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Abstract: The monodisperse Nig sZng sFe,0, nanospheres
have been synthesized via a simple solvothermal method.
The effects of reactant concentration on structural and
magnetic properties have been studied. X-ray diffraction
analysis results indicate that the lattice constant and
crystallite size can be tuned by controlling reactant con-
centration. The nanosphere size monotonically decreases
from 238 to 35 nm with increasing reactant concentration.
The magnetic studies show that blocking temperature is
enhanced, and these single-domain particles are super-
paramagnetism at room temperature. The hollow nano-
spheres exhibit a high saturation magnetization value of
52.6emu/g. The nanospheres with various diameters
exhibit different magnetic saturation values which may
be caused by the domain structure, surface effects and
the distribution of metal ions on A and B sites. These
superparamagnetic NigsZngs;Fe,0, nanospheres are
expected to have potential application in biomedicine
and magnetic fluid technology.

Keywords: Ni-Zn ferrite, solvothermal method, blocking
temperature, superparamagnetic behavior

Introduction

Nickel-zinc ferrite (Ni—-Zn ferrite) is one of the most ver-
satile magnetic materials due to the high saturation mag-
netization, high Curie temperature, excellent chemical
stability, low coercivity and biodegradability [1]. It is a
mixed spinel structure based on a face-centered cubic
lattice of oxygen ions, with functional units of (Zn,Fe;.,)
[Ni;..Fe;, 04 Zn** and Ni** ions are known to have very
strong preferences for the tetrahedral A and octahedral B
sites as depicted by curled and square brackets [2],
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re-
spectively, while Fe>* jons partially occupy the A and B
sites. In the case of Ni,Zn, ,Fe,O, system, it was found
that for x greater than 0.5, Fe>* moments in A and B sites
have collinear arrangement, whereas for x less than 0.5,
Fe’™ moments in the B site have noncollinear arrange-
ment [3]. In our previous studies [4], it is found that
Nig 5Zng sFe,0, presents the best magnetic properties
and microwave absorption ability in the Ni;,Zn,Fe,0,
system. Thus, it is necessary to further study the micro-
structure and magnetic properties of NigsZngsFe,0,
nanoparticles.

Various wet chemical synthesis have been used to
prepare nanosized Ni-Zn ferrite powders such as the
co-precipitation method [5, 6], hydrothermal route [7],
reverse micelle process [8] and sol-gel method [9].
Among these methods, the hydrothermal/solvothermal
method requires neither expensive starting materials and
environment unfriendly solvent nor extremely high tem-
perature and pressure. Hence, the hydrothermal/solvother-
mal method is usually used to synthesize Ni-Zn ferrites.

Some groups [7, 10] have synthesized the
Nig 5Zng sFe,0, sample by hydrothermal method and
investigated different morphology and magnetic proper-
ties of the spinel ferrite samples by controlling the pro-
cess parameters such as solution pH value, reaction
temperature and durable time. However, few groups
have investigated the morphology and magnetic proper-
ties by adjusting the reactant concentration. Some tem-
plates, such as silica [11] and carbon [12], have been
widely investigated to prepare hollow spheres. However,
the synthetic process usually suffers from high cost or
complicated operation. Gu etal. [12] have reported the
synthesis of CoFe,O, hollow spheres obtained from
hydrothermal treatment of the mixed solution of glucose.
It was found that the variation of metal concentration
showed little influence on the size of hollow spheres.
Recently, considerable attention has been focused on
hollow nanostructure without any templates. Jiang et al.
[13] have fabricated hollow spheres of ZnFe,O, without
the assistance of a template by solvothermal method.
ZnFe,0, exhibited ferromagnetic properties with high

This work is licensed under the Creative Commons Attribution 4.0 Public License.



DE GRUYTER

saturation magnetization (M) of 83.4emu/g. The rela-
tively high Mg was induced by the superexchange effect
which existed in the site of Zn—-O-Fe.

