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Abstract: ZnFe2O4 hollow spheres (ZFHs) with sizes of 200−302 nm were synthesized by simple impregnating method using the 
as-prepared phenolic formaldehyde (PF) spheres as templates and subsequent annealing at 500−700 °C. The prepared ZFHs are 
assembled by a large number of small nanoparticles with sizes of 15−20 nm, and many mesopores exist among these nanoparticles. 
The samples annealed at 500−550 °C exhibit a single cubic spinel structure, while higher annealing temperature leads to the 
formation of hexagonal ZnO and rhombohedral α-Fe2O3 secondary phases. The size of the assembled nanoparticles increases with 
the increase in annealing temperature. Novel magnetic transformation from paramagnetic to ferrimagnetic is induced by the reduction 
of annealing temperature and the saturation magnetization significantly increases from 2.3 to 13.5 Aꞏm2/kg. The effect of the 
formation of hollow sphere structure on the redistribution of Fe3+ and Zn2+ in the spinel structure was studied. 
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1 Introduction 
 

Zinc ferrite (ZnFe2O4) nanomaterials have recently 
attracted considerable attention for potential applications 
in microwave absorption [1], energy storage [2] and drug 
delivery [3] because of their remarkable properties, such 
as high specific surface areas, excellent magnetic 
properties, and non-toxicity. Nanocrystalline ZnFe2O4 
ferrites have spinel structures and the particle size has a 
significant effect on the permeability, saturation magneti- 
zation, and microwave adsorption performance [4,5]. 
When the ZnFe2O4 particle size is decreased from 110 to 
15 nm, the magnetic behavior of the particles shifts from 
paramagnetic to ferrimagnetic, and the Ms increases from 
5.0 to 7.0 Aꞏm2/kg [6]. This enhanced magnetization 
originates from the super-exchange interaction-induced 
magnetic order, which can be attributed to the inversion 
of the Fe3+ and Zn2+ cations in the tetrahedral and 
octahedral crystalline structure positions [7]. ZnFe2O4 
nanoparticles with ferrimagnetic properties have been 
prepared by physical and chemical methods such as 
traditional ceramic synthesis, aerogel procedure, and ball 
milling [7−9]. Meanwhile, ZnFe2O4 hollow nanospheres 

have also been reported to be fabricated by solvothermal 
process combined with the subsequent thermal treatment 
process. Some Zn-based ferrite hollow spheres, such as 
ZnFe2O4/graphene [10] and ZnFe2O4@SiO2 [11], are 
reported to exhibit excellent microwave absorption 
owing to their high saturation magnetization, suitable 
impedance and ability to cause multiple reflection and 
scattering of incident microwaves [10]. However, the 
transformation of ZnFe2O4 hollow spheres from 
paramagnetic to ferrimagnetic, which is found to 
significantly affect their magnetic properties, has not yet 
been reported. 

In the present study, ZnFe2O4 hollow nanospheres 
were synthesized by solvothermal method using the 
phenolic formaldehyde (PF) spheres as templates and 
subsequent annealing to remove the PF templates. The 
crystalline structure, morphology, magnetic properties 
and microwave absorbing properties were investigated. 
 
2 Experimental 
 
2.1 Preparation of phenolic formaldehyde (PF) 

spheres 
Phenolic formaldehyde (PF) spheres were prepared 
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by the hydrothermal approach and used as hard templates. 
Typically, 0.50 g of resorcinol was added into a fresh 
mixture composed of 0.5 mL of NH3∙H2O, 30 mL of 
C2H5OH, and 100 mL of deionized water to form a clear 
solution with strong stirring, and then 1.4 mL of CH2O 
was added and stirred for 12 h. Small PF nanoparticles 
were thereafter nucleated. After that, the solution was 
then transferred into a Teflon-lined autoclave and further 
polymerized to form PF spheres at 100 °C for 24 h. The 
final PF spheres (CmHn) were isolated via centrifugation 
and vacuum dried at 60 °C for 12 h. 
 
2.2 Preparation of ZnFe2O4 hollow nanospheres 

ZnFe2O4 hollow nanospheres were synthesized by 
simple one-pot solvothermal method using the PF 
spheres as templates. 0.5 g of the as-prepared PF 
templates were dispersed in 60 mL of mixed clear 
solution comprising of 2 mol/L Fe(NO3)3 and 1 mol/L 
Zn(NO3)2. After being ultrasonically dispersed for 1 h 
and aged for 3 h, Fe3+, Zn2+ and 3NO  cations were 
absorbed on the surface of the PF spheres. Subsequently, 
the brown product was collected via centrifugation, 
carefully washed and dried in vacuum at 50 °C for 24 h. 
The PF core and residual 3NO  ions were then removed 
by calcination in muffle at 500−700 °C in air for 3 h to 
obtain ZnFe2O4 hollow spheres. 
 
