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Ni
1-x

Zn
x
Fe

2
O

4
 (x = 0 to 1) nanoparticles of size less than 9 nm were prepared by a chemical coprecipitation 

method which could be used for ferrofluid preparation. XRD, VSM and DTA-TG (STA) were used to study 
the effect of variation in Zn substitution and its influence on particle size, magnetic properties such as M

S
, H

C
 

and Curie temperature, as well as on the water content. ICP was used to estimate Ni, Zn and Fe concentrations. 
The average crystallite size (D

aveXR
) of the particles was found to decrease from 8.95 to 6.92 nm with increasing 

zinc substitution. The lattice constant (a
o
) increased with increasing zinc substitution. The specific saturation 

magnetization (M
S
) of the particles was measured at room temperature. Magnetic parameters such as M

S
, H

c, 
and 

M
r 
were found to decrease with increasing zinc substitution. Estimation of the water content, which varies the 

Zn concentration, plays a vital role for the correct determination of cation contents. The Curie temperature was 
found to decrease with increasing zinc substitution.
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1. Introduction

Magnetic nanoparticles are of great technological importance 
because of their use in magnetic fluids, information storage systems, 
medical diagnostics etc. Various preparation techniques have been 
used for the synthesis of fine particles of ferrites, which exhibit 
novel properties when compared to their properties in the bulk. Non-
conventional methods such as coprecipitation, thermal decomposition, 
sol-gel and hydrothermal methods have been widely used. Ultrafine 
ferrite particles can be prepared by the chemical coprecipitation 
method. Auzans et al.1,2 have studied the preparation and properties of 
Mn-Zn ferrite nanoparticles, which were used in ionic and surfacted 
ferrofluids with different degrees of Zn substitution prepared by the 
coprecipitation method. Chandana Rath et al.3 have reported the de-
pendence on cation distribution of crystallite size, lattice parameter 
and magnetic properties in nanosized Mn-Zn ferrite for different 
degrees of Zn substitution prepared by hydrothermal precipitation 
method. The use of Mn-Zn ferrite for the preparation of temperature 
sensitive magnetic fluids by the coprecipitation method has already 
been studied4-6. Ni

0.2
Zn

0.8
Fe

2
O

4
 fine particles have been prepared by 

chemical coprecipitation method followed by sintering7. Control of 
crystallite size in the nanometer range by variation of synthesis condi-
tion is always a difficult task and becomes mandatory in the case of 
ferrofluid preparation using the coprecipitation method. In order to 
prepare ferrofluids having such fine particles, a specific size restriction 
is imposed considering the stability criteria. Ni

1-x
Zn

x
Fe

2
O

4
 substituted 

ferrites with x varying from 0 to 1.0 prepared by the coprecipitation 
method have not yet been fully studied like Mn-Zn substituted ferrites. 
In this paper we report preparation of Me

1-x
Zn

x
Fe

2
O

4
 fine particles, 

where Me = Ni2+ with x varying from 0 to 1.0 with crystallite size 
less than 13 nm by the chemical coprecipitation method and the 

consequent change in magnetic properties, thermomagnetic coef-
ficient, lattice parameter, particle size and associated water content 
due to zinc substitution.

2. Synthesis and Characterization of Ni1-xZnxFe2O4 

Nanoparticles

The magnetization of substituted ferrite nanoparticles synthesized 
by coprecipitation depends mostly on parameters such as reaction 
temperature, pH of the suspension, initial molar concentration etc. 4. 
Ultrafine particles of Ni

