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Abstract. Nij gZng,Fe,O, nano-powders were prepared by solution combustion method by using metal nitrates, citric
acid, green fuel (plant extracts). The structural, magnetic characteristics of as prepared, annealed Nij sZn, ,Fe,O, samples
were determined by X-ray diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), vibrating sample
magnetometer (VSM). XRD confirms the formation of single phase nano-crystalline (grain size: 12.7 — 32.7 nm) cubic
spinel structure of annealed samples. Studied mixed ferrite shows relocation of NiZ*, Zn?*, Fe*" ions between A, B site.
Coercivity of annealed samples ranges between 29.7 to 124.9 Oe. Obtained saturation magnetization of annealed samples
(34.56 — 54.96 Am’/kg) is a combined effect of weakening of A-B, A-A, and strengthening of B-B interaction, and
surface dead layer (0.80 — 1.25 nm) on particles, arising due to spin disorder at surface.

INTRODUCTION, SAMPLE SYNTHESIS, AND CHARACTERIZATION

Nano-crystalline spinel ferrites are magnetic ceramics of great implication in several nano-technological
applications on account of their electrical, magnetic, dielectric properties [1]. In the last decade, a variety of
chemical synthesis techniques (e. g. co-precipitation, electrochemical, hydrothermal, sol gel etc.) have been used to
synthesize spinel ferrite nano-particles. At the present time, there is a great need to explore simple, environment
friendly and cost effective techniques for production of spinel ferrite nano-particles. Recently, biosynthetic
techniques utilizing either plant extracts or biological microorganisms have emerged as an easy and viable option to
physical procedures, and chemical synthetic methods. Many researchers demonstrated the use of a simple synthetic
process via economical precursors of honey, garlic, ginger, neem leaves, banana peel, cardamom seeds, and aloe
vera plant extract, providing high yield nano- crystalline spinel ferrites with suitable magnetic properties [2].
Combination of bio-molecules e. g. - carbohydrates, flavonoids, phenols, polysaccharides, amino acids, terpenoids,
etc. present in plant extracts are act as stabilizing, capping agents, and chelating agents [3]. In addition green
synthesis is also helpful to reduce toxicity of nano-particles.

Among various spinel ferrites, zinc substituted nickel ferrites have attracted significant attention because of its
easily tunable structural, magnetic properties, and sufficient biocompatibility [4]. Ni-Zn ferrites have gained
substantial attention by the researchers because of their wide-ranging and excellent properties (e. g. - low magnetic
coercivity, and high resistivity etc.). In the spinel structure of Ni-Zn, eight tetrahedral (A) sites taken by non-
magnetic Zn>" ions whereas sixteen octahedral (B) sites occupied by Fe**, Ni** ions. Owing to synthesis procedure,
few irons on B site may be in the divalent (Fe’") state and influences the magnetic properties. In our previous work
[5] we have studied dry gel NiggZn,,Fe,O4 sample, which exhibits highest value of M, (48.7 Amz/kg) as well as
good specific absorption rate, which is suitable for the hyperthermia applications. The structural and magnetic
properties of spinel ferrites can be altered by substitution of nonmagnetic cations e. g. — Zn etc., different metal to
fuel ratio or using various types of fuel. According to authors best knowledge no reports are available on
comparative study of Ni-Zn ferrite synthesized by chemical fuel (e. g. - citric acid), and green fuel. The replacement
of conventional fuel by another type of fuel is expected to produces various noticeable effects including changes in
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cation distribution, structural, magnetic properties of NigZn,,Fe,O,4 spinel ferrite system. Hence, it is interesting to
investigate the structural, magnetic properties of NiggZng,Fe,O4 spinel ferrite prepared via sol gel auto combustion
technique by using different type of plant extracts as fuel (chelating agent). In the present work, citric acid, and
natural products (honey, garlic, ginger, aloevera) were used for synthesizing NijgZng,Fe,O4 spinel ferrite. Further,
effects of conventional fuel (citric acid), and green fuel (honey, garlic, ginger, aloevera) on structural changes,
cation distribution, and magnetic properties were investigated.

