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Octahedral ZnFe,O,4 nanocrystals were prepared via a polyvinyl pyrrolidone (PVP)-assisted hydrothermal route. X-ray diffractometer, field
emission scanning electron microscopy and high-resolution transmission electron microscopy measurements were carried out to investigate
the products’ structures and morphologies. Different dosages of PVP were tested and 0.3 g was found to be the optimal dosage for the synthesis
of octahedral ZnFe,O,. The selective adsorption of PVP onto the crystallographic planes should be responsible for the formation of the final
octahedral particles. Moreover, magnetisation measurements revealed that these ZnFe,O, particles possessed a high magnetic parameter with a
saturation magnetisation of 44.30 emu/g and a coercivity of 299.2 Oe at room temperature.

1. Introduction: Zinc ferrite, an important member of spinel struc-
ture ferrite family, has aroused much interest owing to its potential
applications in drug carriers, magnetic recording, gas sensor, semi-
conductor devices and catalysis [1-5]. In recent years, many
methods have been reported for the synthesis of various interesting
ZnFe,O,4 nanostructures, including nanofibres [1], nanotube [2],
nanoplates [3], quasi-cube [4] and hollow spherical ones [5]. For
example, fibre-like ZnFe,O, nanocrystals were obtained by
thermal treatment of the precursors [1]. Plate-like ZnFe,O, particles
were successfully synthesised in liquid polyols at elevated tempera-
ture [3]. Quasi-cube ZnFe,O4 nanocrystals were reported by the
reduction of ferric chloride hexahydrate and zinc chloride in the
presence of sodium dodecyl sulphate [4]. Although much achieve-
ment has been made in the morphological control of ZnFe,O4 nano-
particles, there are few reports on the synthesis of crystalline
octahedral ZnFe,0, via a hydrothermal route except the ammonia
solution method using metal Zn sheet and FeCl, as starting
materials [6].

Recently, the synthesis of octahedrons composed of eight {1 1 1}
crystal planes have been the focus of intensive research [7—9]. For
example, Au nano-octahedrons with well-defined shape have been
reported because of its attractive optical properties [7]. Magnetite
micro-octahedrons prepared via a biomolecule-assisted hydrother-
mal route was reported to exhibit a discharge capacity of ca.
600 mA g~ ! in the first cycle and a discharge voltage of 0.92 and
0.74 V, respectively [8]. Most recently, Mn;O,4 micro-octahedrons
exhibited an enhanced specific capacitance of 322 F g~ ' compared
with the truncated octahedrons with specific capacitances of
244 F g~ ' [9]. As is well known, the properties of nanomaterials
are strongly dependent on the morphology of their internal struc-
tures [10, 11], such as the octahedral ZnFe,O,4 nanoparticles are
expected to show some novel physical, chemical properties.

Hydrothermal processing enables the synthesis of many crystal-
line materials without a calcination step at the temperatures of
200°C and lower and can yield some metastable products on a
large scale, which has attracted much attention around the world.
In this Letter, we present a scalable synthesis of octahedral
ZnFe,04 nanoparticles using zinc nitrate hexahydrate and ferric
nitrate nonahydrate as staring materials via a simple hydrothermal
procedure, which minimise the problem of instability of Fe®"
ions and the higher cost. Moreover, the octahedral ZnFe,0,4 nanao-
crystals possess a higher coercivity (about 299.2 Oe), which make
these octahedral ZnFe,O,4 nanaocrystals have a widespread potential
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application in tumour therapy, semiconductor devices, magnetic
recording and drug carriers.

2. Experimental: For the present experiment, all the reagents are of
analytical grade and used as received. In a typical synthesis, zinc
nitrate  hexahydrate [0.5 mmol], ferric nitrate nonahydrate
[1.0 mmol], polyvinyl pyrrolidone (PVP) [0.3g] and urea
[4.5 mmol] were dissolved in 20 ml distilled water. After being vigor-
ously stirred for 30 min, 3 ml of ammonia and 3 ml of hydrazine were
added dropwise into the above mixture solution, respectively.
Subsequently, 9 mmol of sodium hydroxide was added to raise the sol-
ution pH to 13. Finally, the solution was transferred into a Teflon-lined
stainless steel autoclave with 40 ml capacity, which was sealed and
maintained at 180°C for 8 h before being left to cool to room tempera-
ture naturally. The resulting black solid powder was collected by cen-
trifugation and washed with alcohol and distilled water three times,
respectively. Then the sample was dried at 50°C for Sh. The
as-obtained sample was labelled as Sp3, with 0.3 indicating the
dosage of PVP 0.3 g. The same reactions were performed for
the case of 0, 0.1 and 0.6 g PVP with other reaction parameters kept
unchanged, yielding samples Sy, Sp.; and Sy ¢, respectively.

