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Thermal plasma synthesis of zinc ferrite nanopowders
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Abstract

Ž .Nanosized zinc ferrite spinel powders of various compositions were produced in a radiofrequency RF thermal plasma
from oxide mixtures and from co-precipitated hydroxides. Bulk and surface chemical compositions of the products were
measured by ICP-AES and XPS. Phase conditions were determined by XRD. Morphology was investigated by SEM and
TEM. In spite of the short residence time of reagents in the plasma reactor, a high degree of spinel formation was achieved.
The Zn enrichment on the surface determined by quantitative XPS is attributed to a thin ZnO layer on the surface of the zinc
ferrite particles. In zinc ferrous ferrites, an inhomogeneous distribution of Zn inside the grains may also exist.q2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

The spinel ferrites contain a close-packed cubic
Ž .structure of oxygen ions in which tetrahedral A and

Ž .octahedral B interstitial sites are occupied by cations
w x1 . Zinc ferrite belongs to the class of normal spi-
nels that presumably have a cation distribution of
Ž 2q. ŽŽ 3q. . Ž 2y.Zn Fe O . It is paramagnetic at roomA 2 B 4

temperature. However, in special synthesis condi-
Ž w x w xtions e.g. co-precipitation 2 , rapid quenching 3

w x. 3qand mechanochemical activation 4 , some Fe
ions may occupy tetrahedral, as well as octahedral
sites forming the inverse spinel structure. The strong
super-exchange interaction among these sites results
in an unusually high magnetization as compared to

) Corresponding author. Tel.:q36-1-325-7933; fax:q36-1-
325-7892.

Ž .E-mail address: mohaiti@chemres.hu I. Mohai .

w xnormal spinels 3 . A direct correlation was found
between particle size and saturation magnetization:
the finer the particles were, the more saturation

w xmagnetization could be measured 5,6 . The rela-
tively high magnetization of pure Fe O can be3 4

further increased by Zn substitution, and the high-
est saturation magnetization ever found in spinel
ferrites can be measured for zinc ferrous ferrites
Ž . w xZn Fe O wherexF0.5 7 .x 3yx 4

Ž .Radiofrequency RF thermal plasmas offer unique
advantages for the synthesis of special ceramic pow-
ders due to the easily achievable high temperatures
and energy densities. In addition, a high temperature
gradient exists between the hot plasma flame and the
surrounding gas phase. The resulting rapid quench-
ing rate is favourable for producing fine particles
with unstable structures in thermodynamic terms. In
this paper, results on the thermal plasma synthesis of
zinc ferrites and zinc ferrous ferrites are presented.
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2. Experimental

ŽPrecursors for the synthesis of Zn Fe O 0-x 3yx 4
.xF1 were prepared by two methods:

v Analytical grade Fe O and ZnO powders2 3

were thoroughly mixed in an agate mortar in a
molar ratio of 2:1.
v Ž .Fe NO P6H O and ZnO, with FerZns6:13 3 2

molar ratio, were dissolved in water. The pH of
the solution was set to 9–10 by NH OH solu-4

tion. The precipitated hydroxides were washed
with deionized water and dried at 808C.

The precursors were treated in a laboratory scale
Ž .RF thermal plasma reactor 27 MHz, 1–7 kW con-

nected to an air-cooled, two-stage powder collector
w x Ž8 . Argon was used as the central plasma gas 7 l

y1. Ž y1.min and as the sheath gas 19 l min , as well.
The powder was injected continuously into the

Ž .plasma tail flame region by carrier gas argon or air
passed through a fluidised and vibrated powder-bed.
The oxide mixture and the co-precipitated hydrox-
ides were calcined in air at 9008C for 6 h, to
compare ferrites prepared in the plasma reactor with
those obtained by the conventional ceramic process-
ing.

The bulk chemical composition of dissolved sam-
Ž .ples was analysed by ICP-AES Labtest PSX7521 .

Surface chemical composition was characterised by
ŽX-ray photoelectron spectroscopy XPS, Kratos

.XSAM800 . The XP spectra were processed by

w xKratos Vision 2000 and XPS MultiQuant 9 soft-
ware. Crystalline phases were identified by X-ray

Ž .diffraction XRD using a Philips Xpert diffractome-
Ž .ter and CuK radiationls0.15418 nm . The lat-a

Ž .tice parameters a of the crystalline phases were
determined from the positions of the diffraction
peaks. The mean grain-size was calculated from the

Ž .full widths at the half maximum FWHM of the
most intensive diffractions according to the Scherrer’s

w xequation 10 . Scanning and transmission electron
Ž .microscopic SEM and TEM analyses were per-

formed by a JEOL JSN50A and a TESLA BS 540
apparatus, respectively.

3. Results and discussion

Sample preparation conditions and results of XRD
analysis are collected in Table 1. The X-ray diffrac-
tograms are shown in Figs. 1 and 2. The XRD

Žpatterns of the heat-treated oxide mixture 9008C, 6
. Ž Ž ..h show the formation of spinel phase Fig. 1 B .

