+ tend to locate at B sites
to form inverse spinel structures, while Zn2+ and Mn2+ tend to
locate at A sites to form normal spinel structures.

ZnFe2O4 is a typical representative of normal spinel struc-
ture, in which all nonmagnetic Zn2+ cations and magnetic Fe3+

cations are located at A sites and B sites, respectively. Bulk
ZnFe2O4 commonly shows paramagnetism at room tempera-
ture.12,13 When the particle size enters the nanoregime, ferri-
magnetism has been observed.14,15 The major origin of the
observed ferrimagnetism is the redistribution of Zn atoms at A
and B sites,16 which is greatly inuenced by the synthetic
approach.17 Various methods, such as high temperature calci-
nation, ball milling, coprecipitation, combustion, sol–gel,
hydrothermal and thermal decomposition routes,18–23 have been
developed to synthesize Zn ferrite. The calcination route and
J. Mater. Chem. C, 2013, 1, 2875–2885 | 2875
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ball milling method are favourable to produce a highly crys-
talline nanostructure, but always lead to agglomeration and/or
large size distribution. By contrast, chemical syntheses are
preferred due to the better control over the shape and size for
particle synthesis. The hydrothermal method was employed by
Li et al.24 to produce Zn ferrite nanoparticles (NPs). When the Zn
dopant concentration reached 0.33, room temperature satura-
tion magnetization (Ms) was around 80 emu g�1. Liu et al.25

obtained Zn0.2Fe2.8O4 particles by coprecipitation technique
and obtained a saturation magnetization of 80.93 emu g�1. The
inconsistency in the composition and the resultant saturation
magnetization might be due to the disordered distribution of
Zn atoms at the interstitial sites. Most of the studies26,27 have
focused on the ferrimagnetism of Zn ferrite particles with sizes
less than 50 nm. However, it is not easy to control the distri-
bution of Zn atoms at either A sites or B sites because of the
disorder induced by the high surface energy of small particles.28

In this work, uniform Zn ferrite particles with size above 100 nm
were prepared using thermal decomposition method. This
method is appropriate to synthesize nanoparticles on the large
scale.29 The control over the size and shape of the as-synthesized
Zn ferrite particles was investigated. Large Zn ferrite particles
show a high room temperature saturation magnetization of
110 emu g�1, which is signicantly higher than bulk Fe3O4

(�90 emu g�1).30 The results revealed that the room tempera-
ture ferrimagnetism is mainly caused by the distribution of Zn
atoms at only A sites.

Ferrites are of great interest in electromagnetic applications
because they can absorb electromagnetic radiation in micro-
wave bands.31 Compared with the traditional Zn ferrite, the as-
synthesized particles exhibit promising magnetic property,
which is attractive to investigate their performance of radar
absorption. To date, there are very few reports available
regarding the radar absorption by using pure zinc ferrite
particles. Srivastava et al.32 reported the permeability spectrum
of zinc ferrite prepared from a high temperature calcination
process in the 1970s. Although high room temperature Ms was
observed, the resonant frequency appeared at only several tens
megahertz. And the inhomogeneous particle sizes limited its
application. From the results revealed by Yan and Li et al.,33,34

we can see that the shape and size of zinc ferrite NPs are well
controlled with the development of chemical synthesis, making
high Ms zinc ferrite more promising as a radar absorbing
material. To enrich the study on this aspect, the radar absorbing
performance of the as-synthesized Zn ferrite particles in our
work was also investigated by both experimental measurement
and computational study.

Another electromagnetic application of the as-synthesized
zinc ferrite is magnetic uid hyperthermia for cancer therapy,
which also requiresmagnetic NPs with relatively high saturation
magnetization as well as good biocompatibility (non-toxicity),
chemical stability, uniformity in size and good dispersibility in
aqueousmedia.35 In order to demonstrate the related properties,
zinc ferrite NPs with size corresponding to the super-
paramagnetic regime were also prepared by thermal decompo-
sition method and the particle surface was modied by coating
with P-mPEG for further investigation. Criteria such as effective
2876 | J. Mater. Chem. C, 2013, 1, 2875–2885
specic absorption rate and in vitro cytotoxicity are within the
scope of this study and were investigated.
Experimental section
Materials

Benzyl ether (98%), oleic acid ($99%), iron(III) acetylacetonate
(Fe(acac)3, $97.0%) and zinc acetylacetonate hydrate (Zn-
(acac)2$xH2O), used as starting materials for the synthesis of
zinc ferrite NPs (NPs), were purchased from Sigma-Aldrich.
Phosphorylated-mPEG (P-mPEG) was prepared using methoxy
poly(ethylene glycol) (mPEG; Mw ¼ 2000 Da) and phosphorus(V)
oxychloride (POCl3, 99%) purchased from Sigma-Aldrich.
Concentrated nitric acid (65%) was purchased from VWR for the
preparation of samples for ICP measurement. Hexane (95%)
and chloroform ($99%) were used as solvents for dispersion of
as-synthesized NPs, both also from Sigma-Aldrich.
Synthesis of large size zinc ferrite nanoparticles (NPs)

