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Formation of zinc ferrite by solid-state reaction
and its characterization by XRD and XPS
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A dry mixture of ZnO and «a-Fe, 03 was annealed at 1200°C; the progress of the formation of
the ferrite was monitored by XRD and XPS analyses at different time intervals. The
presence of octahedral zinc cation was observed along with the regular tetrahedral Zn in
the sample that had undergone 30 minute heat treatment. After three hours of heating,
pure normal zinc ferrite was formed. The Zn 2p3,; peak binding energy, intensity and line
shape were analyzed extensively to show the diffusion of ZnO and the growth of ferrite at
different stages of heat treatment. Analysis of the Fe 2p3/, line-shape supported the
substitution of Fe?* by zinc cations during ferrite formation. The binding energy values of
the Zn 2p levels for stoichiometric and non-stoichiometric ferrites were also determined
and surface segregation of the zinc was observed by XPS in the non-stoichiometric ferrites.
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1. Introduction

Spinels like ferrites and chromites are formed on the
steel surfaces used in the fabrication of the coolant
system of power reactors. Detailed thermodynamic in-
vestigations of transition metal spinel formation re-
vealed that zinc has the highest site preference energy
for the tetrahedral site in the spinel structure. So zinc
ion in the coolant has been found to be a good candi-
date to passivate the steel surfaces of the coolant system
of Boiling Water Reactors (BWRs) that in turn helped
to reduce the radiation field build-up due to radioactive
0Co [1]. The phenomenon of passivation by zinc [2—4]
and its role in mitigating the problem of radiation field
build-up in water-cooled nuclear reactor are not com-
pletely understood. Such surface related phenomenon
could be better understood by a detailed study of the
materials through surface analytical techniques. XPS
has been employed successfully in handling such prob-
lems and used extensively for characterisation of Mn,
Cr, Ni, Co substituted ferrite [4, 5].
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The Zn,Fe3;_,O4 spinels adopt normal spinel struc-
ture where Zn* cations occupy the tetrahedral sites ir-
respective of the value of x. Mossbauer [3, 6] and XRD
techniques [7] were employed for the characterization
of the ferrites. The random distribution of Zn** and
Fe3* ions among tetrahedral sites was explained using
Mossbauer spectroscopy. The effect of temperature on
the rate of formation of zinc ferrite was monitored by
XRD technique [7, 8]. The mechanism of the zinc fer-
rite formation is explained [8] as a three-step process,
viz: (i) ZnO migrates to the a-Fe, O3 grains, due to its
higher mobility, (ii) Zn in tetrahedral site of ZnO redis-
tributes itself into the tetrahedral site of spinel in order
to form the ferrite at the surface of haematite grains and
(iii) the ferrite grain containing Zn diffuses through the
ferrite layers towards the haematite lattice [8] for fur-
ther growth of the ferrite.

In this paper, the results of the detailed XRD and XPS
analyses of the Zn,Fes_, Oy ferrite during its formation
by a solid-state reaction are discussed. The line-shape
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and intensity of the Zn 2p3, and the Fe 2p3 > photoelec-
tron peaks recorded from the ferrites have been used to
draw conclusions regarding the formation mechanism
of zinc ferrites.

2. Experiment

ZnFe,04 was prepared by heating an intimate mixture
of ZnO (33.7% by weight) and «a-Fe;0O3 in an aer-
ated atmosphere at 1200°C for 3 hours. The temper-
ature of 1200°C was reached by heating at the rate of
10°C/minute [9] and then cooled to room temperature
atthe samerate. Zng 33Fe; 6704 was prepared by mixing
Zn powder (9.3% by weight) and Fe, O3 and then heat-
ing the mixture to 900°C; the mixture was maintained at
this temperature for 20 hours in a flowing argon atmo-
sphere. Zng ¢7Fe; 3304 was prepared by heating ZnO
(20.6% by weight), Fe,03 (76.2% by weight) and Fe
powder to 900°C and maintaining the mixture at that
temperature for 20 hours.

