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Abstract

A series of Sf* substituted NiFg0, with general formula Ni,SnFe0, (x=0.0, 0.2, 0.4, 0.6, and 0.8) has been prepared by novel
combustion synthetic method. The prepared compounds have been sintered &€ Hd@Devaluated for their structural and electrical
properties. XRD studies reveal the synthesized compounds are nanocrystalline size with cubic structure. The Fourier transform infrared
(FT-IR) spectra show the characteristic features of the synthesized ferrite compounds. The UV-vis spectra reveal the optical band gap of
the synthesized compounds. The dc electrical conductivity of the compounds found to increase with increasing measuring temperature. A
maximum dc electrical conductivity of 6.0 S cfrwas obtained at a measuring temperature of 2@0@ the composition af= 0.8, for which
the activation energy for conduction is found to be minimum.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction proves its overall properties. The substitution has been tried

to synthesize different compositions of ferrites such as Ni-Zn

Spinels of general formula A, are known to be tech-  [7], Ni—Pb[8], Ni—Cu [9], Ni-Al [10], Ni-Mn [11], Ni—-Gd

nologically important materials because of their tailorable [12], Ni-Mg [13], and Ni—Co[14]. The magnetic studies
properties to meet stringent requirements in various appli- on Sn substituted nickel ferrite have been reported in de-
cations[1,2]. Especially ferrites belonging to this class of tail [15]. The conventional way of preparing the ferrite is by
materials are gaining prominence owing to their efficacious solid-state reaction, which involves the mixing of oxides with
properties such as high thermodynamic stability, high elec- intermittent grinding followed by high temperature sinter-
trical conductivity, and high corrosion resistance, making ing between 1300 and 170C. Though the process remains
them suitable in metallurgical field and other high temper- simple it has several drawbacks such as high reaction tem-
ature areas. Nickel ferrite and its derivatives have been triedperature, larger particle size, limited degree of homogeneity,
as inert anodes for electrometallurgical applications partic- and low sinterability. On the other hand, the wet chemical
ularly for the production of aluminum using Hall-Heroult processes such as sol-gel, co-precipitation, citrate-gel and
process[3,4]. Earlier studies have been made to evaluate combustion synthesis method yield sub-micron sized par-
structural, electrical,and morphological features of Nibg ticles with good homogeneity, high sinterability, and good
synthesized by various methoffs6]. It has been reported  control of stoichiometryf16]. Further the combustion syn-
that the substitution on A-site or B-site of this compound im- thetic route is preferred, because of its potential advantages

such as low processing time, low external energy consump-
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The present work envisages the substitution of*Sn using Cu Kx («=1.5418A) radiation with 2 value ranges
NiFexO4 to ameliorate the electrical and structural proper- from 10 to 80 in JEOL 8030 X-ray diffractmeter. The FT-IR
ties of NiFeO4 to make it more suitable, for anode mate- spectra of the samples were recorded as KBr discsinthe range
rial in molten salt systems and in high temperature appli- 400-1000 cm? using (FT-IR-Perkin-Elmer, UK, Paragon-
cations. This paper highlights the structural characterization 500) spectrophotometer. The dc electrical conductivity was
of the samples by X-ray diffraction, Fourier transform in- recorded as a function of temperature to study the effect of
frared (FT-IR) spectroscopy to identify the stretching and Srf** substitution using a modified four-probe seftg].
bending frequencies of octahedral and tetrahedral occupants
and UV-vis spectroscopy for optical band gap calculations.

The dc electrical conductivities of the synthesized materials 3. Results and discussion
were measured by modified four-probe method.
3.1. Structural properties