Zinc ferrite NPs were fabricated via thermal decomposition
route, which was redesigned based on the previous synthesis of
octahedral magnetite NPs reported by our group.36 In a typical
reaction of zinc ferrite sample ZF3, 12 mmol Fe(acac)3 and
6 mmol Zn(acac)2$xH2O were dissolved in benzyl ether (20 mL).
Oleic acid (28 mmol) was added as surfactant to control the
particle growth and prevent interparticle aggregation. The
mixture was heated to 120 �C and kept for 30 min to eliminate
the bound water from precursors and nally heated to 280 �C
at a rate of 8 �Cmin�1 to reux the mixture for 30 min. The gray-
black precipitates were collected by magnetic separation
aer the mixture was cooled down to ambient temperature
naturally, and then washed by organic solvent (hexane) several
times. A series of samples from ZF0 to ZF7 were obtained by
only adjusting the amount of zinc precursor from 0 to 15 mmol
while keeping the amount of iron precursor at 12 mmol. Such a
kind of adjustment is aimed at synthesizing large zinc ferrite
particles with different zinc dopant concentrations. Table 1
lists the amounts of starting materials and the resulting
compositions.
Synthesis of small size zinc ferrite nanoparticles (NPs)

In this work, the size of as-synthesized Zn ferrite NPs could be
purposely decreased by scaling down the precursors. Take
sample ZF3 for example, of which the composition is
Zn0.387Fe2.613O4. When the amounts of iron and zinc precursors
were scaled down to 8 mmol and 4 mmol, respectively, zinc
ferrite with a relatively smaller size of 26.5 nm could be
successfully produced. The sample was labeled differently by
following with a number related to the particle size, such as
ZF3_26.5, ZF3_13.4. Although the particle size was reduced by
decreasing the concentration of used precursors, the composi-
tion of these samples changed little owing to the xed ratio of
Zn/Fe precursors. Hence, the developed method succeeded to
control the particle size as well as the composition of as-
synthesized zinc ferrite NPs.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 The amounts of starting precursors and some relevant experimental resultsa

Sample no.
Fe(acac)3
(mmol)

Molar ratio of
Zn/Iron precursors Resulting composition

Ms

(emu g�1)
Lattice
constant (Å)

ZF0 12 0 Fe3O4 85.2 8.396
ZF1 12 0.17 Zn0.189Fe2.811O4 97 8.403
ZF2 12 0.33 Zn0.290Fe2.710O4 106.8 8.408
ZF3 12 0.5 Zn0.387Fe2.613O4 107.2 8.411
ZF4 12 0.67 Zn0.468Fe2.532O4 109.7 8.418
ZF5 12 0.83 Zn0.522Fe2.478O4 104.4 8.420
ZF6 12 1 Zn0.524Fe2.476O4 99.8 8.415
ZF7 12 1.25 Zn0.527Fe2.472O4 94.2 8.410

a 28 mmol oleic acid and 20 mL benzyl ether were used for all the reactions.
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Synthesis of P-mPEG modied zinc ferrite NPs

The as-synthesized zinc ferrite NPs are water insoluble due to
the hydrophobic oleyl group on the NP surface. For phase
transfer into aqueous medium, P-mPEG was employed as the
hydrophilic coating through a ligand exchange reaction. The
detailed procedure could be found in our previous publica-
tion,37 in which P-mPEG coated Fe3O4 NPs were studied as
the hyperthermia agent. Here the procedure is briey intro-
duced regarding the current study. Before the surface coating
process, P-mPEG was prepared by reacting POCl3 with mPEG
(Mw ¼ 2000 Da) as previously described.38 Then sufficient
P-mPEG was added to a chloroform solution (20 mL) of well
dispersed, as-synthesized zinc ferrite NPs (5 mg). The mixed
solution was shaken for 2 h at ambient temperature by using
an IKS Mechanical Shaker (HS/KS260 control). The nal
solution aer reaction was evaporated under a ow of argon
and then dried under vacuum for 2 days. The collected dry
NPs were further dispersed in water (5 mL) and the solution
was centrifuged to remove the extra polymer. The P-mPEG
coated zinc ferrite NPs remained dispersed in the superna-
tant aer being centrifuged at 3000 rpm for 10 min, and
therefore the supernatant was collected and stored for
future use.
Structure and morphology detection

X-ray diffraction (XRD; Bruker, Advance D8) was performed to
detect the phase of as-synthesized samples. Rietveld rene-
ments of XRD powder patterns were performed with the
Generalized Structure Analysis System (GSAS), along with the
graphical user interface EXPGUI. Field-emission scanning
electron microscopy (FESEM; Zeiss Supra 40) and the attached
energy-dispersive X-ray spectroscopy (EDX) were employed to
detect the morphology and composition of as-synthesized zinc
ferrite NPs, respectively. Transmission electron microscopy
(TEM, JEOL-2010 at 200 kV) was performed to acquire high
resolution TEM (HRTEM) images. The hydrodynamic diameters
were evaluated from dynamic light scattering (DLS) measure-
ments using a Malvern Zetasizer Nano-ZS. FT-IR spectra of Zn
ferrite nanoparticles were recorded using a Varian 3100 FT-IR
(Excalibur series) spectrophotometer in the range 4000–400
cm�1 at a resolution of 4 cm�1.
This journal is ª The Royal Society of Chemistry 2013
Magnetic property characterization

Magnetic properties of as-synthesized samples were evaluated
using a vibrating sample magnetometer (VSM; Lakeshore,
Model 7404) and superconducting quantum interference device
(SQUID) system (Quantum Design, MPMS, XL-5). The magnetic
structure was determined by zero eld Mössbauer spectra,
which were recorded at room temperature, using a conventional
constant acceleration spectrometer with a g-ray source of 57Co/
Pd embedded in palladium matrix. A spectrum of bcc-Fe was
used for the calibration. Spectra of as-synthesized zinc ferrite
nanocrystals were tted based on Lorentzian site analysis by
RECOIL soware.
Microwave absorption measurement