Here, to the best of our knowledge, our group has
synthesized monodisperse Nig sZng sFe,0, hollow nano-
spheres without adding any surfactants or templates by
controlling the reactant concentration in nonaqueous
hydrothermal method. It is the first time to systematically
demonstrate the effect of nanosphere size of
Nig 5Zng sFe,0, ferrites on the magnetic behaviors. The
possible formation mechanism is discussed in detail.

Experimental

The monodisperse NigsZngsFe;0, (NZFO) nanospheres
have been prepared using the solvothermal method,
reported elsewhere [14]. For simplicity, the NZFO powders
obtained under the same reaction conditions of tempera-
ture and reaction time, but with different concentrations,
are named as NZFO-A, where A represents the mole
number of the as-prepared NZFO powders. For example,
NZFO-200 indicates that 0.002mol NZFO powders were
prepared at 180 °C with 24 h.

X-ray diffraction (XRD) patterns of the as-prepared
products were recorded on a Philips X’pert PRO x-ray
diffractometer with Cu K, radiation. Field emission scan-
ning electron microscopy (FESEM, FEI Sirion 200) and
transmission electron microscopy (TEM, JEM-2010) were
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used to show the surface morphology and particle size
distribution. The magnetic properties of the NZFO ferrite
powders were measured by using a superconducting
quantum interference device magnetometer measurement
system (SQUID, MPMS-5T). The zero-field cooling (ZFC)
and field cooling (FC) magnetization curves were per-
formed in the temperature range between 5 and 350K
under an applied magnetic field of 100 Oe.

Results and Discussion

Structure and Morphology

Figure 1 shows the room-temperature XRD patterns and
Rietveld analysis results for NZFO ferrite at different reac-
tant concentrations. The parameters R,, (profile fitting R
value), Ry, (weighted profile R value) and X’ (goodness-
of-fit quality factor) obtained after refinement are pre-
sented in Figure 1. For an excellent fit, the value of x*
should be nearly one. As shown in Figure 1, the value of
X’ is less than or equal to two. Hence, the good fitting
parameters indicate that the studied samples are of better
quality and refinements of samples are effective. All
reflection peaks have a good agreement with the stan-
dard JCPDS card of Ni-Zn ferrite (card no. 08-0234), and
no other phase is detectable. The lattice constant a is
obtained by Rietveld method, as listed Table 1. It is
observed that the a value obviously increases with the
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Figure 1: Refined room-temperature XRD patterns of NiysZngsFe,0, with different reactant concentrations. The black circle, red, blue
and green lines signals represent the experimental pattern (Exp.), calculated pattern (Cal.), Bragg position and the difference plot

(Exp.- Cal.), respectively.
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Table 1: Lattice constant a (&), crystalline size D (nm), nanosphere size (nm), saturation magnetization M (emu/g), coercivity H,
(Oe) and blocking temperature (Tg) of the Nig.sZnysFe;0, samples as a function of the reactant concentration.

Reactant concentration Lattice Crystallite Nanosphere M (emu/g) H.(0e) Tg (K)
(103 mol) constant (A) size (nm) size (nm) 300K 300K
0.25 8.3683 15 238 91
1.00 8.3777 17 236 44.5 8.8 134
2.00 8.3796 21 145 46.2 5.1 165
3.00 8.3811 22 125 52.6 2.7 236
4.00 8.3865 31 62 49.0 8.4 >350
5.00 8.3858 18 35 51.7 10.1 217
increase in reactant concentration, indicating lattice < 8.39
expansion. According to the references [6, 15], we sup- }g (a) —O—Lattice constant _O——@
pose that the variation of lattice constant can be attrib- s O/
uted to the cation redistribution between A and B sites. £ 838 0/0/
The Zn?*, Ni** and Fe’' cations simultaneously occupy ; I
the A and B sites of the spinel structure. For increasing & /
. . e s 8.37F
the reactant concentration, the cation redistribution on A = o]
and B sites can increase the ionic radii of A and B sites, = 40 (bi —t —=.—:Cry:stall:ite s:ize — 4250 )
resulting in the increase of lattice constant. As shown in E rO— —O—Nanosphere size 1 £
Figure 1, the corresponding diffraction peaks become % 30 F \ o ] 200 g
narrower and sharper with increasing concentration of % | O—__ g/ < 150 E
as-prepared NZFO except NZFO-500 sample, which indi- 5 20k o— \ ] 100 2
cates the growth in crystallite and much better £ <—/./ o) _Q> 1 ?
. Z @ ~2150 =
crystallinity. S O | 3
The crystallite size for all NZFO nanoparticles is cal- 10 (') * i —t—

