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Microstructure characterization and cation distribution
of nanocrystalline Sn** substituted NiFe,O,
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A series of nanocrystalline Sn** substituted NiFe,O4 with general formula Ni1+xSny Fez2xO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, and
0.5) has been prepared by co-precipitation synthetic method. The prepared compounds have been sintered at 1000 ‘C. The
structural and microstructural evolutions of the nanophase have been studied by X-ray powder diffraction and the Rietveld
method. The X-ray diffraction patterns showed that all the samples have cubic structure with the space group Fd-
3m.Specific structural parameters were obtained by X-ray diffraction (XRD) spectra fitting refinement using the Rietveld
method. Microstructure characterization by TEM corroborates the findings of X-ray analysis.
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1. Introduction

Spinels of general formula AB,O, are known to be
technologically important materials because of their tailor
able properties to meet stringent requirements in various
applications [1, 2]. Especially ferrites belonging to this
class of materials are gaining prominence owing to their
efficacious properties such as high thermodynamic
stability, high electrical conductivity, and high corrosion
resistance, making them suitable in metallurgical field and
other high temperature areas.

Earlier studies have been made to evaluate structural,
electrical, and morphological features of NiFe,0,4
synthesized by various methods [3, 4]. It has been reported
that the substitution on A-site or B-site of this compound
improves its overall properties. The substitution has been
tried to synthesize different compositions of ferrites such
as Ni-zZn, Ni-Pb, Ni-Cu, Ni-Al, Ni-Mn, Ni-Gd, Ni-Mg,
and Ni-Co [5-12]. The magnetic studies on Sn substituted
nickel ferrite have been reported in detail [13]. The
conventional way of preparing the ferrite is by solid-state
reaction, which involves the mixing of oxides with
intermittent grinding followed by high temperature
sintering between 1300 and 1700 °C. Though the process
remains simple it has several drawbacks such as high
reaction temperature, larger particle size, limited degree of
homogeneity, and low sinterability. On the other hand, the
wet chemical processes such as sol-gel, co-precipitation,
citrate-gel and combustion synthesis method yield sub-
micron sized particles with good homogeneity, high
sinterability, and good control of stoichiometry [14].
Further the combustion synthetic route is preferred,
because of its potential advantages such as low processing
time, low external energy consumption, self-sustaining
instantaneous reaction, and high vyield of nanosized
particles. Co-precipitation method used to prepare

nanocrystalline NiFe,O, powders [15] and showed that the
temperature, time and pH of reaction have been confirmed
to affect the crystal size and consequently the property of
nanocrystalline NiFe,O4 powders.

In the present work a series of Sn*" substituted
NiFe,O, with general formula Ni,Fe,5,Sn0, (X =
0.1,0.2,0.3, 0.4and 0.5) has been prepared by co-
precipitation synthetic method. The structural and
microstructural evolution of the nanophase has been
studied by X-ray powder diffraction and the Rietveld
method. Several computer programs have been used for
the analysis of the experimental results. The particle
morphology was studied by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
different morphologies, sizes, and material properties of
these spinels were analyzed and discussed.

2. Experimental

The nanocrystalline Ni 1., Fey o Sny O4 (x=0.0, 0.1,
0.2, 0.3, 0.4, 0.5) was prepared byco -precipitation
method. Stoichiometric quantities of analytical grade
NiSo, .6H,0 , FeSo,. 7H,0 and Sncl, 2H,0. Each starting
material was weighted, all add into 100 ml de — ionized
water with concentration 0.25 M, and stirred to complete
dissolution. The Na OH solution is prepared by dissolving
NaOH in100 ml de- ionizing water with concentration of 1
M. These two solutions mentioned above are mixed
together by stirring, heated to the reaction temperature
between 90 and 200 °C, a small amount of NaOH solution
was continuously added to keep the pH value between 10
and 12. After the reaction, the precipitated particles are
washed by de - ionizing water and filter several times then
dried. After drying, the co - precipitated ferrite particles
were sintered at 850 °C for x = 0 for 2h and 1000 °C for
the samples of (x = 0.1, 0.2, 0.3, 0.4, 0.5) for 6h.
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The structural homogeneity, crystal structure, phase
formation, crystalline size were determined from XRD
patterns collected using a Philips X’Pert MPP powder
diffractometer with a goniometer with Cu K-Alpha
radiation. The diffractometer is controlled and operated by
a PC computer which is supplied with the program PROfit,
peak search and search match.