For microwave measurements, zinc ferrite NPs were uniformly
mixed with paraffin wax at a volume concentration of 1 : 5. The
mixture was then pressed into toroids with an outer diameter of
6.9 mm and an inner diameter of 3 mm using a stainless steel
mould under a pressure of 1 MPa. The complex permeability
(mr ¼ m0 � jm0 0) and permittivity (3r ¼ 30 � j30 0) of the composites
were measured over the frequency range of 0.1–18 GHz using a
network analyzer (Agilent PNA 8363B). The reection loss
(RL) was calculated from the measured mr and 3r at a given
frequency and absorber thickness t according to the following
equations:39

RL ¼ 20log|(Zin � Z0)/(Zin + Z0)| (1)

Zin ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffi
mr=3r

p
tanh

�
jð2pft=cÞ ffiffiffiffiffiffiffiffi

mr3r
p �

(2)

where Zin is the input impedance at absorber surface, Z0 is the
impedance of air, f is the frequency of incomingmicrowave, and
c is the velocity of light.
ICP-MS analysis

Both the iron and zinc concentrations of the ferrouid samples
(water suspension of zinc ferrite NPs) were determined by
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) anal-
ysis. A known volume of ferrouid sample was put into a glass
test tube and 2mL concentrated nitric acid was added. The tube
was heated to 80 �C for 45 min and the sample was analyzed
using ICP-MS (Agilent ICP-MS 7500 Series) aer sufficient
J. Mater. Chem. C, 2013, 1, 2875–2885 | 2877
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dilution with Milli-Q water. The analysis of samples was done in
comparison with the ICP-MS standard (Sigma). The composi-
tion of as-synthesized zinc ferrite NPs was also estimated based
on ICP results.
Fig. 1 (a–f) SEM images of as-synthesized samples. All the scale bars stand for
200 nm.
In vitro cytotoxicity study

The cytotoxicity of the magnetic NPs system was detected by
Cell Counting Kit-8 (CCK-8) assay. The operation procedure of
CCK-8 test is as follows. Prior to the cytotoxicity test, MCF-7
mammalian breast cancer cells were trypsinized and washed
(by centrifugation) and re-suspended in the culture growth
medium (DMEM/10%FBS). MCF-7 cells were seeded in a
96-well plate at the density of 5 � 104 viable cells per well using
DMEM containing 10% FBS, and incubated for 24 h to allow
cell attachment. The medium was removed and then replaced
with fresh medium. To each well, 100 mL of the modied NP
suspension at concentrations of 5 to 200 mg mL�1 Fe were
added and incubated for 24 h. Wells without NPs treatment
were used as controls. To test for the cell viability, 10 mL CCK-8
solution was added to each well and the 96-well plates were
further incubated for another 4 h before the absorbance
readings were taken. The absorbance readings were analysed
using a microplate reader (FlUOstar OPTIMA, Germany) at
450 nm as reference wavelength. The cell viability was then
calculated by:

%Cell viability ¼ Aborbance of sample well

Absorbance of control well
� 100 (3)

Magnetic hyperthermia study

The ability of heat dissipation of magnetic NPs is usually eval-
uated in terms of specic absorption rate (SAR), which is
calculated by the following equation:

SAR ¼ C
DT

Dt

1

mFe

(4)

where C is the specic heat of the medium (Cwater ¼ 4.18 J
g�1 �C�1), DT/Dt is the initial slope of the time-dependent
temperature curve and mFe is the weight fraction of Fe in the
medium. However, it should be noted that the obtained SAR
values in W g�1 could not fully express the true heat capacitance
of samples because the heat dissipation is also inuenced by
the frequency and square of the magnetic eld strength used
during the measurements. For example, the frequency was 240
kHz and the amplitudes of AC magnetic eld (AFM) were
adjusted to be 12.1 kA m�1, 16.8 kA m�1 and 24.2 kA m�1 in the
current study. Under these different conditions the temperature
rise of 1 mL aqueous suspension of the modied zinc ferrite
NPs with time was recorded with the soware provided by the
equipment (Ambrell, Easy Heat 4.2–10 kW). To characterize the
heat capacitance of magnetic particles for hyperthermia more
clearly, a developed denition of effective specic absorption
rate (ESAR)40 was proposed and expressed as the SAR value
(W g�1) divided by H2 � f, where H and f are the amplitude and
frequency of applied AFM.
2878 | J. Mater. Chem. C, 2013, 1, 2875–2885
Results and discussions
Synthesis and characterizations on large zinc ferrite NPs