2. Experimental X-ray diffraction patterns of the combustion-synthesized
Ni1_xSnFeO4 (x=0.0, 0.2, 0.4, 0.6, and 0.8) are presented
The nanocrystalline NLxSrFe;04 (x=0.0,0.2,0.4,0.6,  inFigs. 1 and 2a—d) FronFig. litis observed that the peaks
and 0.8) was prepared by novel combustion meftt@l Sto- corresponding to the planes (311), (220), (44 0), confirm-
ichiometric quantities of analytical grade Ni(NJ2-6H20, ing the phase formation of pure Nig@4 with a well-defined
Fe(NG;)3-9H20, SnCh-2H,0 were taken as cation precur-  spinel structure without any impure phase and coinciding
sors and were dissolved in minimum quantity of triple dis- with the JCPDS No. 100325ig. 2(a)—(d) shows the predom-
tilled water. The required quantity of urea was also added to inant peaks of NiFg04, NiO and also Sn@ SnO phases as
the solution. The reactants were allowed to boil on a heaterthe tin concentration increases. The intensity of NiO phases
at 300°C, to initiate a self-propagating exothermic reaction shows progressive decrease fréig. 2(a)—(d), which may
evolving large amounts of gases. The gas evolution was fol- be due to dispersion and reducing concentration of nickel.
lowed by frothing and swelling of the resultant product, which  On the other hand the appearance of new intermediate phase
finally ruptured to yield the foamy powder of NixSrxFe,O4 of NiSnQ; is also observed. The FCC structure may be as-
(x=0.0,0.2,0.4, 0.6, and 0.8). The decomposition reactions signed to all the compositions from their unmixeé | val-
of starting compounds are: ues. Tgle Igttic;a Sgnstaatwas calculated using the formula
. . a=d(h? +k? +1%)Y2and the values are givenTable dwhich
Ni(NO3)z - 6H20 = NIO + NO + NO + 6H20 (1) are well agreed with the earlier repofi®]. It is seen from
the table that the lattice constant remains more or less same
Fe(NGy)s - 9H20 for all the compounds due to the proximity of ionic radii
= 0.33Fg0s + 9H20 + 1L.5NO+ 1.5NO; + 1.60, (2) of Ni2* and S#* cations (0.69). The nanocrystalline na-
ture of the synthesized compounds has been calculated using
Debye—Scherror formula of maﬁocose, where is the wave-
length of the target Cu&1.5418A, gis the full width at half
COMNHR) +1.50; = CO; +2H0 + N2 ®) maximum of diffracted (3 1 1) plane. The crystalline sizes are
From the above reactions it has been understood that the dealso calculated for other planes, namely (2 2 0), (4 4 0) which
composition of urea is highly exothermic over other start- led to similar conclusions. The crystalline size was found to
ing compounds aiding the decomposition of nitrate salts into vary between 25 and 43 nm as the substitution df*Sthe
desired product at faster rate with low external energy con- values are given ifiable 1 The X-ray density was calculated
sumption. Hence, urea is identified to be more suited organic using the formulay,;; = 8M/ Na®, whereM is the molecular
fuel over other fuels. The overall reaction becomes: weight of the sampld\ is the Avogadro’s number, aralis
. the lattice parameter of the sample. Itis evident from the table
(1 — x)Ni(NOg), - 6H20 + 2Fe(NQ)5 - 9H,0
4+ xSnCh - 2H,0 + CO(NHp), 2500
= Ni1_Sn.F&O4 + 2HCI + (15 — 4x)H,0 20001~
+(5—=x)N2+(9.5—3x)0; + CO, (4)

The synthesized powders were compacted under a pressure
of 3.5tonnes cm? to get dense pellets. The pellets were sub-
jected to sintering at 100@ for 60 h in air in a resistance 0 0 40 60 80
furnace to impart the mechanical strength of the compounds. 20 (degree)

The structural homogeneity, crystal structure, phase forma-

tion, crystalline size were determined from XRD patterns Fig. 1. XRD pattern of NiFgOs.
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- Fig. 3. FT-IR spectra of NLxSnFeO4: (a)x=0.0, (b)x=0.2, (c)x=0.4,
(d) (x=0.6), and (€x=0.8.
(a) °
a
frequency and low frequency bands. In the present study,
26 (degree) the absorption bands for the synthesized ferrites are in the
_ _ expected range. The pure Ni&y, shows absorption bands
Fig. 2. XRD pattems of NixSrkFe;04: (2)x=0.2, (b)x=0.4, ()x=0.6, at 667, 603.1, and 411.8 cth According to Waldron and

and (d)x=0.8, (*) NiF&04, (®) NiSnGs, () SnC. (M) SnO. Hafner[20], the high frequency bang, around 603.1 cmt

is attributed to that of tetrahedral complexes. The variation in
the X-ray density decreases with increasing concentration ofthe band positions is due to the difference in thé"Fe?~
Srf** substitution. distances for the octahedral and tetrahedral complexes. The