2.3 Characterization 

The as-synthesized samples were characterized by 
X-ray diffraction (XRD, Rigaku, D/Max 2500, Cu Kα 
radiation), field-emission scanning electronic microscope 
(FESEM, Quanta FEG 250), Philips CM 200 
transmission electron microscope (TEM), vibrating 
sample magnetometer (MLVSM9 MagLab 9 T, Oxford 
Instrument), and vector network analyzer (Agilent 
N5234A). Thermal stability of PF samples was analyzed 
via thermogravimetric analysis from 20 to 900 °C in air. 
 
3 Results and discussion 
 
3.1 Phenolic formaldehyde characterization 

Phenolic formaldehyde (PF) templates were 
prepared by the hydrothermal method. The 
corresponding SEM image (Fig. 1(a)) reveals that the 
monodisperse PF templates are about 800 nm in size 
with a narrow size distribution. The smooth surface is 
critical for the subsequent absorption of Fe3+, Zn2+ and 
NO3− ions according to the electrostatic adsorption and 
coordination between atoms. The TG−DTA curve    
(Fig. 1(b)) reveals that these PF resins could be easily 
oxidized and removed by calcination at temperatures 
higher than 500 °C. During the calcination process, the 
absorbed Zn(NO3)2 and Fe(NO3)3 will be decomposed 
into ZnO and Fe2O3, and further transformed into 

ZnFe2O4. The chemical reaction can be expressed by the 
following formulas: 
 
CmHn+O2→CO2+H2O                         (1) 
 
Zn(NO3)2→ZnO+NO2↑+O2↑                   (2) 
 
Fe(NO3)3→Fe2O3+NO2↑+O2↑                  (3) 
 
ZnO+Fe2O3→ZnFe2O4                           (4) 
 

 

Fig. 1 SEM image (a) and TG−DTA curve (b) of PF templates 

 

3.2 Crystal structure and chemical composition 
As shown in Fig. 2, the XRD patterns of the 

samples calcined at 500−700 °C confirm the formation 
of ZnFe2O4 (JCPDS card No. 02-1043) with a cubic 
spinel structure and the depletion of amorphous carbon 
or any carbide phases, indicating the removal of PF 
templates. A small amount of hexagonal ZnO and 
rhombohedral α-Fe2O3 secondary phases is observed 
after calcination at 600−700 °C. It is supposed that this 
cubic spinel structure is much more stable after 
calcination at 500−550 °C and the sharp diffraction 
peaks also indicate that they are well-crystallized. The 
average crystallite size of ZnFe2O4 was determined by 
using Scherrer’s formula [12] from the width of the 
prominent peak (311) and the lattice parameter a was 
refined using Jade 5 software program. As depicted in 
Table 1, the average crystallite size and the lattice 
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parameter increase with annealing temperature. This is 
similar with the results reported in Refs. [13,14]. Bulk 
ZnFe2O4 crystallizes in a normal cubic spinel structure 
with all the Fe3+ cations resided in the larger octahedral 
sites (B sites) and Zn2+ cations totally in the smaller 
tetrahedral sites (A sites). The reduction of the lattice 
parameter is an indication that a redistribution process of 
Fe3+ and Zn2+ cations occurs with the decrease of 
calcination temperature. 
 

 
Fig. 2 XRD patterns of ZnFe2O4 hollow spheres calcined at 

500−700 °C 

 

3.3 Infrared spectrum characterization 
The vibrations of the ions in the crystal lattice are 

usually detected by the absorption bands in 200−800 cm−1 
infrared region. With respect to cubic ferrites, the 
absorption ν1 round 550 cm−1 is caused by the tetrahedral 
Fe — O stretching vibrations. The FTIR spectra of 
ZnFe2O4 (Fig. 3) reveal that stretching vibrations in 
tetrahedral site are detected round 544 cm−1 with 544.7, 
544.5, 543.8, and 543.2 cm−1 for ZnFe2O4 annealed at 
500, 550, 600 and 650 °C, respectively. This slight shift 
towards the lower wavenumber with the increase of 
annealing temperature indicates the changes of the 
crystallite size and the metal–oxygen bonds in ZnFe2O4 

due to the transition from mixed spinel to normal 
structure. This is in agreement with the XRD results. In 
addition, the bands at 3443 and 1632 cm−1 correspond to 
the stretching and bending vibrations of hydroxyl, 
respectively. As compared with the standard bands 
(ν=3600−3650 cm−1), the hydroxyl absorption peak shifts 
towards the lower wavenumber and becomes 
strengthening and broadening, indicating that a large 
number of hydroxyl exists on the surface of ZnFe2O4 
hollow spheres. Hydroxyl groups not only could increase 
the surface free energy and react with many kinds of 
compounds, but also could provide a foundation for 
self-assembly and protein functionalization. This 
characteristic is helpful for the carriage of medicine. 
 