The XRD patterns were recorded at room tempera-
ture by using a Philips (XPERT MPD) X-ray diffrac-
tometer employing the Cu K, radiation (40 kV and
45 mA) with 260 scanning speed of 0.05°/minute and
covering the angle range of 10-80°. The XPS measure-
ments were carried out with a VG ESCALAB MKII
system using Al-K,, x-ray source and a 150 mm hemi-
spherical analyser with 20 eV pass energy. The binding
energy of the XPS system was calibrated by setting
Au 417, peak at 84.0 eV [10] and was taken as the ref-
erence peak for all binding energy measurement. The
powder samples were pressed on the indium foil prior
to the XPS experiment.

3. Results and discussion

3.1. Study on ZnFe,0,

The x-ray diffraction patterns for stoichiometric mix-
ture of ZnO and Fe, O3, annealed at 1200°C for different
time are shown in Fig. 1. In Fig. 1a, a small peak around
260 = 35° shows the development of spinel phase even
at room temperature (marked by *) due to mixing of
the powder. Formation of zinc ferrite due to mechan-
ical mixing of ZnO and Fe, O3 powders has been ob-
served elsewhere [11] by using XRD. After 30 minutes
of heating, development of the peaks corresponding to
spinel phase was observed. At this stage the peak cor-
responding to the presence of a small amount of ZnO
was also observed (marked by an arrow in Fig. 1b).
The complete formation of zinc ferrite after one hour
is indicated by the pattern in Fig. lc.

Detailed surface studies of the samples were carried
out by XPS to check the chemical state of the ferrite
formed at different stages of heat treatment. The Zn 2p
and Fe 2p photoelectron spectra are shown in Figs 2
and 3 respectively.

In addition to the peak position of the photoelectron
spectrum, the full width at half maxima (FWHM) has a
direct bearing on the chemical environment and bond-
ing. When two photoelectron peaks are located very
near to each other, apparently it gives a broad single
peak. In case of Zn, which shows a small shift due to
oxidation (~0.3 eV [12]), a very careful observation on
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Figure 1 X-ray diffraction pattern for dry mixed ZnO and Fe, O3 pow-
der annealed at 1200°C. (a) Physical mixing of powders, (*) indicates
the development of spinel. (b) 30 minutes of annealing, (c) 1 hour of
annealing and (d) 3 hours of annealing.

the FWHM needs to be made. The satellites, which are
the result of the shake-up or shake-off of the valence
band electrons, also reflect the chemical environment
to some extent. In case of Fe 2p analysis, the back-
ground posed a practical problem that limited its peak
fitting even when the peaks due to different oxidation
states are well separated. In these cases, the satellite
peaks were used to derive information regarding the
oxidation states.

3.1.1. Zn 2p peak analysis
The Zn 2p;,, photoelectron peak for the physical mix-
ture of ZnO and «-Fe, 03 before heating was observed
at 1021.7 eV that matches well with the literature value
corresponding to ZnO [11]. A shoulder at higher bind-
ing energy was seen due to the mechanically formed
disordered zinc ferrite [13]. The XPS signal shown in
Fig. 2a is resolved into two peaks. The peak with the
high binding energy corresponds to the mechanically
formed zinc ferrite in which the Zn?* occupies the oc-
tahedral site. During the mixing of ZnO and «-Fe, 03
mechanically, the zinc ferrite is expected to be formed
only at the surface of the particles. Hence, the XRD line
corresponding to the zinc ferrite is very small. Unlike
XRD, the XPS is a surface analytical tool, it probes
mainly the surface of the particles. Thus, the XPS peak
corresponding to the octahedral zinc is relatively more
intense than the XRD line Fig. 1a.