The IR spectral studies on Nif®4 and substituted fer-  band values of the NiySnFe,O4 (Wherex=0.0, 0.2, 0.4,

rite compounds were recorded between 400 and 1008cm 0.6, and 0.8) are given ifable 2 It shows three distinct bands
and are shown ifFig. 3. The spectra elucidate the position at 600, 412, and 485 cm, the bandv; around 600 cm’
of the ions in the crystal structure and their vibration modes, gets shifted to higher frequency range for all the compo-
which represents the various ordering positions on the struc-sitions of SA* substitution up to Sr 0.6 M. The bandv»
tural properties of the synthesized compounds. In generalcorresponding to octahedral complexes shows a slight shift
the ferrites crystallize in spinel form with the space group towards higher frequencies with diminishing transmittance
Fd3m — OZ. On the basis of the group theoretical calcula- intensity. A new bands around 485 cm' appears on tin sub-
tions, the spinel ferrites are known to exhibit four fundamen- stitution which gets more pronounced with the increase in tin
tals IR active modes in the vibration spectra, which are high concentration. This may be due to the vibration mode corre-

Table 1

XRD parameters

Sample Lattice constaag 1 1 (A) FWHM Crystallite size (nm) Cell volume & X-ray density (g crm?3)
NiFexO4 8.2340 0.565 25.7 576.63 5.399
Nio.gSrp.2Fe0a 8.3545 0.565 25.7 583.12 5.299
Nig.6Shy.4Fe04 8.3054 0.306 43.0 572.92 5.353
Nio.4Srp.6F€20a 8.3413 0.353 41.0 580.36 5.215

Nig.2Sry.gFe04 8.3413 0.400 36.0 580.36 5.205
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Table 2
FT-IR parameters
Sites Bands (cm?) Ni1_xSnFe04
x=0.0 x=0.2 x=0.4 x=0.6 x=0.8

Tetrahedral sites Vi 603 604 605 605 587

vy 667 667 667 667 667
Octahedral sites v5 411 412 414 414
Threshold frequency Vth 805 825 830 855 850
Threshold energy (eV) Ein 0.0998 0.1023 0.1029 0.1060 0.1054

sponding to SH—0O?~ complex that increases with increase 1ength region as the tin concentration increases. This obser-
in Sn concentrationf21]. The spectra for SyeNig 2Fe04 vation confirms that the $fion has strong octahedral pref-
show a deviation from other compounds thattheand cor- ~ erence. It is observed from the spectrum for pure b
responding to tetrahedral complexes is broadened and shiftedhat the fundamental absorption edge is found to occur at
to lower frequency values. The bangicorresponding to the ~ 566.21nm where as in the $nsubstituted compound the
stretching vibration of SH—O?~ is shifted to higher value  Vvalues are found at 561.08, 551.11, 543.31, and 576.32nm,
and is more intense than the other substituted compoundsrespectively. The band gap values are calculated using the
This clearly reveals the maximum concentration of*Son formula Ea=1.24Amax, Whereimax is the fundamental ab-

in the spinel lattice. Mazen et al. have evidenced that the sorption edge ium and is presentetable 3 [24] The vari-
FT-IR spectra as useful tool for calculating the energy asso- ation in optical band gap shows similar trend as observed
ciated with the electronic transition and it is calculated using in the electrical band gap. This variation may arise from the
the relatiorsy, = hf[22]. The threshold frequency and energy  Structural changes and difference in particle sizes.

values are presented fable 2shows the general trend of

increase.. ~3.2. Electrical properties
The diffuse reflectance spectra of the synthesized

SrNizxFe04 (x=0.0, 0.2, 0.4, 0.6, and 0.8) samples are  The specific conductivity relationship with temperature

shown inFig. 4. The spectra for the pure Nif®, com- for a wide range of measuring temperatures from room tem-
pound show the absorbance band around 700 nm, which COrperature to 1000C continuously is presented Fig. 5. The
responds to nickel ions in the octahedral s[@8). The ab-  results enumerates that the measuring temperature has a pos-

sorbance band around 700 nm shifts towards higher wave-itiye effect on the conductivity. This may be explained that
at high temperatures, the hopping of polarons gets increased
30 which results in high conductivity. Mean while similar ob-
servations are made on the specific conductivity values with
varying concentrations of tin which shows that the decrease
in conductivity up tax=0.6. This may be due to the Srhas
the strong preference for B-site and has a tendency to replace
some F&" ions from B-site to A-site. Hence the decrease in
number of F&* ions in octahedral site decreasing the elec-
tronic transition between Féand F€* ions, which results in
adecrease in conductivifg5]. Since the Ni* and S* have
preferentially occupied strong B-site position the following
cation distribution can be assigned to theé"'Saubstituted
NiF8204.