The metal nitrates (1(Ni*", Zn*"):2Fe¢*") were added slowly under stirring to the honey/aloevera gel/aqueous
ginger root/aqueous garlic extract, respectively. Aqueous solution of ginger, and garlic was prepared as described
elsewhere [3, 6]. The precursor mixtures (pH ~ 2) were heated at 110 °C in air till loose powder was formed, called
as ‘dry gel/as-burnt’. The self-combustion reaction is an exothermic redox process in which the mixture of nitrates
and different plant extracts behave similarly to conventional oxidants, and fuels. NiggZng,Fe,O, samples were
synthesized by conventional and green fuel, for comparison between them. Prepared dry gel was annealed at 500 °C
for 3 hrs to improve the degree of crystallization. Prepared as-burnt samples using various fuels were labelled:
honey as S1, garlic as S2, ginger as S3, aloevera as S4, whereas annealed samples were designated as follows: citric
acid as S5, honey as S6, garlic as S7, ginger as S8, aloevera as S9. Room temperature magnetic hysteresis loops of
as-burnt, annealed samples were measured via vibration sample magnetometer ‘VSM’ (LakeShore Model 7410)
with applied field of + 1.8 Tesla, used to obtain saturation magnetization (M), coercivity (H,). X-ray diffraction

(XRD) patterns (0@ — 20 geometry) of prepared dry gel, annealed samples were done by Bruker D8 diffractometer
utilizing CuK, radiation (A = 0.15406 nm). Reitveld refinement software ‘MAUD’ (Material Analysis Using
Diffraction) [7] was used for full proof analysis of XRD patterns to obtain experimental lattice parameter (@ ).
Cation distribution was determined by using XRD data, employing Bertaut method, as explained in [8]. Theoretical
lattice parameter (as), theoretical/Néel magnetic moment (M), bond angles (6, — 5), were obtained by cation
distribution [9]. Fourier Transform Infrared Spectra (in absorption mode) were obtained by Perkin-Elemer FTIR
spectrometer. Bulk saturation magnetization (M), dead layer thickness (f) were obtained as described in [10].

RESULTS AND DISCUSSION

The x-ray diffraction (XRD) patterns of as-burnt, and annealed NisZng2Fe;O4 (S1 — S9) spinel ferrite powders
are presented in Fig. la (inset i, ii also shows magnetic data) and 1b respectively. Representative Rietveld refined
XRD plot for selected NiygZng,Fe,O4 composition (S6) of annealed samples illustrated in Fig. 1 (c¢). XRD peaks for
as-burnt S1 sample confirms the formation of single phase cubic spinel structure, but other samples are not showing
formation of spinel phase. Observed behaviour of sample S1 is ascribed honey serves the role of a better chelating
agent as compared to other plant extracts. All annealed (500 °C for 3hrs.) NijgZng,Fe,O, samples confirm the
formation of single phase (no secondary phase) nanocrystalline cubic spinel structure (space group Fd3m), ascribed
as role of thermal annealing facilitats formation of spinel phase. The structural parameters: experimental, theoretical
lattice parameter (a..,, a4), Scherrer’s grain size (D), x-ray density (pxzp), specific surface area (S) and cation
distribution for sites A, B of annealed samples obtained by analyzing XRD data, are illustrated in table 1. Observed
changes in a.,, a,; of the studied samples can be attributed to the role of different fuel used for synthesis, helps in
relocating the ions having dissimilar ionic radii (ionic radius of Ni**: 0.069 nm, and Zn**: 0.074 nm), which changes
microstructure of samples (reflected in pxgp, dex,etc.). Grain size of annealed samples range between 12.7-32.7 nm,
where D for sample S1 (which is dry gel) is 23.5 nm, clearly shows formation of nano-crystalline spinel ferrite. D of
annealed S6 sample increases (24.9 nm) as compared to S1 sample (as-burnt) is attributed to effect of annealing
responsible for grain growth in the sample. Variation in D of the studied annealed samples with citric acid and
different plant extracts is attributed to the effect of reaction condition, which favors the formation of new nuclei
preventing further growth of particles. Ferrites play a crucial role in improving the solid catalysts performance due
to their superior surface to bulk ratio. There is an opposite relationship between D and pxgp with S [10]: smaller the
grain size, larger is the surface area. Specific surface area of the studied annealed samples varies from 34.3 — 88.5
m?/g. For sample S9, obtained high S (88.5 m%g) value makes it more suitable for catalytic activity.

Cation distribution was obtained by XRD analysis, depicted in table 1 for annealed Nig sZngFe,O4 samples. It is
worth noting that, Zn ferrite shows normal spinel structure, whereas Ni ferrite displays inverse spinel structure.
However, the sample reported in present study contains both Zn*" and Ni**, would reveal mixed ferrite with presence
of both Ni** and Zn”*" on both A and B sites. The presence of Ni**, Zn>" and Fe’" ions on A, B site (see table 1)
clearly shows the mixed ferrite structure as expected. Observed close matching of a.,,, and a, suggest that the
calculated distribution of cations among A, B sites is in good agreement with the actual distribution. In our samples,
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FIGURE 1. XRD patterns of (a) as- burnt Ni-Zn ferrite obtained by using honey S/, garlic S2, ginger S3, aloevera S4, Inset:
Hysteresis loop of as-burnt (i) S1 (ii) S2, S3, S4. (b) XRD patterns of S6—S9 samples. (c) Rietveld refined XRD of S5 sample

the non magnetic Zn>" ions (zero magnetic moment) are distributed at both A, B sites whereas large fraction of
magnetic Ni** jons (magnetic moment = 2 ug) reside on B site. Observed changes in cationic distribution clearly
show its strong dependence on the used fuel (citric acid and green fuel).