After half an hour of heat treatment, the Zn 2p3» peak
broadened as shown in Fig. 2b, indicating the presence
of multiple phases of Zn at the surface. In the XRD
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Figure 2 Zn 2p3, photoelectron spectra for (a) physical mixing of ZnO and Fe;Oj3, (b) annealed for 30 minutes, (c) annealed for 1 hour and
(d) annealed for 3 hours. The higher energy peak indicates the presence of octahedral Zn cations at the surface due to incomplete ferrite formation.

pattern (Fig. 1b), the presence of ZnO was seen along
with zinc ferrite. The peak width of Zn 2p3,, was ob-
served to be 3.8 eV, which was resolved into two major
peaks at 1021.3 eV and 1023.2 eV with widths 2.2
and 3.0 eV as shown in Fig. 2b. The peak at 1021.3
is ascribed to the formation of zinc ferrite with the
zinc atom occupying tetrahedral site. The other peak

should be due to ZnO that was seen in XRD. But the
width of the fitted peak was higher than that of the
standard ZnO (2.2 eV) and was observed at higher
binding energy than that of ZnO. Druska ez al. [13]
have reported the binding energy of Zn 2p3/,, to be
around 1023.0 eV in case of ZnTiO3 where zinc oc-
cupies the octahedral site. Hence we assume that the
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Figure 3 Fe 2p photoelectron spectra for (a) physical mixing of ZnO
and Fe; 03, (b) annealed for 3 hours, (c) annealed for 30 minutes, (d) an-
nealed for 1 hour and (e) magnetite. The arrow indicates the development
of the satellite peak after complete removal of the Fe>* by Zn**.

peak at 1023.2 eV of Zn 2p3,, (shown in Fig. 2b) is
due to the incorporation of Zn>* ions at the octahe-
dral site. So the broadness of the peak (Fig. 2b) is due
to the presence of three types of Zn’*, (a) Zn** in
normal ferrite, (b) Zn** in oxide and (c) Zn** in oc-
tahedral site. The presence of such unstable octahedral
Mn’* in manganese ferrite that forms normal spinel
was also reported [14]. The octahedral zinc ferrite has
also been observed earlier as a result of mechanical
treatment on the normal zinc ferrite [13]. The surface
composition of the ferrite after half an hour of heat
treatment was as follows, Zn>T0, (Zn>*)(Fe3),04
and (anFe31+_ X))t(Zn(zlJr_ X)Fe?ﬁn)ooél (‘t’ for tetrahe-
dral and ‘o’ for octahedral). After one hour of heating
the peak width was reduced to 2.9 eV that was still
broader than the width of zinc ferrite or ZnO. The de-
convolution of the peak showed the presence of octa-
hedral Zn?* ions (Fig. 2c); however its intensity was
reduced significantly. After three hours of heating the
reaction went to completion and the peak width nar-
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TABLE I Binding energy of Zn 2p3,> in Zn-compounds

Materials B.E. (eV) FWHM (eV) Remarks

Zn 1021.4 1.6 Solid metal.

ZnO 1021.7 2.1 Powder oxide.

Zng33Fer 6704 1021.4 1.9 Synthesized and XPS
recorded.

7Zng ¢7Fe2 3304 1021.3 2.1 Synthesized and XPS

recorded after sputtering
the surface.

ZnFe;0y4 1021.4 2.2 Synthesized and XPS
recorded.
ZnFe; 0y 1021.4 2.1 XPS recorded from

standard material [6].

rowed down to 2.2 eV (Fig. 2d). The peak position and
peak width agreed well with the standard zinc ferrite
sample described in Table 1.

3.1.2. Fe 2p line-shape analysis

The Fe 2p;,, photoelectron peak is always associated
with background, which makes the analysis of the peak
complicated. Hence, the Fe 2p;, peak is taken for in-
tensity analysis whose background is less than that of
Fe 2p3/,. In Fig. 3a—e, the Fe2p photoelectron spec-
tra for magnetite and zinc ferrite at different stages are
shown. The binding energy for Fe2p;,, in magnetite is
710.6 eV, which matches well with the literature value
[5].

After physical mixing of ZnO and Fe, 03, the peak
width of Fe 2p was observed to be broader than the
normal Fe 2p in Fe;O3. This implies the presence of
Fe in different chemical environment in addition to
Fe, 03 and that happened due to mechanical mixing of
the powders. These results complement the shoulder in
Zn 2p peak after mechanical mixing as described in
Fig. 2a. After 30 minutes, the peak width reduced but a
sharp peak was observed after three hours of annealing.
Simultaneously, the satellite peak above 8.5 eV of the
main 2p3,, peak was observed to become very promi-
nent after three hours (shown by arrow). It is interesting
to observe that though XRD showed the complete for-
mation in one hour, XPS showed it to be complete in
three hours only as confirmed by both Fe and Zn line-
shape analysis.