Scanning Electron Microscope (SEM) Model
JEOL 6400 was used to study the micro -structure and the
distribution of the size of the Sn substituted Ni
nanocrystalline ferrite. Transmission electron microscopic
(TEM) images were obtained on a JEOL-1230 microscope
with an accelerating voltage of 100keV.

3. Rietveld analysis of the experimental data
3.1. Structural analysis and refinement

In the Rietveld analysis, we employed the program
FULLPROF Rietveld software [16, 17]. It is designed to
refine simultaneously both the structural (lattice cell
constants and atomic positions and occupancies) and
microstructural parameters (crystallite size and r.m.s.
strain). The shape of the peaks in the experimental
diffraction patterns was well described by an asymmetric
pseudo-Voigt (pV) function. The background of each
pattern was fitted by a polynomial function of degree 5.

To simulate the theoretical X-ray powder diffraction
patterns of Ni 1.4 Fe,.5Sny 04 the following considerations
for the different phases were made:
1-1dentification of the phases by Computer search-match
to compare

experimental pattern with ICDD database of known
compounds.
2-Index the diffraction pattern to determine crystal system
and unit cell

dimensions and to determine space group:

() Iron Nickel Tin Oxide (cubic, space group: Fd-3m
(227), a=0.8395

nm (ICDD PDF # 76-2447)) Wyckoff positions for (A)
site, [B] site, and

O% are 8a, 16d and 32e, respectively.

(1) Tin Oxide (tetragonal, space group: P42 / mnm (136),
a,b=0.47382 nm

, ¢=0.31871 nm (ICDD PDF # 72-1147).

A detailed account of the mathematical procedures
implemented in the Rietveld analysis has been reported
elsewhere [16-22]. In this work, we give a brief,
description of the analysis of the experimental powder
diffraction patterns done by us. First, the positions of the
peaks were corrected for zero-shift error by successive
refinements. Considering the integrated intensity of the
peaks to be a function of the refined structural parameters,
the Marquardt least-squares procedure was adopted for
minimizing the difference between the observed and
simulated powder diffraction patterns. The progress of the
minimization was monitored through the usual reliability
parameters, Ry, (weighted residual factor), and R
(expected residual factor) defined as:

1
Rwp —{Zwi [Y (obs); —Y(Ca”i]z/ZWiY(Obs)?}z @

Where
Rep = [(N - P +C)/Z WiY(obs)z]% )

Y (obs) and y (calc) the observed and calculated count
rates respectively.
W, is a suitable weight taken as: W;=1/Y (obs) |
N is the total number of points used in the refinement

P is the number of refined parameters

C is the number of strict constraint functions

N-P+C is the number of degrees of freedom
Also, we used the so-called goodness of fit (GoF) factor
[16-20]:

_ R _
G,F R \/Z

(v (Obs)\;Y(C""'C))2 (N-P+C) (3)

obs

Refinements were carried out until convergence was
reached and the value of the GoF factor became close to 1

3. 2. Size-strain analysis

It has been well established that the observed
broadening of the diffraction peaks is mainly due to small
crystallite size and the presence of root mean square
(r.m.s.) strain inside the crystallites. The crystallite size
and strain broadening can be approximated with Cauchy
and Gaussian type functions, respectively [19-23]. Thus,
the basic consideration of the method employed in the
Rietveld analysis and by us is the modeling of the
diffraction profiles with an analytical function, which is a
combination of Cauchy and Gauss as well as a function
taking into account the asymmetry in the diffraction
profile. Again, the process of successive profile
refinements was adopted to refine the crystallite size and
strain in the studied materials. The refinement was
continued until convergence was reached and the value of
the quality factor (GoF) approached 1.