% R

(FE)INi1_, 2" Sn* Fe*]0,

Table 3
The optical band gap values
Sample Band gap (eV)
| i 1 .
500 600 700 800 NiFe;04 2.19
Nio.gSr.2Fe04 2.21
Wavelenght (nm) Nio.6SMo 4Fe,0s 595
. . . Nio.4Srv.6Fe204 2.28
Fig. 4. UV-vis spectra of NLxSnFe04: (a)x=0.0, (b)x=0.2, (c)x=0.4, Ni »Sr sFe&04 215

(d)x=0.6, and (ex=0.8.
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Fig.5. The dcconductivity vs. temperatures fof NiSnFe,O4: () x=0.0,

Fig. 6. Arrehenius plot of NiySnFeO4: (B) x=0.0, @) x=0.2, (&)
(@) x=0.2, (o) x=0.4, (v) x=0.6, and ¢) x=0.8.

x=0.4, (v) x=0.6, and ¢) x=0.8.

On the other hand, the behavior of (SiNig 2Fe,04 com- between F& and F€* ions, whereas at high temperatures, it
pound is quite different from other compositions. The con- is due to polaron hoppin@7]. The activation energies show
ductivity value of the above compound increases abnormally, direct response to the changes in concentration of tin substi-
which is an anomalous behavior. This may be explained tution in nickel ferrite because the substitution could change
that when an ion with variable valency enters the structure, the energy band structure of the compound.The activation en-
charged vacancies are produced in order to maintain the lo-ergy for pure nickel ferrite at higher temperature is found to
cal charge neutrality. Since Niions are substituted by $h be 0.575eV, which is in agreement with the earlier reported
ions, negative ion vacancies or oxygen vacancies are createdalue[28]. The equation infers that the current carriers are
which result in high conductivity according to the following  generally electrons originated from¥eenter, which act as
mechanisnj26]. electron donor§29]. At higher temperatures the concentra-
tion of FE* ions is found to increase along with increased
hopping of holes generated fromNito Ni?* ions transition.

The diffusion coefficient of oxygen vacancies in the ferrite
was calculated under differenttemperatures ranging from 400
to 1000°C with various concentrations of $f is shown in
(6) Fig. 7. This parameter may helpful in the analysis of structural
% defects in the oxygen sub lattice. The diffusion coefficient of

oxygen vacancies is calculated from the relafi@dj.
The activation energies calculated using the Arrehenius equa-
tion and from the specific resistivity values are tabulated in D =
Table 4 The Arrehnius plotKig. 6) shows three distinct re-
gions with different slopes. Generally, the change in slope is whereo is the dc electrical conductivity (S cm), N is the
attributed to a change in conduction mechanism. The con-number of atoms// eis the electronic chargég the Boltz-
duction at low temperature is due to the hopping of electrons mann constant. From the figure, it is evident that the diffu-

Ni%t = Srft + 2e” (5)

Hence the following redox reactions may be suggested for
the competing conducting mechanism

Fet o Fet + e
Ni3+ N Ni2+ +e+

okgT
Ne?

(8)

Table 4
Activation energies

Sample Energy gap (eV)

Arrehenius plot Diffusion coefficient

Region | Region Il Region Il Region | Region I Region IlI
NiFe;O4 0.396 0.793 0.529 0.376 0.853 0.575
Nip.gSny 2Fe04 0.833 0.793 0.634 0.595 1.269 0.674
Nig.6Snp.4Fe04 0.872 0.991 0.872 1.031 1.388 0.872
Nig.4Sny.eFe04 0.624 1.16 0.922 0.753 1.309 0.991
Nig.2Sny.gFe04 0.495 0.656 0.515 0.456 0.714 0.495
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el basis of their evaluated electrical and structural characteris-
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