culated from intensity (311) peak by the Debye-Scherrer
equation:
0.91

b= BcosO M

where D is the crystallite size, A is the wavelength of Cu
K, (A=1.540598 &), 6 is the angle of Bragg diffraction and
B is the full width at half maxima broadening. The values
of crystallite size are listed in Table 1, and the variation
tendency as a function of reactant concentration is shown
in Figure 2. It is observed that crystallite size increases
from 15 to 31nm with increasing concentration, and then
decreases to 18nm as the reactant concentration
increases further. The variation of crystallite size as a
function of reactant concentration can be attributed to
the nucleation and growth of crystals [16]. Once the crys-
tal nuclei are formed, they form a crystal-liquid interface
to grow up, namely atoms and ions of component crystals
according to the arrangement form of the crystal structure
to pile up crystals. The suitable reactant concentration
increases the solubility of the crystalline substance and

3
Reactant concentration (10'3m01)

Figure 2: The variations of (a) lattice constant, (b) crystallite size
and nanosphere size with the reactant concentration for NZFO
samples.

improves the crystal growth rate. So higher reactant con-
centration accelerates the growth of the crystal. But the
excessive reactant concentration can increase the viscos-
ity of the solution and then affect the solute convection,
which will inhibit crystal growth. In addition, the
decrease in crystallite size could also be related to the
higher nucleation rate at higher reactant concentration,
causing the consumption of the whole amount of reac-
tants in the solution and stopping the growth of the
crystals [17]. As a result, the reactant concentration
reaches a critical value of 4 mmol, and then the crystallite
size begins to decrease. Thus, the reactant concentration
plays an important role in determining the crystallite size.

The microstructure of the NZFO ferrite samples is
analyzed by SEM. The surface morphology and the
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Figure 3: SEM images of NZFO ferrite under different reactant concentrations, the inset is the corresponding particle size distribution graph.
(@) NZF0-025, (b) NZFO-100, (c) NZFO-200, (d) NZFO-300, (e) NZFO-400 and (f) NZFO-500.

corresponding nanosphere size distribution graphs of
NZFO with different reactant concentrations are shown
in Figure 3. The spherical shape can be observed clearly
in all samples. It can be clearly seen that the magnetic
nanoparticles are agglomerated, but nanospheres con-
sisting of nanoparticles are well monodisperse. The size
distribution of the nanospheres was estimated by taking
the average of 200 nanospheres and fitting the resultant
histogram by a Gaussian function (solid line), as shown
in the insets of Figure 3, indicating the size distribution is
narrow. The corresponding values of nanosphere size are
listed in Table 1. The center of the size distribution curves
is shifted from 238 to 35nm as the concentration
increases, as shown in Figure 2, showing the significant
influence of the reactant concentration on the nano-
sphere size. This phenomenon can be explained as the
classical theories of crystal heterogeneous nucleation
[13]. As indicated by the arrows in the inset of Figure 3
(d), there exist open pores and some broken spheres,
indicating the presence of hollow spheres in the NZFO-
300 sample. The formation of the hollow NZFO nano-
spheres can be explained by the Ostwald ripening pro-
cess [18].