Uniform Zn ferrite NPs were prepared via thermal decomposi-
tion of iron and zinc precursors in the solvent of benzyl ether.
For all experiments, the same amounts of oleic acid (28 mmol)
and benzyl ether (20 mL) were used. Table 1 lists the samples in
this work (ZF0 to ZF7) with different amounts of starting
precursors. Actually, ZF0 is pure Fe3O4 without any zinc dopant.
Variations in the morphology of as-synthesized samples could
be observed from SEM images as shown in Fig. 1a–f. When the
amount of zinc precursor is around 4 mmol or less, octahedral
shaped particles are formed, such as samples ZF1 and ZF2.
With increasing the zinc precursor to 6 mmol (ZF3) and 8 mmol
(ZF4), well faceted polyhedral crystallites are formed. When
10 mmol of zinc precursor is used, nonuniform particles
including large cubes and some small ones are obtained, as
shown for the sample ZF5. Based on the previous study on the
formation mechanism of octahedral magnetite particles,36 we
have learned that oleic acid acts as both reducing agent and
stabilizer in the synthesis process and the precursor/surfactant
ratio is crucial to the morphology. Further increase of zinc
precursor will result in a deciency in the surfactant, which
makes it hard to stabilize all formed nuclei homogeneously.
That is why the samples ZF5 and ZF6 seem irregular and
nonuniform. Hence, there is a limitation set by the ratio of
precursor to surfactant. Only if the ratio is less than 0.85, Zn
ferrite NPs with dened shapes could be obtained. This could
be further veried by sample ZF7, which was prepared by using
precursors amounting to 27 mmol. We could nd many
heterogeneous particles included in the SEM image, seen from
Fig. S1 (ESI†).

The formation of various shapes may rely on the ratio of
precursor/surfactant, which is the only modied parameter in
the experiment. Hence, the mechanism is proposed as the
following based on the observed results. The previous works on
the shape control of particles of Au,41 In2O3

42 as well as iron
oxides43,44 have indicated that the selective adsorption of
surfactant on a particular surface is mostly dependent on the
surface energy. The high-index crystallography planes usually
possess higher surface energy. As a result, the particles tend to
This journal is ª The Royal Society of Chemistry 2013
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be surrounded by low-index planes, such as the {111}, {110} and
{100} planes in face-centered cubic structured materials. Our
previous report36 on the synthesis of octahedral Fe3O4 particles
has also revealed that the precursor/surfactant ratio is a decisive
factor in the formed particle shape. The particle shapes are
closely related to these crystallographic planes that enclose the
particles. The octahedral shape has eight faces enclosed by
{111} planes and the cubic shape has six faces enclosed by {100}
planes. The microstructure features of particles with different
shapes were characterized by HRTEM images. The crystalline
directions were judged from the measured lattice space values,
as labelled on the HRTEM images. The lattice spacings in
Fig. 2d–f were measured at 0.48 nm, 0.24 nm and 0.30 nm,
which are very close to the standard lattice spacings of {111},
{222} and {110} planes for the cubic spinel structure. Schematic
drawings are shown in Fig. 2 to present three different shapes,
including octahedron, polyhedron and cube, which were dis-
played by the as-synthesized Zn ferrite NPs. The polyhedral
shape in this work is a kind of truncated octahedron. The
excellent stabilizing function of oleic acid is due to the existence
of the carboxylic group, as reported,45 which always binds to
certain crystal faces with a nonpolar tail group and hinders the
growth in the direction normal to the bound faces. The surface
energy is a key factor for the selective adsorption of stabilizer.
The {111} planes possess the lowest surface energy,46 hence the
octahedron is much easier to form compared with the cube
shape. In our work, octahedral zinc ferrite NPs are observed
when the precursor/surfactant ratio is below 0.58. This is in
agreement with Yang's47 point that the presence of excess oleic
acid will facilitate the growth of h100i over h111i direction,
resulting in the formation of octahedral NPs. When the ratio is
above 0.72, oleic acid tends to stabilize on the surface of (100)
rather than (111), leading to a faster growth in the h111i direc-
tion and forming cubic NPs. The polyhedral NPs are formed as
the ratio of precursor/surfactant is within the range of 0.6 to
0.75, resulting from competing growth in the h100i and h111i
directions during the formation of zinc ferrite NPs. Although
the shape induced performance is not in the scope of this study,
Fig. 2 Schematic drawings for different shapes of Zn ferrite NPs: (a) is for
octahedron formed at low precursor/surfactant ratio (0.42–0.58); (b) is for poly-
hedron (truncated octahedron) formed at medium ratio (0.58–0.72) and (c) is for
cube formed at high ratio (0.72–0.78). When the ratio is over 0.78, irregular
particles will be obtained. The precursors include Fe(acac)3 and Zn(acac)2. (d)–(f)
High resolution TEM images for different shapes. The insets are SEM images for
octahedral, polyhedral and cubic particles, respectively.

This journal is ª The Royal Society of Chemistry 2013
the proposed formation mechanism of varying shapes is
expected to be helpful to the further application of the devel-
oped method.

It is worth noting that an increase of the zinc precursor used
will not determine the obtained particle size. It is the amount of
Fe precursor that is decisive to the particles size. When the
amount of iron precursor is adjusted to be 12 mmol, all
the produced samples are with similar sizes above 100 nm,
which are in the bulk size regime. Based on our observation,
Zn(acac)2$xH2O, as a secondary precursor, does affect the
synthesis process in two manners. One is the effect on the ratio
of precursor to surfactant, resulting in a morphology variation
as explained above. The other is the effect on the ratio of Zn to
Fe precursors, which further induces different compositions of
the as-synthesized zinc ferrite NPs. The yielded compositions of
as-synthesized samples were detected by EDX and ICP-MS. The
obtained results from EDX and ICP-MS match well with each
other. As listed in Table 1, there exists a discrepancy between
the starting ratio of Fe to Zn precursors and the nal ratio of
iron to zinc concentrations in all samples. Obviously, the as-
synthesized zinc ferrite NPs are nonstoichiometric, given as a
formula of ZndFe3�dO4, where d represents the atomic
concentration of zinc atoms. As listed in Table 1, the d value
increases gradually with the amount of zinc precursor, reaches a
saturation d value of ca. 0.52, as indicated by EDX results of
sample ZF5 and ZF6. Even if the zinc precursor is increased to
15 mmol (ZF7), the d value is no more than 0.53.