In magnetite, the Fe 2p3/, peak is contributed from
2Fe’* and 1Fe”* ions. The binding energy values for
Fe?* and Fe* are 709.5 eV and 711.2 eV respectively
[15]. Fe’* being the dominant species in magnetite, the
peak center was observed at higher binding energy side
i.e. at 710.6 eV in comparison to the Fe’* binding en-
ergy at 709.5 eV [15]. In case of zinc ferrite, the system
does not contain any Fe?*, so the binding energy was
increased to 711.4 eV in comparison to Fe;O4. Though
haematite and zinc ferrite contain Fe3* type iron only,
an increase in binding energy in zinc ferrite compared
(711.4 eV) to that in Fe;O3 (711.2 eV) may be due to
the change of oxygen environment of Fe in Zn ferrite.

The Fe?* and Fe’* photoelectron peaks are always
associated with satellite peak around 6eV and 8.5 eV re-
spectively higher than the principal peak [15]. In Fe3 Oy,
the satellite peak associated with 2ps3 , of Fe is not seen
or it may be apparently absent (Fig. 3e) because of the
superposition of the two satellites. No satellite was seen



in the samples annealed for 30 minutes. After one hour
of heating the satellite at 8.5 eV appeared and after three
hours of annealing the satellite at 8.5 eV became very
distinct (arrow in Fig. 3d). This indicates the complete
substitution of Fe?* by Zn>* ions. In pure a-Fe,05 the
main 2p; » peak to satellite peak area ratio was seen to
be 2.6. In ZnFe, Q4 the ratio was seen to be 2.5, which
implied the complete substitution of the Fe?*, by Zn’*
at the surface of the ferrite grains.

The zinc to iron atomic concentration ratio was also
calculated for the surface of the ferrite at different
stages of heat treatment using the formula (1).

% of the metal ion present in the oxide (M%)

_ Iv/Sm
Iv/Sm+ Iw/Sw

Ivi and Iy = Area of the Zn 2p3,, and Fe2p3,» photo-
electron peaks; Sy and Sy = Atomic sensitivity factors
for Zn2p3,, and Fe 2p;3,, peaks.

After half an hour heat treatment, the surface was
enriched with zinc and the zinc to iron ratio was 1.07.
It reduced to 0.97 after one hour of heat treatment and
after three hours the value further decreased to 0.51.
Thus within three hours the reaction showed the stoi-
chiometric formation of the ferrite.

From these observations it can be concluded directly
that initially Zn diffuses to the surface of o-Fe,03. A
layer containing mixture of ZnO, zinc ferrite with zinc
in octahedral site and normal zinc ferrite is formed over
the surface of the grain. With time the Zn>* ions diffuse
into the a-Fe, Os lattice through the ferrite layer formed
on the surface and thus decreased the amount of zinc on
the surface. After completion of the reaction, the Zn>*
on the surface is only in normal ferrite form.

3.2. Study on ZnFe,_,0,4 (x=10.3, 0.6)

The lattice parameters of the non-stoichiometric ferrites
were calculated from each d spacing measurement us-
ing the formula (2),

a; = d*(W* +k* +1%) 2)

(D

The plot showing the variation of lattice parameter
with Zn content is shown in Fig. 4, this agress well with
Vegard’s law. The slight deviation for Zng g7Fe; 3304
from the trend may be due to improper formation of
the ferrite. The increase in the lattice parameter of the
zinc ferrites in comparison to the magnetite is due to
the increase in the cation size at the tetrahedral inter-
stices. The Fe’* ions at tetrahedral site in the inverse
spinel magnetite have lower ionic radius than Zn>* in
tetrahedral site in normal Zn ferrite.