The structures, morphologies and microstructures of these three
samples were characterised by X-ray powder diffraction (XRD)
using an 18 kW advanced X-ray diffractometer with Cu Ka radi-
ation (A = 1.54056 A), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Magnetic hysteresis
loops were measured on a vibrating sample magnetometer (VSM,
BHV-55) at room temperature.

3. Results and discussions: Fig. 1 shows the XRD patterns of
samples Sy, Sp3 and Spe. All of the diffraction peaks for these
three samples can be indexed to the spinel ZnFe,O, (JCPDS No.
22-1012). No other peaks of impurities are observed. After
careful check, we can find that a weak peak (1 1 1) only occurred
in sample Sy3. The crystallite size can be calculated from X-ray
line broadening using the Scherrer equation: D = 0.89A/Bcosb,
where D is the average crystal size in nm, A is the Cu Ka wave-
length (0.15406 nm), B is the full-width at half-maximum
(FMWH) and 6 is the diffraction angle. Compared with samples
So and Sy 6, the obvious reduction of FMWH of peak (3 1 1) for
sample Sp; indicates that Sp; possesses a biggest crystalline
size (estimated to be 95 nm). Both the occurrence of weak peak
(1 1 1) and the obvious reduction of FMWH of peak (3 1 1) in
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Figure 1 XRD patterns of the samples Sy, Sy 3 and Sy 4

sample Sy 3 suggest that the dosage of 0.3 g PVP is favourable to the
crystalline growth. Moreover, the ratio of reflection intensity of peak
(3 11) to that of peak (1 1 1) for sample Sy 5 is much stronger than
that for bulk materials in the JCPDS card, indicating the presence of
possible orientation for sample Sy 3. The lattice parameter is calcu-
lated to be 0.84438 nm based on the (3 1 1) reflection, very close to
that of the bulk ZnFe,O,4 (0.84411 nm).

The morphology and microstructure of sample Sy 3 was character-
ised by SEM and high-resolution TEM (HRTEM), as shown in
Fig. 2. A panoramic SEM image shows that octahedron-like nanos-
tructures dominates the as-prepared ZnFe,O,4 nanocrystals with size
distributed between 90 and 110 nm and the facets of these octa-
hedrons are apparently distinguishable (Fig. 2a). HRTEM study
was further conducted to investigate the detailed morphology.
After careful check, many octahedral particles could be found in
Fig. 2b. Fig. 2¢ shows the lattice fringe and selected area electron
diffraction (SAED) of the boxed area in Fig. 2b. The perfect

Figure 2 SEM, HRTEM images of sample Sy 3

a Lower magnification SEM image of sample S 3

b TEM image of sample S 3

¢ Lattice fringe and SAED of the part labelled with rectangle pane in Fig. 25
d Computer-aided design models of single sample
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lattice fringes and distinct diffraction spots reveals the single
crystal feature of the octahedral ZnFe,O4. On the basis of the
HRTEM image, the planar distance of lattice fringes is evaluated
to be 0.48 nm, consistent with the (1 1 1) interplanar spacing of
spinel ZnFe,0,4. Considering the structure symmetry, combined
with the results of XRD, SEM, HRTEM analysis, it can be con-
cluded that the ZnFe,O,4 octahedron is bounded by eight {1 1 1}
planes. A structure model of the octahedral ZnFe,O, is presented
in Fig. 2d.

Different dosages of PVP were used to modulate the reaction and
to control the morphologies. In the absence of PVP, few quasi-octa-
hedral particles are formed, as shown in Fig. 3a. When the surfac-
tant dosage is increased to 0.1 g, a small quantity of octahedron-like
particles are produced (Fig. 3b). With the increase of surfactant
dosage to 0.3 g, a large number of octahedron-like particles with
facets apparently distinguishable coexists with minute quantity of
small powders, as shown in Fig. 3c. When the surfactant dosage
is increased to 0.6 g, the number of octahedron-like particles is
reduced significantly, as shown in Fig. 3d. In fact, the PVP
dosages of 0.4 and 0.5 g were also investigated and the obtained
products were found to have similar morphologies to that of the
case of 0.6 g PVP, which was not shown here. All of these results
indicate that the surfactants have significant effects on the stages
of crystal growth, and the optimal dosage for the synthesis of octa-
hedral particles is 0.3 g, which is consistent with the XRD analysis.
Furthermore, no agglomeration of particles could be found in the
SEM images.