The crystallographic information of the as-synthesized zinc
ferrite NPs with different compositions was studied by XRD
(Fig. 3a). All diffraction peaks match better with the standard
Fe3O4 diffraction data (JCPDS no. 88-0135) than zinc ferrite
data, this may be due to the low doping concentration of Zn
atoms. Although the zinc dopant concentration varies between
0 and 0.527, the pure spinel cubic structure is shown by all the
samples. According to Rietveld renements of XRD patterns,
the obtained lattice constants increase gradually with the zinc
dopant concentrations, reaching a maximum value when Zn
dopant concentration is 0.522 for sample ZF5. The change in
lattice constant induced by the Zn dopant could also be seen
from the XRD patterns. The (311) diffraction peaks of as-
synthesized samples are shown in Fig. S2 (ESI†). The (311) peaks
shi to lower 2 theta angles with increasing the Zn dopant
concentration, indicating the enlargement of the lattice
constants. The as-observed irregular shape and poor
Fig. 3 (a) Typical XRD patterns and (b) magnetic hysteresis loops of Zn ferrite
samples.
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crystallinity of samples ZF6 and ZF7 may account for the
abnormal decrease of lattice constant with increasing Zn
dopant concentration.

We further investigated the magnetic properties of as-
synthesized zinc ferrite NPs. The room temperature magnetic
hysteresis (M-H) loops were collected and the saturation
magnetization (Ms) values were recorded, as shown in Table 1.
The M-H loops of some typical samples are shown in Fig. 3b.
Actually, sample ZF0 is pure Fe3O4 without any zinc dopant,
while ZF1 to ZF7 are zinc doped ferrite samples. Sample ZF0,
which shows a normal magnetization of bulk Fe3O4, i.e.
83.5 emu g�1, while samples with numbers from ZF2 to ZF5
exhibit much higher Ms. Sample ZF4 with the composition of
Zn0.468Fe2.532O4 shows the maximum Ms of 110 emu g�1.
Empirical analysis leads us to assume that this high magneti-
zation of zinc dopant ferrite NPs is mainly caused by the non-
stoichiometric structure, as it could lead to a redistribution of
iron atoms in the tetrahedral sites and octahedral sites. Hence,
a question is raised here, i.e. how do the zinc and iron atoms
distribute in the spinel structure? To settle this question,
Mössbauer spectra were employed to acquire more details on
the magnetic structure of as-synthesized zinc ferrite samples.

Mössbauer spectra recorded at ambient conditions are dis-
played in Fig. 4a. The presence of two sextets in all samples
conrms that the room temperature ferrimagnetism is shown
not only by pure Fe3O4 (ZF0) but also by Zn doped ferrite
samples. As is known, Fe3O4 owns an inverse spinel structure,48

in which half of the Fe3+ cations occupy tetrahedral (A) sites,
while all of the Fe2+ cations and the other half of the Fe3+ cations
occupy octahedral (B) sites, resulting in the structural formula
of [Fe3+]A[Fe

3+Fe2+]BO4. The Mössbauer spectra were suitably
tted by two well-dened sextets, corresponding to Fe ions at A
sites and B sites, and the relative areas of the subspectra for A
and B sites are assumed to be proportional to the number of Fe
cations occupying these sites.49 From the tting results, the
absorption area ratio of A site to B site subspectra for sample
ZF0 is 0.52, indicating that the Fe ions’ distribution in as-
synthesized Fe3O4 is very close to the standard material. With
the amount of zinc dopant getting lager, the area ratio for FeA
(Fe ions at A site) over FeB decreased correspondingly, as
showed by the experimental values in Fig. 4b. The error bars in
the experimental results represent the evaluation error during
Fig. 4 (a) The Mössbauer spectra of Zn ferrite samples and fitted curves; (b)
variation of area ratio of FeA to FeB versus Zn dopant concentration d. The
experimental values are evaluated from the fitting results of Mössbauer spectra,
while the red dashed line follows FeA/FeB ¼ (1 � d)/2.
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the measurement and the tting process. The results may allow
us to speculate that the zinc dopant will lead to a reduction of Fe
ions at A sites or an increase of Fe ions in B sites. The former
speculation seems more reliable in our case, that is to say, the
replacement of some Fe atoms at A sites by Zn atoms is prob-
able. And here we assume that this replacement exists only at A
sites rst. Correspondingly, the formula is described as
[Zn2+

dFe
3+

1�d]A[Fe
3+

1+dFe
2+

1�d]BO4 and used for further anal-
ysis. As previously introduced, d stands for the concentration of
zinc dopant. In order to shed some light on the locations of Zn
atoms, theoretically predicted ratios of FeA to FeB were gained
by working out (1 � d)/2. These theoretically predicted ratios
according to Zn dopant concentrations are also shown in Fig. 4b
by the red dashed line. If all the doped Zn atoms were at A sites,
the ratio of FeA to FeB versus d values would follow the dashed
line. As we can see, the line shows a clear trend that the ratio of
FeA to FeB decreases with increasing the Zn dopant concentra-
tion. This trend is very close to the one estimated from
Mössbauer measurements. If there were some Zn cations
substituting into B sites, the predicted ratio of FeA to FeB would
be above the red dashed line. This is contrary to the acquired
results fromMössbauer spectra. Therefore, the assumption that
Zn ions only substitute Fe ions at A sites is reasonable. In terms
of Néel's theory,50 the partial substitution of Fe3+ cations at A
sites by non-magnetic atoms will result in an enhancement of
the net moment from 4 mB per unit formula (for Fe3O4) to higher
values, which is consistent with our results. All Zn ferrite
samples show higher magnetizations than the as-prepared
Fe3O4 sample. The low chemical synthesis temperature (here
280 �C) may account for the stable distribution of Zn atoms at A
sites, according to Arean's work,51 the inversion degree of Fe
atoms increases with the decrease of equilibrium temperature.
Our XPS analysis on the valence change of iron ions with Zn
dopant concentration further testied the assumption of the
preferred occupation of Zn atoms at A sites.
Application as radar absorber materials (RAMs)