3.4 Microscopic morphology 

Figure 4 shows the SEM images and the size 
distribution of ZnFe2O4 hollow spheres. The obtained 
spheres are mono-disperse and have crumpled surfaces in 
favor of large surface areas. The existence of broken 
spheres indicates that they are hollow in nature. As 
compared with the sizes of PF templates (800 nm), the 
diameters of ZnFe2O4 hollow spheres are significantly 
reduced to approximately 200−300 nm. This could be 
due to the volatilization of the PF templates and the 
densification and shrinkage of ZnFe2O4 during the 
heating process [18]. The sphere sizes for the samples 
annealed at 500, 550, 600 and 700 °C are about 230, 302, 
280 and 200 nm, respectively. The size distribution  
(Figs. 3(c, f, i, l)) reveals that the hollow spheres are 
more uniform after calcination at temperatures lower 
than 550 °C. The sample obtained at 500 °C is uniform 
in both morphology and sphere size, and exhibits a very 
narrow size distribution. The inhomogeneous growth and 
agglomeration of the hollow spheres after calcination at 
700 °C could be attributed to the extensive grain growth 
of ZnFe2O4 nanoparticles and the substantial shrinkage 
of ZnFe2O4 hollow spheres. 

 

Table 1 Particle size, lattice parameter (a), saturation magnetization (Ms) and coercivity (Hc) value of ZnFe2O4 hollow spheres 

calcined at 500−700 °C 

Sample Annealing temperature/°C Particle size/nm a/Å Ms/(Aꞏm2ꞏkg−1) Hc/(Aꞏm−1) Source 

ZnFe2O4 hollow 

spheres 

500 19.8 8.439 13.50 652.5314 

This work 

550 25.2 8.446 6.05 1137.9511 

600 27.4 8.448 2.43 3103.5030 

650 29.0 8.450 1.92 2538.5063 

700 30.4 8.456 2.32 3604.8381 

ZnFe2O4 − 15 8.441 7.0 (@ 0.8 T)  [6] 

(ZnCa)Fe2O4 − 8.7 8.4343 10.0 (@3 T)  [15] 

ZnFe2O4 − 8.72 8.444 2.77 (@1 T)  [16] 

ZnFe2O4 − 8 8.465 24.0 (@ 1.5 T)  [17] 

Ms for ZnFe2O4 hollow spheres in this work is measured at 1 T 
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Fig. 3 FTIR spectra of ZnFe2O4 hollow spheres calcined at 

500−700 °C 

The sample calcined at 500 °C is further investigated 
by TEM, as shown in Fig. 5. It is found that they are 
fairly uniform in both morphology and size with the 
diameter centering at about 270 nm, which is in 
agreement with the SEM results. Figure 5(b) shows that 
the hollow spheres are assembled by a large number of 
small nanoparticles with sizes of 15−20 nm, and many 
mesopores exist among these nanoparticles. The contrast 
between the black edge and the bright center also 
confirms the hollow nature. Furthermore, the 
corresponding SAED pattern confirms that these 
nanoparticles are crystalline and have a cubic spinel 
structure. The high resolution TEM image in Fig. 5(d) 
shows an interplanar spacing of approximately 0.25 nm 
corresponding to (311) crystal plane of the cubic spinel 
ZnFe2O4 phase. 

 

 
Fig. 4 SEM images and size distributions of ZnFe2O4 hollow spheres calcined at 500 °C (a−c), 550 °C (d−f), 600 °C (g−i) and 

700 °C (j−l) 
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Fig. 5 TEM bright field images (a, b), SAED pattern (c) and HRTEM image (d) for ZnFe2O4 hollow spheres calcined at 500 °C 

 

3.5 Magnetic properties 
The magnetization curves of the ZnFe2O4 hollow 

spheres measured at a maximum magnetic field of 1 T 
are shown in Fig. 6. The corresponding coercivity (Hc) 
and the saturation magnetization (Ms) are listed in Table 
1. The magnetization curves show a presence of 
magnetic behavior transformation from paramagnetic to 
ferrimagnetic with M−H loops changing from a straight 
line with a positive slope for those annealed at 
600−700 °C to a typical S-type shape for the samples 
annealed at 500−550 °C. Accordingly, the samples 
annealed at 600−700 °C exhibit relatively low Ms values 
of 1.92−2.31 Aꞏm2/kg and large Hc of 2538.5063− 
3604.8381 A/m, while those annealed at 500−550 °C 
show high Ms of 6.05−13.50 Aꞏm2/kg and low Hc    
of 652.5314−1137.9511 A/m. The linear increase of Hc  
 