Figure 4 shows the representative TEM images of the
NZFO0-100 and NZFO-300 samples. Uniform and mono-
dispersed nanospheres are observed. From Figure 4(b),
the apparent contrast between the dark edge and the pale
center confirms that the NZFO-300 nanospheres have a
hollow interior, with the average outer diameter of 135nm
and the wall thickness of 45 nm. The inset of Figure 4(b)
reveals clearly that the spherical shell are packed with
numerous NZFO nanoparticles, and the average particle

diameter is about 20 nm, which verifies the calculating
results from XRD data. The insets of Figures 4(a)and 4(b)
show the selected area electron diffraction (SAED) pat-
tern. The SAED pattern shows diffuse rings that can be
indexed to NZFO [(220), (311), (400), (422), (511), and
(440)] plane reflections. High-resolution TEM (HRTEM)
analysis is employed to determine the crystal facets and
orientation. As shown in Figure 4(c), the lattice fringe
spacing of d=0.25nm agrees well with the (311) lattice
plane of cubic NZFO. From Figure 4(d), the results from
energy-dispersive x-ray analysis (EDX) spectra show that
the as-prepared hollow nanospheres contain Ni, Zn, Fe
and O, and no contamination element is detected.

Magnetic Properties

The temperature (5K < T<350K) dependence of magneti-
zation curves in an external field of 100 Oe recorded in
ZFC and FC modes are clearly shown in Figure 5. At first,
when the sample is cooled to 5K without any external
magnetic field, the total magnetization of particles will be
zero because of randomly oriented magnetic moment.
Then, an external magnetic field of 100 Oe is applied,
which favors the moment of individual particle to reori-
ent along the applied field at low temperature. With an
increase in the temperature, more and more nanoparti-
cles follow the direction of the applied magnetic field and
reach the maximum at the blocking temperature (Tg). The
ZFC magnetization curves appear maximum at the block-
ing temperature Ty at which the relaxation time equals
the time scale of the magnetization measurements.
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Figure 4: (a) TEM images of the NZFO-100 sample and (b) the NZFO-300 sample. The insets are the corresponding SAED pattern and
magnified image; (c) high magnification TEM image of NZFO-300 sample; (d) EDX spectrum of the NZFO-100 sample.
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Figure 5: Temperature dependence of magnetization for field cooled (FC) and zero-field cooled (ZFC) NZFO nanoparticles under an applied

field of 100 Oe.

Based on the above analysis, the reactant concentration
is critical to the particle size. The Ty values of NZF0-025,
NZFO-100, NZF0-200, NZFO-300 and NZFO-500 are 91K,
134K, 165K, 236K and 217K, respectively, as listed in
Table 1, indicating that the different particle sizes are
characterized by different average energy barriers. Note
that the Ty value of the NZFO-400 sample is higher than
350 K. The value of Ty initially increases with an increase
in the reactant concentration, and then decreases as the
reactant concentration increases further.

In addition, in the spherical particle model, the cri-
tical size from single domain to multidomain can be
calculated with the following formula [19]

Dy =90,,/2nM? @
where o, = (2]<BTC|K1|/a)1/ 2 is the domain wall energy, kg
is Boltzmann constant, T, is Curie temperature, K; is the

magnetocrystalline anisotropy constant, a is the lattice
constant and M is the saturation magnetization. The
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nanoparticles are considered to be single domain below
D.,, while the nanoparticles are multidomain above D,,.
For NZFO, T.=538K, a=8.39x10"%cm, K;=1.7x10" erg/
cm? and M; = 310 Gs. From eq. (2), the calculation value of
D,, is about 26 nm, which is a little less than the one
(40 nm) reported by Albuquerque et al. [20]. According to
the above analysis, NZFO-400 sample may be multido-
main and appear domain wall, but prepared other sam-
ples can be considered to be single domain.