Microwave absorption performance has been reported to be
related to particle size and shape.52 Hence, to make a compar-
ison with Fe3O4 (sample ZF0), sample ZF2 was selected. As seen
from Fig. 1a and c, these two samples have similar size and
shape, but with different compositions. Sample ZF2 with a
nominal composition of Zn0.290Fe2.710O4 shows a relatively high
Ms of 106.8 emu g�1 compared with sample ZF0.

The acquired electromagnetic parameters (30, 30 0, m0, and m0 0)
of as-measured samples in the frequency range of 0.1 to 18 GHz
are shown in Fig. 5a and b. There is not much difference
between the permittivity (30 and 30 0) of samples ZF0 and ZF2,
while obviously different trends are observed in their perme-
ability (m0 and m00). A single resonance peak is shown by ZF0. The
real part of permeability decreases sharply when the frequency
is above 1 GHz. At this point, the imaginary part of permeability
starts to increase, then reaches a maximum value of 0.8 at 1.55
GHz, and nally decreases severely to almost zero aer 12 GHz.
An obviously different result was observed for zinc ferrite. Multi-
resonance peaks exist in the measured frequency range. Three
This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 (a) and (b) are the permittivity (30 , 30 0) and permeability (m0 , m0 0) spectra; (c)
and (d) are the calculated frequency dependent reflection loss plots. The
measurements are performed in the frequency range of 0.1 to 18 GHz.

Fig. 6 (a) and (b) are the SEM images of samples with different sizes and cor-
responding size distribution histograms. The error bar means particle size devia-
tion from the average value. (c) The TEM image and corresponding size
distribution histogram for 13.4 nm Zn ferrite NPs.
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peaks of the imaginary part of permeability appear at 0.36 GHz,
1.67 GHz and 3.45 GHz, corresponding to intensities of 1.23,
1.68 and 1.42. As revealed by Srivastava,32 the permeability
spectrum is related to domain structures. Further investigations
on the multi resonant peaks are underway based on the
micromagnetics and will be described elsewhere.

As observed, an enhancement of the imaginary part of
permeability m00 together with shied resonant peaks to higher
frequency range were brought about by zinc ferrite NPs. m0 0 is
commonly used to present the magnetic loss caused by
magnetic particles,33 and even a small variation of m00 may make
a great change to the microwave absorption performance,
which could be revealed by the calculated reection loss (RL) by
using the measured electromagnetic parameters. The reection
loss corresponding to a value of �10 dB is always used as a
criterion, which means that 90% of the incident microwave is
absorbed.53 From the frequency dependent RL curves in Fig. 5c
and d, we could see a distinct improvement brought about by
the zinc ferrite sample. The thickness of as-made absorbers
plays an important role in the microwave absorption perfor-
mance. An optimal thickness will render the RL value at the
resonant frequency as low as possible. For sample ZF2, two
optimal thicknesses could be observed due to its multi-reso-
nance peaks of permeability. One is 4.2 mm, corresponding to a
RL value of�38 dB at a relatively high frequency of 7.5 GHz. The
frequency band with RL values exceeding �10 dB is about
5.83 GHz. The other is 5.5 mm, corresponding to a RL value of
�39.4 dB at a relatively low frequency of 3.6 GHz. These results
are remarkable in the spinel ferrites, such as Fe3O4

54 and Ni–Zn
ferrites,55 and even competitive with the alloys.56 Therefore, Zn
ferrite NPs obtained in this work are attractive candidates for
radar absorptive materials.

Synthesis and characterizations of small zinc ferrite NPs

For the purpose of biomedical applications, we have also
synthesized Zn ferrite NPs with relatively small sizes by scaling
This journal is ª The Royal Society of Chemistry 2013
down the iron and zinc precursors. To keep the composition of
the as-synthesized zinc ferrite, the ratio of the iron to zinc
precursors was xed at 2 : 1. The amount of the precursors was
scaled down from 18 mmol [12 mmol of Fe(acac)3 + 6 mmol
of Zn(acac)2] to 12 mmol [8 mmol of Fe(acac)3 + 4 mmol of
Zn(acac)2], then to 10.8 mmol [7.2 mmol of Fe(acac)3 + 3.6 mmol
of Zn(acac)2]. Therefore three different sizes, 102.2 nm, 26.5 nm
and 13.4 nm, were obtained and are shown in Fig. 6. Corre-
spondingly, the samples were named as ZF3_102.2, ZF3_26.5
and ZF3_13.4. The corresponding size distributions were
obtained by measuring the average diameters of 100–120 NPs in
the SEM images or TEM images. Especially for the small parti-
cles, the size distribution is remarkably narrow, as indicated by
the size histograms (Fig. 6). As seen from the VSM results in
Fig. 7a, the saturation magnetization decreases considerably
with the particles size getting smaller; only 30 emu g�1 for
13 nm Zn ferrite NPs. The great disorder of surface spin may
become dominant due to the large specic surface area of the
small particles, leading to the substantial reduction of magne-
tization.57,58 As seen from the M–H loops, 102.2 nm Zn ferrite
particles with a coercivity of 38 Oe (inset of Fig. 7a) were char-
acterized to be ferromagnetic. When the particle size decreased
to 13.2 nm, room temperature superparamagnetism was
revealed by the FC (eld cooled) and ZFC (zero eld cooled)
curves (lower lines in Fig. 7b). The blocking temperature of
13.4 nm Zn ferrite particles was around 160 K. While for
26.5 nm Zn ferrite particles, the FC–ZFC plots (upper lines in
Fig. 7b) displayed a blocking temperature slightly below 300 K,
as determined from the intersection of the ZFC data and FC
data. But a non-zero coercivity (7 Oe) was observed from the
M–H loop. Hence we dened the particles to be quasi-super-
paramagnetic at room temperature.