The IR spectra of annealed samples are shown in Fig. 2 and band positions are presented in table 2. There are
two absorption bands in the ranges 200 — 650 cm™ which are characteristic of two Me—O absorption bands for spinel
ferrites. The first one between 570 — 590 cm™ corresponds to vibrations of the tetrahedral cations Mex-O, and the
second one between 397 - 398 cm™' corresponds to vibrations of the octahedral cations Meg-O. Observed shift in
band positions for studied annealed samples is caused by variation of ionic distances Fep-O, and Fe,-O. Absorption
bands provide information on the formation of cubic spinel structure, which is in agreement with XRD results. In

order to estimate the strength of bonding between Fe’ — O ions the force constants for tetrahedral (A) and

octahedral (B) sites (K7, Ko) were calculated using the relation: K =47°c’v’u, where v is high-frequency or low-
g q y

frequency band, ¢ is velocity of light (¢ = 2.99x10% m/s), and y is reduced mass of the vibrating atoms. Obtained
values of the K7 and K are listed in table 2. It is worth mentioning that the force constants are inversely proportional

TABLE 1. Experimental, theoretical lattice parameter (.., @, ), grain diameter (D), x-ray density (p,,q), specific surface area
(S) and distribution of cations between A, B site of annealed Ni-Zn samples.
Sample Aexp ag, D PXRD S Cation distribution
(nm) (nm) (nm) (kg/m’)  (m’/g) A - site B - site

S5 0.8363 0.8360 32.7 5354.0 343 (Ni2+0_oozn2+0_13Fes+0_32) [Ni2+0_g()Zn2+0_02Fe3+1_13]
S6 083 59 0836 1 24 9 53609 449 (Ni2+()_()()Zn2+()_2()F€3+()_g()) [Ni2+0_g()Zn2+0_00Fes+1_20]
S7 08355 08358 173 53688 64.6  (Ni''gosZn’'g10Fe’’oss)  [Ni*'o7sZn’"g10Fe’" 5]
S8 0.8351 0.8358 176 53767 634  (NiZ'ooZn*o10Fe* 0se)  [Ni*'o76Zn* o 10Fe* | 14]
S9 0.8369 0.8357 127 53409 885  (Ni’gpZn”gosFe’ oss)  [Nio73Zn" o sFe’ 1]
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1.0} g-i - gg TABLE 2. IR absorption tetrahedral, octahedral bands (v, ),
0'3 —s7 force constants (K7,and K ) and Debye temperature (6p) of
g 0.8+ 0'2 — :g annealed NiggZng,Fe,O4 system.
= o = ool i Kx105 KoxI0° 6,
£0.6} 400 450 500 550 APl em?)  (em") (dyne/em’) (dyne/em?)  (K)
EO 4 S5 57097 374.05 2.3759 1.0197 678.47
s S6 58442 40124 24892 1.1733  707.64
0.2+ S7 584.35 402.83 2.4886 1.1826 708.73
S8 58432 397.05  2.4883 1.1489  704.80

200 300 400 500 600
Wavenumber (cm-1) S9  586.17 39933  2.5041 1.1622  707.53
FIGURE 2. FTIR spectra of annealed samples.

to the bond lengths between oxygen ions and metallic cations in the corresponding positions of spinel crystal lattice
[11]. The Debye temperature (6p) for annealed samples was calculated as given in [11], and values of 6 are
described in table 2. Observed variation in fp is associated to the changes in wave number of the peak usually
credited to Me-O bond vibration in the tetrahedral (A) sites. Obtained higher value of 6, (table 2) for sample S7,
implies presence of garlic extract supporting the enhancement of the lattice vibrations.

It is worth noting that the magnetization of the ferrite system is directly proportional to the exchange interaction
between A, B sub-lattices. Bond angles among A—O-B (6;, 9,), B-O-B site (0;, 6,) and A—O-A site (05) provide
information on magnetic interaction between cations on A and B sites. Variation of bond angles in the studied
samples is described in table 3. Obtained lowest value of bond angles ;, 0., 65 and highest value of bond angles 0;,
0, for S6 compared to the other samples implies weakening of A-B, A—A, strengthening of B—B interaction.