4. Results and discussion
4.1. X-Ray diffraction

X-ray diffraction patterns of the co —precipitation
synthesized Nip.x Fe,5,Sn0, (x=0.0,0.1,0.2,0.3,0.4,0.5)
sintered at 850 °C for 2 h for x = 0 and at 1000 °C for 6 h
for (x =0.1,0.2,0.30.4,0.5) are presented in Figures (1).
The X-ray diffraction analysis by computer search
matching for nanocrystalline investigated samples showed
that all samples consisted of single phase spinel cubic
structure and do not contain any reflection from starting,
but at (x = 0.4, 0.5) x-ray diffraction analysis showed
presence of two nanocrystalline phases with different
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lattice parameters, the predominant peaks of Niy, Fe,.
»SN,O,4 and also SnO, phase.

The Rietveld plots of the refinements for co-
precipitation prepared system are given in figures (2). In
these figures the observed intensity data, y is plotted in the
upper field as points. The calculated patterns are shown in
the same field as a solid- line curve. The difference,
observed minus calculated, is shown in the lower field.
The short vertical bars in the middle field indicate the
positions of possible Bragg reflections.

The lattice parameter a (A° and oxygen
parameter U of the prepared system are shown in table (1).
It is evident from the table that the lattice parameter
increases with increasing concentration of Sn**. This
means that the lattice parameters of these spinel
compounds are closely related to the size of the cations.
The reason is that, the atomic radii of Sn** (0.745) is larger
than Fe®" (0.645) [24]. Moreover, the Sn** has a strong site
preference for B site [25]. The partial replacement of Fe**
by Sn ** will cause the increasing of the unit cell.

The refinement results showed that the nanocrystalline
ferrite phase is partially an inverse spinel. The formation
of mixed spinel instead of inverse spinel may result from
that during the formation of spinel ferrite the occupancy of
Fe®* cation on (A) site decreases. At the same time, the
occupancy ofNi** cation on [B] site decreases and then
increases on (A) site. This occurs when the random
distribution of cations among the (A) and [B] sites inside
the spinel matrix exist. Cation distribution on A-site and
B-site for the prepared system is shown in table (2).

2000

The X-ray diffraction analysis thus confirms site
preference of Tin for octahedral coordination and Ni can
also occupy A-site in addition to B-site.

The cations distribution show the strong preference of
the Sn*" to the octahedral site which is in very good
agreement with results reported on this ion [26].

The calculated values of the inter atomic distances
between the cations on the tetrahedral (A) and octahedral
(B) sites  for nanocrystalline Ni 1., Fe 5 Sny O, are
listed in table (3). The shorter A —B distance is related to
the fact the anion octahedral surrounding the B-site cations
share edges, whereas the tetrahedral anion surrounding the
A-site cations do not have any contact. Each anion in the
spinel structure is surrounding by one A and three B site
cations arranged in tetrahedron with the anion in the
cegter. The angle A-O-B is 125°, and the angle B-O-B is
90"

4.2 Microstructural analysis

Rietveld analysis [16, 17, and 18] has been adopted in
the present study to determine the microstructural
parameters of nanocrystalline Niy.,Fes»SnO, (x = 0.1,
0.2, 0.3, 0.4, 0.5). The analysis aims at characterizing the
materials in terms of microstructural parameters such as
crystallite size and root mean square (r.m.s.) lattice strain.
Average crystallite size and Lattice strain calculated from
Win-Fit program for the prepared samples shown in Table
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Fig. 1. X-ray diffraction pattern for Ni 1,,Fe ,.,Sn,0, system.
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Fig. 2. The profile fitting for the prepared system.