InFig. 5, Zn 2p3,, photoelectron spectra from differ-
ent zinc ferrites are shown. The binding energy of Zn
2p3/»> from ZnO agrees well with the literature value
[12]. In Table I, the binding energy values are shown.
In zinc ferrite, the binding energy was observed to be
1021.4 eV and was slightly lower than the ZnO bind-
ing energy. Similar decrease in binding energy has been
seen in the case of Min 2p3, when it is placed in a spinel
lattice from the MnO [4].

The chemical shift of a photoelectron peak is pri-
marily due to two factors, (i) the final state effect of
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Figure 4 Lattice parameters calculated from X-ray diffraction patterns
are plotted as a function of Zn content in the spinel series Zn,Fe3_,O4.
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Figure 5 Zn 2p photoelectron spectra for (a) ZnO, (b) standard

ZnFe;04, (¢) Znge7Fe23304, (¢) Zng33Fez6704 and (e) ZnFe;O4
prepared.
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relaxation and (ii) the initial state effect due to the
changed electronic environment of the atom. The shift
due to electronic environment may be called as the true
binding energy shift that appears due to valence band
redistribution after the reaction. The chemical shift of
Zn 2p3; electrons due to electronic environment will
be the same for both oxide and normal zinc ferrite. In
the process of ferrite formation Zn repositions itself to
the tetrahedral site of the spinel and thus the final state
effect causes a decrease in the binding energy.

In the non-stoichiometric ferrite viz. Zng 33Fe; 6704,
the Zn/Fe atomic concentration ratio obtained from
XPS peak intensity was 0.1 that is well matching with
the formula. For Zng¢7Fe; 3304 the ratio was three
times more than the expected value. This shows that
Zn was enriched on the surface in the later case.

To probe the reason of zinc enrichment on the surface,
the FWHM of the Zn2p3,» peak has been measured for
both cases. In case of Zng 33 ferrite, the FWHM was
observed to be 2.2 eV, well matching with the stan-
dard zinc ferrite value. But in Zng ¢ ferrite the FWHM
was 2.7 eV that is significantly higher than the standard
value. The broader FWHM may be due to the presence
of trace of unreacted ZnO that is not detected by XRD.
In Fig. 6, the change in Zn/Fe atomic concentration ra-
tio is shown with the sputtering time. It is seen that the
ratio is approaching to the lower value after several lay-
ers. The sputtering beam current was kept at 1.5 uA,
and the sputtering rate was approximately 2 A/minute.
The FWHM was also seen to change from 2.7 eV
gradually and reached 2.1 eV after 12 A. The change
in the FWHM may be due to the removal of the surface
Zn-O layer that caused the enrichment of zinc at the
surface in Zng g7 ferrite case. The enrichment of Zn at
surface might have reduced Zn content in bulk. So in
XRD the material was seen as less zinc content than
the expected and that caused a deviation of its lattice
parameter from the Vegard’s plot (Fig. 1).

Zn/Fe atomic ratio

0.6

05 ) 1 I 1 1 I )
0 5 10 15 20 25 30

Thickness (A)

Figure 6 Surface sputtering of Zng ¢7Fe, 3304 by Ar ion (beam current
1.5 nA), shows the gradual decrease of Zn content at different depth of
the grain surface. The Zn/Fe atomic ratio approaches a lower value.
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4. Conclusions

1. The formation of zinc ferrite by the solid state
method and its characterization by XRD and XPS are
undertaken. The binding energy of the Zn 2p3; in zinc
ferrite was observed to be lower than that in ZnO. The
lowering of the binding energy was explained in terms
of atomic environment of the Zn cations.

2. The growth of the ferrite at the surface was ob-
served by XPS. Due to heat treatment, ZnO and Fe, 03
mixture reacts to form inverse zinc ferrite that is in
equilibrium with normal zinc ferrite. With longer heat
treatment normal ferrite is obtained.

3. During the formation of non-stoichiometric
7Zng g7Fes 3304, the surface of the ferrite was enriched
with Zn. The desired ratio was observed after sputtering
away few atomic layers of the ferrites.
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