1-x
Zn

x
Fe

2
O

4
 with x varying from 0 to 1.0 were 

prepared by coprecipitating aqueous solutions of NiCl
2
, ZnCl

2
 and 

FeCl
3
 mixtures in an alkaline medium. The mixed solution of NiCl

2
, 

ZnCl
2
 and FeCl

3
 in their respective stoichiometry (100 mL of 0.5 M 

CoCl
2
, 100 mL of 0.5 M ZnCl

2
 and 100 mL of 2 M FeCl

3
 in the case 

of Ni
0.5

Zn
0.5

Fe
2
O

4
 and similarly for the other values of x) was prepared 

and kept at 333 K (60 °C). This mixture
 
was added to a boiling solution 

of NaOH (0.63 M dissolved in 1200 mL of distilled water) within 
10 s under constant stirring. Nanoferrites are formed by conversion 
of metal salts into hydroxides, which take place immediately, fol-
lowed by transformation of hydroxides into ferrites. The solutions 
were maintained at 358 K (85 °C) for 1 hr. This time was sufficient 
for the transformation of hydroxides into spinel ferrite (dehydration 
and atomic rearrangement involved in the conversion of intermediate 
hydroxide phase into ferrite)4. A sufficient amount of fine particles 
was collected at this stage using magnetic separation. These particles 
were washed several times with distilled water followed by acetone 
and dried at room temperature.
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The X-ray diffraction (XRD) patterns of the samples were re-
corded on a Philips® PANALYTICAL X’ PERT PRO X-ray powder 
diffractometer using Cu K∝(λ=1.54060 Å) radiation. Slow scans 
of the selected diffraction peaks were carried out in the step mode 
(step size 0.05°, measurement time 5 s, measurement temperature 
323 K (25 °C), standard: Si powder). The crystallite size of the na-
nocrystalline samples was measured from the X-ray line broadening 
using the Debye- Scherrer formula after accounting for instrumental 
broadening,

D 0.89
 cosXRD =

λ
β θ 	 (1)

where D 
XRD

is the crystallite size in nm, λ is the X-ray wavelength in 
Å, β is the line broadening at half the maximum intensity (FWHM) 
in radians and θ is the Bragg angle8. The lattice constant (a

o
) was 

determined for various values of zinc content. Ni-Zn ferrite has a 
spinel structure9. Room temperature magnetic measurements with a 
maximum magnetic field of 1194.15 kA/m were carried out using a 
Lakeshore vibrating sample magnetometer (VSM) (model 7404) and 
parameters like specific saturation magnetization (M

s
), coercive force 

(H
c
) and remanence (M

r
) were evaluated. The pulse field technique 

was used for measuring the temperature dependent magnetization 
of the powder samples Ni

1-x
Zn

x
Fe

2
O

4
 (x = 0 to 0.7) with a magnetic 

field of 80 kA/m. Simultaneous differential thermal analysis and 
thermogravimetry (DTA-TG) were carried out on the dried precipitate 
by using a thermal analyzer (NETZSCH STA 409). Samples were 
heated from room temperature to 1273 K at a heating rate of 5 °C/min. 
The associated water content was estimated by TG analysis by 
monitoring the weight of the sample when heated to a maximum of 
1273 K (rate 5 °C/min.) in a nitrogen atmosphere (NETZSCH STA 
409). The water content was estimated from the weight difference 
measured from room temperature to 1273 K. Estimation of Ni2+, 
Mn2+ and Zn2+ in the final product was carried out using ICP Analyst 
5.2 Ultima 2 (JY Jobin Yvon Horiba). The particles were dissolved 
using concentrated HCl and carefully diluted so that the dilution was 
well within the linear limit depending upon the sensitivity for the 
estimation of the respective cation10. FTIR spectra were recorded for 
the dried samples of Ni

1-x
Zn

x
Fe

2
O

4
 with x varying from 0 to 1.0 with 

an ABB BOMEM 104 FTIR (range 400-4000 cm–1) spectrometer. 
The dried samples were mixed with KBr and spectra were measured 
according to transmittance method. The spectra were resolved with 
a resolution of 4 cm–1.

3. Result and Discussion

Generally, XRD can be used to characterize the crystallinity 
of nanoparticles, and it gives average diameters of all the nanopar-
ticles. The precipitated fine particles were characterized by XRD 
for structural determination and estimation of crystallite size. XRD 
patterns were analyzed and indexed using powder X software11. All 
experimental peaks were matched with the theoretically generated 
one and indexed. The lattice constant (a

o
) was computed using the 

‘d’ value and with their respective (h k l) parameters. Analysis of the 
diffraction pattern confirms the formation of cubic spinel structure for 
all the samples. The strongest reflection comes from the (311) plane, 
which denotes the spinel phase. All the compositions had a spinel 
structure. The peaks indexed to (220), (311), (400), (422), (511) and 
(440) planes of a cubic unit cell, correspond to cubic spinel struc-
ture. The calculated lattice constant (a

o
), identified the samples to be 

cubic spinel and was refined using Powder X. The XRD pattern for 
Ni

1-x
Zn

x
Fe

2
O

4
 with x = 0, 0.2, 0.4, 0.6, 0.8 and 1 is shown Figure 1. 