In this work, Zn ferrite NPs with relatively small sizes were
purposely synthesized for biomedical applications, which
usually require a magnetic NPs system to possess high Ms, low
toxicity, good dispersibility and colloidal stability.59 Although
sample ZF3_102.2 shows a very highMs of about 107 emu g�1, it
is not suitable for biomedical applications because the particles
are difficult to disperse into aqueous solution. The particles
could be dispersed into oleic acid for the measurement of
J. Mater. Chem. C, 2013, 1, 2875–2885 | 2881
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Fig. 7 (a) Magnetic hysteresis loops for 102.2 nm, 26.5 nm and 13.4 nm Zn
ferrite NPs. The inset shows the coercivity. (b) FC–ZFC curves measured under an
applied field of 100 Oe. The upper and lower lines are for 26.5 nm and 13.4 nm Zn
ferrite NPs, respectively.
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dynamic light scattering, and the result is shown in Fig. S3
(ESI†). Hence, further improvement of the dispersibility of large
size Zn ferrite particles in aqueous solution should be made
before they are applied into bioengineering. In this work,
sample ZF3_26.5 with a saturation magnetization of 56 emu g�1

was selected as hyperthermia agent.
Provided that the precursors were scaled up to 24 mmol

[16 mmol Fe(acac)3 and 8 mmol Zn(acac)2] for a larger particle
size, the formed Zn ferrite NPs become irregular as in sample 7,
as shown by the SEM image in Fig. S4 (ESI†). This also evidences
that the reasonable precursor/surfactant ratio should be under
0.85 in the developed synthesis method. That is why we use
12 mmol of Fe precursor as starting material for the study on
synthesis of Zn ferrites.
The cytotoxicity test and application on magnetic uid
hyperthermia (MFH)

Prior to being used as hyperthermia agent, the surface of
26.5 nm zinc ferrite NPs was modied by synthesized P-mPEG.
An intensive study has been reported by our group37 on the
heating ability of P-mPEG coated Fe3O4 NPs. Similar experi-
mental conditions are adopted in the current work. For a better
understanding of the properties of as-synthesized zinc ferrites,
the studies on cytotoxicity and heating efficiency were devel-
oped by comparison with the previously reported one.

Fig. 8a shows the FTIR spectra of oleic acid and P-mPEG
coated Zn ferrite particles in the wave-number range between
400 and 4000 cm�1. A metal–oxygen band at around 590 cm�1

could be observed in both spectra, which corresponds to the
Fig. 8 (a) FTIR spectra of 26.5 nm Zn ferrite NPs before and after surface
modification by P-mPEG. (b) Dynamic light scattering (DLS) of the aqueous
suspension of P-mPEG coated 26.5 nm Zn ferrite NPs and the TEM image (inset).

2882 | J. Mater. Chem. C, 2013, 1, 2875–2885
intrinsic lattice vibrations of tetrahedral coordination
compound in the spinel structure.60 The bands with peaks
around 1630 and 3450 cm�1 were characteristic of the
symmetric ns(COO–) stretch and O–H stretching vibrations,
respectively.61 In the FT-IR spectrum of P-mPEG coated Zn
ferrite nanoparticles, the P–O stretching vibration was observed
at around 1012 cm�1. The band with a peak at 840 cm�1 was
assigned to the vibration of the C–C ring.62 The asymmetric
ns(COC) stretch of methacryloyloxy group was positioned at
1104 cm�1. The bands at around 1385 and 2903 cm�1 were
attributed to the CH3 and CH2 stretching vibrations,63 respec-
tively. Besides, the characteristic bands such as the bands at
1466, 1354, 1300 and 1250 cm�1 are also observed for modied
Zn ferrite NPs. This FT-IR analysis was very useful for
evidencing the capping of P-mPEG on the surface of Zn
ferrite NPs.

The coating of P-mPEG on the surface of zinc ferrite NPs
could further be conrmed by the TEM image, as shown by the
inset of Fig. 8b. A contrast difference between the surface
coating and core NPs was clearly observed. Aer the surface
coating, the hydrophobic zinc ferrite NPs were successfully
transferred into a water phase. The modied NPs are well
dispersed in aqueous solution and the average hydrodynamic
size (Fig. 8b) examined by dynamic light scattering (DLS) is ca.
38.2 nm. This indicates that the used P-mPEG surface coating
effectively prevents the particles from agglomerating in the
aqueous solution.