According to the Stoner—Wohlfarth theory, the mag-
netocrystalline anisotropy E, of a single-domain particle
can be expressed as [21]

E4 =KVsin’ 3

where K is the magnetocrystalline anisotropy constant, V
is the volume of the nanoparticle and 6 is the angle
between the magnetic direction and the easy axis of the
nanoparticles. The anisotropy acts as the energy barrier to
prevent the change of the magnetization direction. When
the size of the magnetic nanopatrticle is reduced to a
threshold value, E, is comparable with thermal activation
energy, kgT, with kg as the Boltzmann constant, and the
magnetization direction of the nanoparticle can be easily
moved away from the easy axis by thermal activation.
Above T, thermal activation can overcome the anisotropy
energy barrier and the nanoparticles become superpara-
magnetic with the magnetization direction randomly flip-
ping. Below Ty, thermal activation is no longer able to
overcome the magnetocrystalline anisotropy of the nano-
particles. According to the above analysis, larger nanopar-
ticles possess a higher E,, and require a higher kgT to
become superparamagnetic. Therefore, the value of Ty
increases with an increase in crystalline size.

The room-temperature magnetic hysteresis loops
(M-H) of the NZFO nanoparticles prepared with different
reactant concentrations are shown Figure 6. The samples
exhibit nonsaturated magnetization even at the maxi-
mum applied field of 2 T, which indicates the superpar-
amagnetic nature. Above the blocking temperature, the
thermal activation can overcome the magnetocrystalline
anisotropy, and the magnetocrystalline anisotropy con-
stant may be seen as zero. Consequently, the negligible
hysteresis of the nanoparticles is observed, as shown in
the inset of Figure 6.

The magnetic moment is obtained using nonlinear
curve fit of Langevin function, which is described as the
following equations [22]:

H kT
M=Ms(coth(%) - ;;H )
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Figure 6: Room-temperature M-H loops for NZFO ferrites with
different reactant concentrations. The inset shows the correspond-
ing magnified view of the M-H curves at lower applied field.

where u=MnD?/6 is the true magnetic moment of each
particle, M is the saturation magnetization, kg is the
Boltzmann constant and T is the absolute temperature.
The fit results of room-temperature M-H loops are dis-
played in Figure 7, and the values of Mg are listed in
Table 1. It is observed that the measured values of M; are
considerably lower than that of the corresponding bulk
material (86 emu/g) [23]. When the particle size decreases
into nanometer-sized scale, surface area increases, which
enhances the system energy and surface effect, making
cation redistribution possible. Thus, the lower measured
value of M; is most likely attributed to cation redistribu-
tion. The value of M increases from 44.5 to 52.6 emu/g as
the crystalline size increases from 17 to 22nm. Such
increases are usually explained as a decreasing propor-
tion of the pinned surface magnetic moments in overall
magnetization as the crystallites grow in size [24, 25].
Hollow NZFO-300 nanospheres, with a diameter of
about 125nm, possesses the highest Mg of 52.6 emu/g,
and the results have a good agreement with that reported
previously [13, 16, 26, 27]. The high Mg with hollow struc-
ture may be caused by the peculiar hollow structures and
the distribution of metal ions on A and B sites of the
spinel ferrite [16]. However, the My value is decreased
when the crystalline size increases to 31nm, which
could be explained by the multidomain structure and
the increase of the demagnetizing factor.

The magnetization curves of the NZFO nanoparticles
prepared under different reactant concentrations at 10 K
are shown in Figure 8. Below the blocking temperature,
the thermal activation is no longer able to overcome the
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Figure 8: The M-H loops for NZFO ferrites at different reactant
concentrations at 10 K. The inset shows the corresponding magni-
fied view of the M-H curves at lower applied field.

magnetocrystalline anisotropy. Therefore, the NZFO
nanoparticles show typical hysteresis behaviors, as
shown in inset of Figure 8.

Conclusions

In summary, we have synthesized the monodisperse
Nip.5Zng sFe,04 nanospheres by one-step solvothermal
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