Reflections of Fe O and ZnO almost completely2 3
Ž .disappeared. The lattice parametera is equal to

Žthat of ZnFe O within the experimental error Table2 4
.1, sample 1 . Contrary to the ‘conventional’ synthe-

sis, plasma treatment of the oxide mixture resulted in
the formation of magnetite with the incorporation of

Ž Ž ..a small amount of Zn only sample 2, Fig. 1 C .
The spinel composition was estimated by assuming
the increase of lattice parameter due to Zn incorpora-
tion to be proportional with the Zn concentration.

Table 1
Methods of sample preparation and results of XRD measurements

bSample Precursors FerZn Method Spinel phase Other phases
ano. ratio ˚Ž . Ž .a A Composition D nm HrS ZrS WrS

1 Oxides 2:1 9008C, 6 h, air 8.439 ZnFe O 100 0 0 02 4

2 Oxides 2:1 PlasmarAr 8.400 Zn Fe O 34 0.49 0.55 00.1 2.9 4

3 Hydroxides 6:1 9008C, 6 h, air 8.439 ZnFe O 65 0.89 0 02 4

4 Hydroxides 6:1 PlasmarAr 8.415 Zn Fe O 42 0 0.1 0.10.4 2.6 4

5 Hydroxides 6:1 PlasmarArqair 8.438 ZnFe O 47 0.17 0 02 4

8.393 Fe O 623 4

Ž . Ž .Composition of spinel phase was estimated from the lattice parametera . The mean grain sizeD was calculated from the FWHM of
XRD profiles.

aMolar ratio.
b Ž . Ž . Ž . Ž .H: Fe O hematite , Z: ZnO zincite , W: FeO wuestite . The most intense reflections are related to the most intense spinel S2 3

reflection.
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Ž .Fig. 1. X-ray diffractograms of the Fe OqZnO mixture A and2 3
Ž .the heat-treated samples produced either in air at 9008Cr6 h B

Ž .or in an Ar thermal plasma C . H: hematite, Z: zincite, S: spinel.

The calculated composition indicated the presence
of about 0.1 mol of Zn in the spinel structure
Ž .Zn Fe O . The ferrite probably formed through0.1 2.9 4

the condensation of oxide vapors. The small mean
Ž .size of spinel grains Ds34 nm supports this

assumption. During the plasma treatment of oxide
precursor, the spinel formation was not completed.
In addition to the unreacted ZnO, a high amount of
Fe O was found in the product as well. We suppose2 3

that the larger, aggregated grains could not decom-
pose and evaporate because of their short residence

Ž .time some milliseconds in the hot plasma region.

Ž .Fig. 2. X-ray diffractograms of the co-precipitated hydroxides A
Ž .and the treated samples produced in air at 9008Cr6 h B , in an

Ž . Ž .Ar thermal plasma C , and in an Arrair thermal plasma D . H:
hematite, Z: zincite, S: spinel, W: wuestite.

The XRD pattern of the hydroxide-precursor pre-
pared by co-precipitation showed an amorphous

Ž Ž ..structure Fig. 2 A . Treatment of the given precur-
sor in air at 9008C for 6 h resulted in the formation

Ž Ž ..of ZnFe O phase Table 2, sample 3, Fig. 2 B .2 4

The FerZn molar ratio was 6:1 in the precursor
powder. Hence, formation of Fe O could be at-2 3

tributed to the excess of iron. The composition of
zinc ferrites could hardly be influenced with the
conventional ceramic technique, unless the oxygen
partial pressure is maintained in an appropriate range.
However, the thermal plasma treatment of co-pre-
cipitated hydroxides in argon atmosphere resulted in
a spinel phase with an estimated composition of

Ž .Zn Fe O sample 4 . Part of the Fe O was0.4 2.6 4 2 3
Ž .reduced in these conditions and FeO wuestite was

formed. The product contained some ZnO as well.
Spinel composition calculated from the cell parame-
ter is very close to that calculated from the FerZn
ratio of the precursor supposing a complete chemical

Ž .transformation Zn Fe O .0.3 2.7 4
ŽPlasma treatment in the presence of oxygen sam-

Ž ..ple 5, Fig. 2 D led to crystalline phases, which
differed from those obtained in the other experiments
Ž .samples 1–4 . The diffraction peaks of the spinel
phase could be well deconvoluted to two compo-

˚Ž . Žnents: to ZnFe O as8.438 A and Fe O as2 4 3 4
˚ . Ž .8.393 A , respectively Fig. 3 . Experimental data

were fitted by two Lorentzian curves. Phases formed
in this experiment consisted of the two separate
spinel phases instead of forming a solid solution
between ZnFe O and Fe O , which is practically2 4 3 4

the case for zinc ferrous ferrites. All the zinc content
of the precursor was incorporated into the ZnFe O2 4

structure. However, some Fe O could be also de-2 3

tected besides the spinels.