To evaluate the cytotoxicity of the modied zinc ferrite and
Fe3O4 NPs (similar size, as in a previous report37), we performed
a standard CKK viability test on MCF-7 cancer cells aer 24 h
incubation with the magnetic NPs at various incubation
concentrations (5–200 Fe mg mL�1). The viability proles of cells
treated with two different NPs, as shown in Fig. 9, reveals that
almost 90% cell viability is achieved aer cells were incubated
for 24 h with 200 Fe mg mL�1 of zinc ferrite NPs. As for cells
treated with Fe3O4 NPs, the viability decreases gradually with Fe
concentration and only 65% cell viability is maintained when
200 Fe mg mL�1 of Fe3O4 NPs are used. The good cytocompati-
bility exhibited by as-synthesized zinc ferrite NPs makes them
superior for biomedical applications.

The characterization of heat dissipation of zinc ferrite NPs
was performed on an induction heating system (Ambrell, Easy
Heat, 4.2–10 kW). As detected by the ICP-MS analysis, the zinc
ferrite NPs dispersed in water are at a Fe concentration of
Fig. 9 Viability test results of MCF-7 cancer cells with (a) modified 19 nm Fe3O4

and (b) 26.5 nm Zn ferrite after incubation for 12 h.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 The temperature–time curves of P-mPEG coated zinc ferrite dispersed in
water and the corresponding SAR values. The heating efficiency measurement
was performed under an alternative magnetic field with a frequency of 240 kHz.
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1.2 mg mL�1. Due to the Zn2+ ions being non-magnetic, herein
only Fe concentration is taken into consideration and adopted
for the estimate of SAR values. The temperature–time curves in
Fig. 10 were recorded when samples were exposed to an AMF
eld of 12.1–24.2 kA m�1 (i.e. 150–300 Oe) at a frequency of
240 kHz. As characterized by eqn (3), SAR values obtained
according to the initial temperature rise vary from 175 W g�1 to
595 W g�1, depending on the applied AFM eld strength. The
higher the eld strength, the larger the SAR value is. Hence the
as-dened ESAR value is preferred to be used to evaluate the
heat efficiency of modied magnetic NPs. As calculated
according to the denition of ESAR, the average and optimal
ESAR values are 31.4 � 10�9 W g�1 Oe�2 Hz�1 and 36 � 10�9 W
g�1 Oe�2 Hz�1, respectively. The reference works on commonly
used hyperthermia agents,64–68 such as Fe3O4, MnFe2O4 and
CoFe2O4 were investigated to make a comparison. The reported
ESAR values are mostly in the range of 13.6 � 10�9 to 33.8 �
10�9 W g�1 Oe�2 Hz�1. Among those reported works, the high
ESAR value of our sample is noticeable, which may originate
from the high Ms and narrow size distribution of the as-
synthesized zinc ferrite particles. The heat generation by the
employed zinc ferrite sample could be due to Néel and Brow-
nian loss,69 which mainly arise from the rotation of the
magnetization vector and the self-rotation of NPs when posi-
tioned in an external alternating magnetic eld, while the
hysteresis loss might be ignored for the tiny coercivity of the
NPs. Apparently, the good biocompatibility combined with high
heating efficiency makes P-mPEG Zn ferrite NPs have potential
use for in vivo trials on cancer therapy.
Conclusion

In the present work, we demonstrate a novel controlled
synthesis of non-stoichiometric zinc ferrite NPs, which possess
extraordinary magnetism at room temperature. The composi-
tion of as-synthesized zinc ferrites could be controlled well
by the molar ratio of Zn to Fe precursors. We could discriminate
Fe and Zn precursors as primary and secondary precursors
due to their parts in the synthesis. As we found, the ratio
This journal is ª The Royal Society of Chemistry 2013
of surfactant/Fe precursor is more decisive in the particle
size, while the further addition of Zn precursor plays an
important role in the resultant composition as well as the
morphology of the NPs. Through the studies on the effects of
composition, lattice structure as well as hyperne magnetic
structure on the magnetization of as-synthesized zinc ferrite
NPs, we could build a formula model for our sample, i.e.
[Zn2+

dFe
3+

1�d]A[Fe
3+

1+dFe
2+

1�d]BO4. The partial occupation of
Fe3+ cations at A sites may account for the extra high saturation.
The unusual magnetism and uniform particle size make the as-
synthesized zinc ferrites quite attractive as radar absorption
materials. Multi-resonance peaks shown by the permeability
spectra result in effective reection losses in the GHz frequency
band. When the composition is decided by xing the ratio of Zn
to Fe precursor, the particle size could further be tuned by
scaling down the amounts of Fe and Zn precursors. We
successfully synthesized Zn ferrite NPs with sizes of 26.5 nm
and 13.4 nm, of which the Zn dopant concentration is around
d ¼ 0.38. The decrease of particle size makes a great impact on
the resultant magnetization, which may result from the rela-
tively large surface/volume ratio in smaller particles, which
makes spin canting on the surface more competitive to
the intra-ferromagnetic moments. In spite of this, Zn ferrite
NPs with a size of 26.5 nm show a magnetization as high as
55 emu g�1 and were selected for hyperthermia agents. Prior to
the hyperthermia application, a surface coating layer of P-mPEG
was employed to provide dispersibility and biocompatibility.
Themodied Zn ferrite NPs are much safer than Fe3O4, which is
a kind of popular hyperthermia agent in studies. In view of the
heating efficiency produced by magnetic NPs, our samples are
very remarkable and show tremendous potential in biomedical
applications.
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