Table 1. the lattice parameter a (14{), and oxygen parameter u of

Table 3. Average crystallite size calculated from Win-Fit

the prepared system. programme.
Composition a(A) U Composition Average crystallite Lattice strain
size(nm)
NiFe204 8.335(1) 0.2549(2)
Niy Fe; gSng 104 8.337(1) 0.2549(4) NiFe,0, 53 0.047%
Nil.2Fel.6Sn0.20, 8.344(1) 0.2549(8)
N!1.3Fe1.4Sn0.304 8.361(1) 0.2551(7) Ni; ;Fe, 55N010s 25 0.174%
Nil.4Fel.2Sn0.404 8.361(7) 0.2552(8)
Nil.5Fe Sn0.504 8.364(7) 0.2553(2) Niy oFe; 6Sng 204 19 0.028%
Table 2. Cation distribution on A-site and B-site for the prepared Ni1 3Fe1.45n0 304 38 0.107%
system.
Niy 4Fe; 2SN 404 61 0.805%
Composition Cation Cation distribution
distribution (B-site) NiysFe Sngs04 42 0.086%
(A-site)
Ni Fe, Oy (Nigor Fe 0g3) | [NiggsFey o]

Niy,Fe;gSng104

(Nig.15 Feo.s)

[Nig.o5 F€o.g5 Sno.a]

Niy Fe; 6Sng,0,

(Nig, Feos)

[Ni Fegs Sno.]

Niy sFe; 4Sng30,

(Nig.s Feos)

[Niy.05 Fegs Snos ]

Niy 36F€ 128 SNo 36
0,

(Nig 26 Feg74)

[Niy1 Fegss Sno sl

Niy 43F€1.14 SNoas
O4

(Nig 33 Feoer)

[Niy1 Fega7 Snos]

4.3 Scanning electron microscope (SEM)

The microstructure and Surface morphology was
observed with a scanning electron microscopy (SEM).
SEM representative micrographs for the nanocrystalline

NixF€2.2xSn04

ferrite

system prepared by co-

precipitation method shown in Figures (3) .The surface
morphology of all the samples as seen from the SEM
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consists of well-crystallized grains, with relatively from 20 to 70 nm which is quite closer to the X-ray
homogeneous grain distribution, The average grain size crystallite size. The shape of the precipitated particles

varying from 1 to 3um. becomes regular and the distribution of particle size is
uniform. However, some of the particles are quite larger
4.4 Transmission Electron Microscope (TEM) due to agglomeration of small grains and variation in

density of grains. TEM micrograph for Ni Fe,O4 and Niy;
TEM micrograph reveals that the grains of sample are Fe; gSng 104 samples shown in Figures (4).
spherical in shape and average size of the grain varying

4
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Fig. 3. SEM for the Niy.xFe,0xSnxO,4 prepared system where 0, 1, 2, 3, 5 refer respectively to x=0.0, 0.1, 0.2, 0.3, 0.5.
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Fig. 4. Transmission Electron Microscope (TEM) for Ni Fe,O4 and Niy ; Fe;gSng 10, prepared samples.

5. Conclusion

The wet chemical co- precipitation method has been
successfully used for the preparation of mixed spinel
ferrites with Nanosize particles; provide the higher degree
of homogenization of reactant and, lower temperatures are
sufficient for the reaction to occurred, high sinterability,
and good control of stoichiometry. It has been also
experimentally verified that the distribution of cations
among the lattice sites depends on material’s preparation.

The refinement results showed that the
nanocrystalline ferrite phase is partially an inverse spinel.
The formation of mixed spinel instead of inverse spinel
may result from that during the formation of spinel ferrite
the occupancy of Fe** cation on (A) site decreases. At the
same time, the occupancy ofNi** cation on [B] site
decreases and then increases on (A) site.

The surface morphology of all the samples as seen
from the SEM consists of well-crystallized grains, with
relatively homogeneous grain distribution, with an average
grain size varying from 1 to 3um.

TEM micrograph reveals that the grains of sample are
spherical in shape and average size of the particles is
between (20-70) nm which is quite closer to the X-ray
crystallite size.
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