 

Fig. 6 M−H loops of ZnFe2O4 hollow spheres measured at 

maximum magnetic field of 1T 

with temperature also indicates a higher degree of 
disorder in the magnetic moment arrangement at higher 
calcination temperatures. The slight increase in Ms with 
the increase of temperature from 650 to 700 °C can be 
attributed to the formation of minor paramagnetic 
rhombohedral α-Fe2O3 phase. The magnetic transaction 
behavior is found to be in great agreement with      
that reported for the ZnFe2O4 nanoparticles in      
Refs. [6,15−17]. 

The observed magnetic transformation for the 
ZnFe2O4 hollow spheres can be ascribed to the 
redistribution of Fe3+ and Zn2+ in the spinel structure, as 
shown by the XRD and FTIR results. ZnFe2O4 hollow 
spheres calcined at 600−700 °C are of a normal spinel 
with diamagnetic Zn2+ cations at the A sites and magnetic 
Fe3+ ions occupying B sites. The strong intra-sublattice 
(A−A and B−B) interactions and the absence of 
inter-sublattice (A−B) superexchange interaction result 
in a strong paramagnetic characteristic [19]. However, 
ZnFe2O4 hollow spheres calcined at 500−550 °C exhibit 
partially inverse spinel structure, where Zn2+ and Fe3+ 
distribute over A and B sites. The stronger A−B 
superexchange interaction as compared to A−A and B−B 
interactions is responsible for the novel magnetic 
properties such as nonzero net magnetic moment and 
ferrimagnetism at room temperature. In addition, as 
compared to ZnFe2O4 nanoparticles reported in     
Refs. [6,15,16] as shown in Table 1, the as-prepared 
hollow spheres calcined at 500 °C exhibit much higher 
Ms, extensively lower coercivity, and slightly larger 
nanoparticle size. It is reasonable to deduce that large 
inversion parameters could be obtained by the formation 
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of hollow sphere structure. The mesoporous ZnFe2O4 
hollow spheres with ferrimagnetic characteristic obtained 
in this study may be used in microwave absorption and 
drug delivery. 
 
4 Conclusions 
 

(1) ZnFe2O4 hollow spheres with a diameter of 
200−302 nm are successfully fabricated by solvothermal 
method with the use of phenolic formaldehyde (PF) 
sphere templates and subsequent annealing. The hollow 
spheres have the crumpled shell assembled by many 
nanoparticles with sizes of 15−20 nm. The size of the 
assembled nanoparticles increases with the increase in 
annealing temperature. 

(2) The ZnFe2O4 hollow spheres annealed at 
500−550 °C exhibit a single cubic spinel structure, while 
higher annealing temperature leads to the formation of 
hexagonal ZnO and rhombohedral α-Fe2O3 secondary 
phases. 

(3) Novel magnetic transformation from 
paramagnetic to ferrimagnetic is confirmed by the 
reduction of annealing temperature and the saturation 
magnetization significantly increases from 2.3 to    
13.5 Aꞏm2/kg. The formation of hollow sphere structure 
benefits to the redistribution of Fe3+ and Zn2+ in the 
spinel structure. 
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ZnFe2O4空心球的制备及由顺磁到铁磁性的转变 
 

葛毅成，王志龙，易茂中，冉丽萍 

 

中南大学 粉末冶金国家重点实验室，长沙 410083 

 

摘  要：采用简单浸渍法，以制备的酚醛(PF)球为模板，经 500~700 °C 退火，合成粒径为 200~302 nm 的 ZnFe2O4

空心球(ZFHs)。所制备的 ZFHs 由尺寸 15~20 nm 的大量小纳米粒子组装而成，在这些纳米粒子之间存在着许多介

孔。经 500~550 °C 退火后，ZFHs 呈单一的立方尖晶石结构，而较高的退火温度导致六方氧化锌和菱形 α-Fe2O3

二次相的形成。纳米粒子的晶粒尺寸随退火温度的升高而增大。退火温度的降低导致顺磁性向铁磁性的新转变，

饱和磁化强度从 2.3 Aꞏm2/kg 显著提高到 13.5 Aꞏm2/kg。研究空心球体结构的形成对 Fe3+和 Zn2+在尖晶石结构中再

分布的影响。 

关键词：ZnFe2O4空心球；纳米粒子；磁性；磁转变 
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