Table 2
Ž . Ž .Surface S and bulk B molar ratios of ZnO related to Fe O2 3

Ž .and calculated layer thicknessd of ZnO

Ž . Ž .Sample Fe O ZnO mol d nm2 3
Ž .no. mol S B SrB

1 1.00 2.01 0.99 2 0.15
2 1.00 9.17 0.42 20
4 1.00 4.45 0.35 13 1.20

a4 1.00 0.96 0.22 4 0.15

aTreated with a diluted HCl solution.
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Ž .Fig. 3. Deconvolution of the magnetite 731 reflection.

SEM investigations showed similar mean grain
Ž .sizes D to those calculated from the XRD profiles

Ž . Ž .Fig. 4 . Both samples 3 conventional technique
Ž .and 4 plasma treatment consisted of fine particles

that formed agglomerates of 10–40mm size. Ac-
cording to the TEM micrograph, the particle size of

plasma-treated sample is in the range of 10–30 nm
Ž .Fig. 5 .

Surface structure of zinc-substituted spinels was
extensively studied by low-energy ion scattering
Ž . w xLEIS previously 2,11 . It was suggested that octa-
hedral sites were exposed at the surface. Ananthara-

w xman et al. 2 reported much more zinc on the
surface of a high surface area ZnFe O sample as2 4

compared to a sample prepared by ceramic process-
ing. Thus, they concluded that some zinc occupied
octahedral sites in the sample prepared by co-precipi-
tation. This finding was confirmed by Mossbauer¨
spectroscopy as well. XPS, which gives information
from more than one atomic layer on the surface, is
not suitable to identify the inverse spinel structure
from the surface zinc enrichment. Nevertheless, a
significant chemical shift was measured between te-
trahedrally and octahedrally coordinated Zn ions by

w xXPS 12 .
Bulk and surface chemical compositions of our

Ž .samples differed significantly Table 2 . The XPS

Ž . Ž .Fig. 4. Scanning electron micrographs of samples 3 A and 4 B .
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Fig. 5. Transmission electron micrograph of sample 4.

results indicated some surface enrichment of ZnO
even in the sample prepared by conventional ceramic

Ž .processing Table 2, sample 1 . However, a much
higher surface enrichment of ZnO was measured on
the surface of plasma-treated samples. To remove the
unreacted ZnO from sample 4, it was washed with
diluted HCl solution. After washing, the ZnO molar
ratio decreased both in the bulk and on the surface,
but theSrB ratio was still 4:1. No significant chemi-
cal shift differences of the Zn 2p dublett could be
measured in the samples. To explain the surface
enrichment of Zn, we assumed spherical particles of
zinc ferrite covered by a ZnO layer. Composition
and size of these spherical grains were obtained from

Ž .the XRD analysis Table 1 . Thickness of ZnO layer
was calculated from the XPS intensity data by the
XPS MultiQuant program. For the plasma-treated

Ž .hydroxide precursor sample 4 , the high Zn surplus
Ž .could be explained by a relatively thin 1.2 nm ZnO

layer covering the zinc ferrite particles. This layer
thickness is equal to about six molecular layers of
ZnO. In the case of the sample prepared by conven-

Ž .tional technique sample 1 and for the sample treated
Ž a.by acid sample 4 , a ZnO layer thickness of 0.15

nm was calculated, being in the range of one molecu-
lar layer. In these samples, a partial surface coverage
can be assumed. However, inhomogeneous distribu-
tion of zinc inside the grains is also possible in zinc
ferrous ferrites, e.g. in sample 4a where ZnO was
removed from the surface by acid etching.

A formation of the inverse spinel structure due to
special synthesis conditions is rather probable. How-

Žever, other experimental techniques e.g. magnetiza-
.tion measurements, Mossbauer spectroscopy are¨

needed to support this assumption.

4. Conclusions

Nanosized spinel phases of various compositions
can be synthesized in an RF thermal plasma reactor
in spite of the very short residence time of reagents
in the hot plasma region. Iron and zinc containing
precursors probably first atomise, then vaporize near
to the plasma flame. Spinels are forming during the
condensation. This mechanism is supported by the

Ž .fine 10–30 nm particle size of powders produced.
Conversion of the precursors was not complete in the
plasma reactor. The quantity of unreacted com-
pounds was smaller in the case of co-precipitated
precursors. It stresses the importance of the grain
size of precursors. Partial pressure of oxygen can
easily be adjusted in the plasma reactor. Thus, zinc
ferrous ferrites can also be synthesized in these
conditions. XPS analysis indicated a high surface
enrichment of Zn in all plasma prepared samples.
This finding can be explained by the condensation of
ZnO vapors onto the surface of the spinel grains
during quenching, but an inhomogeneous distribution
of zinc may exist simultaneously in the spinel parti-
cles with low zinc content.
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