For our case, the morphology evolution can be explained in terms
of Ostwald ripening [12] and the crystal surface energy changes
when appropriate amount of PVP is adsorbed onto specific facets
of the ZnFe,0O, crystal, similar to the growth mechanism of the
Ag crystal [13]. First, lots of small ZnFe,O, particles are formed,
governed by the cationic/anionic mixture reaction system.

Zn’t + 2Fe*T 4+ 80H™ — ZnFe,04 + 4H,0

Figure 3 SEM images of samples

a Sample S,

b Sample S, ; obtained at 180°C for 8 h, with 0.1 g PVP
¢ Sample Sy 3

d Sample Sy ¢
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These preformed ZnFe,0, particles serve as seeds, on which Zn*t
and Fe*™ further deposit and grow. For spinel ZnFe,O4 with cubic
crystal structure, all the atoms inside are bonded to six neighbours
and are quite stable, but atoms on the surface are only bonded to five
neighbours or less, which makes these surface atoms less stable.
Larger particles are more energetically favourable. As the system
tries to lower its overall energy, Zn>" and Fe*™ on the surface of
a small particle with only 4 or 5 bonded neighbours will tend to
detach from the particle, and diffuse into the solution, which will
finally recrystallise onto the surface of larger particles. This is the
Ostwald ripening process. Therefore smaller particles with size
smaller than a critical value will shrink, while larger particles
further grow. This could explain the coexistence of smaller particles
with the larger octahedral particles. Moreover, owing to the selec-
tive adsorption [12, 13] of PVP and the difference of free energies
of the crystallographic plane (y{1 1 0} > {1 00} > {11 1}) [14,
15], PVP molecule would be preferentially absorbed onto the {1 1
1} surface with lower surface energy [13—15]. Thus, the growth rate
of <10 0> and <1 1 0> orientation is faster than that of <111>
orientation, resulting in the disappearance of {1 0 0} and {1 1 0}
surface during growth. Finally, the seeds become octahedral
nanocrystalline bounded by eight {1 1 1} planes. Moreover, the
more dosage of PVP does not mean the better shape control,
which could be explained based on the fact that the equilibrium
constant for PVP molecules binding to crystal faces of ZnFe,04
would change with the increase of PVP dosage, resulting in the
changes of the growth rate and the morphologies of the final
products.

The static magnetic property of the samples Sy, Sy 3 and Sy ¢ are
measured at room temperature, as shown in Fig. 4. The inset is the
magnetised hysteretic loops at low applied field. Compared with S,
and Sy, sample Sy 3 exhibited a higher saturated magnetisation,
further supporting the fact that the dosage of 0.3 g PVP is favourable
to the crystalline crystallise. The smooth particles’ surfaces shown in
Fig. 2 and the XRD intensity in Fig. 1 confirm the above analysis.
The value of the saturated magnetisation (M/;), remnant magnetisa-
tion (M,) and coercivity (H.) are 44.30 emu/g, 17.37 emu/g and
299.2 Oe, respectively, all of which are higher than those
(0.33 emu/g, 27 Oe) reported for ZnFe,O, powders in [16].

Bulk zinc ferrite is a completely normal spinel structure with
Zn>" ions located in A sites and Fe** ions in B sites. Thus, there
is no superexchange interaction between A and B sites. In our
system, tetrahedral A sites are occupied with some Fe*™ ions and
switch on the Fe’'(A)—02—Fe’*(B) superexchange interaction
and should be responsible for the high magnetic parameter. In
fact, when the size of the particles is reduced to nano-scale, the
surface/volume ratio of the particles can be increased notably, so
that up to 50% of the particle atoms can be located on the surface

M, emu/g

=10.0k 5.0k 0 5.0k 10.0k

applied magnetic field, Oe

Figure 4 Magnetisation curve for the samples Sy, Sy 3 and Sy s measured at
room temperature
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and directly influence the magnetic properties of the particles
[17]. For the sample Sj3, a large fraction of the total spins at
the surface will have a non-collinear configuration different
from that of the core ones, due to broken exchange bonds and
symmetry of the octahedral. The higher magnetic parameters of
these octahedron-like ZnFe,O, particles should have a widespread
potential application in magnetic recording, drug carriers and
catalysis.

4. Conclusion: Octahedral ZnFe,0, nanoparticles with a crystalline
size of about 95 nm were successfully synthesised by a simple hydro-
thermal reaction. The dosage of PVP played an important role in the
morphological control of the products. 0.3 g was found to be enough
for the complete disappearance of {1 0 0} and {1 1 0} planes
and should be the optimal dosage for the octahedral ZnFe,O4
synthesis. Magnetisation measurement shows that octahedral
ZnFe,04 has a high magnetic parameter, whose saturated magnetisa-
tion (M) and coercivity (H.) are 44.30 emu/g and 299.2 Oe,
respectively.
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