Movement of O ion (oxygen parameter ) due to the rearrangement of cations at A site reflects alteration in
spinel structure. Observed value of u parameter of the studied samples range between 0.3797-0.3807, which are
greater than the ideal value (u;4., = 0.375) of the spinel ferrites [9] reveals distortion in the spinel structure. Figure
3a depicts the hysteresis loop of the studied annealed samples, whereas inset 3a(i) displays coercivity (H,) variation
with D, and inset 3a(ii) depicts variation of M, (at 300 K) with S. Coercivity values of annealed samples range
between 29.7 — 124.9 Oe. Perusal of inset (i) of Fig. 3a shows that H, increases with the grain size, suggests studied
system lies in the overlap between single-multi domain regions. Bulk magnetization has value of 68.17 Am’/kg,
obtained by plotting M; vs S, and extrapolating the data to S = 0 (Inset ii of Fig. 3a). Figure 3b depicts variation of
experimental M, (at 300 K), and theoretical M, (at 0 K) of annealed samples. Highest M, of 54.96 Am’/kg was
obtained for the annealed S6 sample as compared to other annealed samples, while as-burnt S1 sample provides
value of M, is 39.88 Am’/kg. Obtained M, (300 K) values were lower than M, (shown in inset ii of Fig. 3a) value
clearly shows the presence of surface dead layer ¢ (table 4) on particles, arising due to spin disorder at surface [10].
It should be noted that with citric acid, and various plant extracts the obtained M, values is a consequence of
different fraction of Ni*" and Zn®" ions on A and B sites (table 1). Perusal Fig. 3b shows linear variation of M,,
inversion parameter ¢ with u, while inset demonstrates linear variation of M, with J. Obtained variation clearly
confirms that both u, J contribute decisively in tuning M, of the studied samples. It is worth noting that increase of
M, with u or ¢ is ascribed to higher distortion in the spinel structure, expected to affect the magnetization. Perusal of
Fig. 3b also depicts that as degree of inversion ‘9’ (determining by unusual occupancy of the ions on A, B site)
increases results in increasing distortion (u) in the spinel structure which is very clearly reflected by observed
changes in M;, displays the importance of cationic distribution (on A, B site) in determining magnetic properties.

TABLE 3. Variation of bond angles (6;, 6,, 65, 6,4, 85) of annealed TABLE 4. Dead layer thickness (t), experimental,
NigsZngy,Fe,0, system. theoretical magnetization (Mg, Myq)-
0 © 0 © 0 94 0 © t Ms Ms(t)

Sample (A-l(g-)B) (A-z(g-)B) (Bfo(ii;) (B-(Q;) (Afé.fs) SRl m)  Amike)  (Am'lkg)

S5 123.51 145.73 92.59 125.86 74.95 S5 1.25 52.58 80.55

S6 123.44 145.42 92.69 125.88 74.77 S6 0.80 54.96 85.29

S7 123.60 146.13 92.45 125.83 75.19 S7 0.99 44 81 68.70

S8 123.59 146.10 92.46 125.83 75.18 S8 1.01 44.75 67.28

S9 123.76 146.89 92.20 125.80 75.65 S9 1.04 34.56 59.70
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FIGURE 3. (a) Hysteresis loops of the annealed samples. Inset(s): (i) Variation of H, with D. (ii) Specific surface area S
dependence of saturation magnetization M, (b) Variation of experimental saturation magnetization M, and inversion parameter &
with oxygen parameter u. Inset: Variation of M, with 6. Continues lines are linear fit to the experimental data

CONCLUSION

To summarize, the synthesis of nano-sized ferrite using natural product avoids the usage of harmful and toxic
reducing agent in combustion method, would result in reduced toxicity. The use of natural products is a simple,
environment friendly and well-organized route for formation of NiygZn,,Fe,O, ferrite. The X-ray diffraction study
revealed the cubic structural phase formation of only S1 sample, and for all the annealed Ni-Zn spinel nanoferrite.
The significant influence of citric acid, and various plants extract on the grain size, structural changes, and magnetic
properties of Ni-Zn ferrite nano-particles are observed. Observed correlation between magnetic, and structural
parameters was found due to cation distribution, and crystallite size effect. The observed maximum M; value for S6
sample is ascribed to the major elements of honey (glucose, fructose) acting as a chelating agent on the development
of nano-particles as viscous medium, natural reductant, and protecting agent as compared to other conventional fuel
(citric acid), and green fuel(s) (plants extract).
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