The broad XRD lines indicate that the particles are in the nanosize 
range. The peaks of (220), (311), (400), (422), (511) and (440) were 

deconvoluted to Lorentzian curves, using Peak Fit software for the 
determination of FWHM value of the indexed peaks12. The lattice 
constant was found to increase from 8.212 to 8.462 Å with increasing 
zinc concentration. The lattice constant (a

o
) increased with increas-

ing Zn content, which suggested the formation of a compositionally 
homogeneous solid solution and was found to be within the range 
of the lattice constants of ZnFe

2
O

4
 and NiFe

2
O

4
. This increase could 

be also attributed to the substitution of the large sized Zn cation for 
the small sized Ni cation. The lattice constant obtained for NiFe

2
O

4
 

(8.384 Å) is close to that of bulk NiFe
2
O

4
 (8.395 Å)[13]. The lattice 

constant for Ni-Zn ferrites reported by R.Anantharaman et al.14 is very 
close to our values. Figure 2 shows that the lattice constant increases 
with increasing zinc concentration. The crystallite size (D

XRD
) was 

estimated by the Debye -Scherrer formula11 using the full width at 
half maximum values of the indexed peaks. The average crystallite 
size (D

aveXR
) decreases from 8.95 to 6.92 nm when the partial substi-

tution of zinc increases (x = 0 to x = 1.0). This value is close to the 
crystallite size reported by A. Kale et al.9. Though all the samples 
were prepared under identical conditions, the crystallite size was 
not the same for all Zn concentrations. This was probably due to the 
preparation conditions, which gave rise to different rates of ferrite 
formation for different concentrations of zinc, favoring the variation 
of crystallite size. The variation of average crystallite size with zinc 
concentration is given in Figure 3. Ferrofluids can be conveniently 
prepared with particles in this size range.

In the cubic system of ferrimagnetic spinels, magnetic order is 
mainly due to a superexchange interaction mechanism between metal 

Figure 1. Indexed X-ray diffraction pattern for Ni
1-x

Zn
x
Fe

2
O

4
 with x = 0, 0.2, 

0.4, 0.6, 0.8 and 1.0.
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ions in the A and B sublattices. Substitution of nonmagnetic ion such 
as Zn, which has a preferential A site occupancy ,results in reduction 
of the exchange interaction between A and B sites. Hence, by vary-
ing the degree of zinc substitution, it is possible to vary the magnetic 
properties of the fine particles. Figure 4 shows the room temperature 
hysteresis loop of the powder samples for various zinc substitutions. 
From Figure 4 can be seen that the variation pattern of specific satura-
tion magnetization (M

s
) as a function of Zn content shows an increase 

for small substitutions, reaches a maximum value of 46.55 A.m2/kg 
at 1194.15 kA/m for x = 0.1 and then decreases. The changes in the 
specific saturation magnetization with the degree of zinc substitution 
are given in Figure 5. It is clear from Figure 4 that the particles do not 
show any saturation for x = 0.9 and 1.0. even at 1194.15 kA/m and 
show an almost linear behavior. Figures 6 and 7 show the variation of 
remanence (M

r
) and coercivity (H

c
), which decrease with increasing 

zinc substitution. The changes in magnetic properties such as M
s
, H

c
 and

 

M
r
 are due to the influence of cationic stoichiometry and occupancy of 

the specific sites. In addition, formation of a dead layer on the surface, 

the existence of random canting of particle surface spins12,15, nonsatu-
ration effects due to a random distribution of particle sizes, deviation 
from the normal cation distribution, presence of adsorbed water etc.,1 
might be the cause for the changes in the magnetic properties of the 
nanoparticles. Reaction temperature of 358 K (85 °C) and 12.0 pH 
were used to synthesize Ni

0.9
Zn

0.1
Fe

2
O

4 
fine particles (10.85 nm in size) 

having the highest specific saturation magnetization of 46.55 Am2/kg. 
The deviation of cation distribution in nanoparticles from the bulk, 
influences the temperature dependence of magnetization. The hyster-
esis curve (Figure 4) recorded at room temperature shows very low 
remanence, coercivity for large zinc concentrations which proves that 
the particles are superparamagnetic at room temperature.

The variation of temperature dependent magnetization measured 
at 80 kA/m for Ni

1-x
Zn

x
Fe

2
O

4
 with x varying from 0 to 0.7 is shown 

in Figure 8. This is due to the substitution of Ni2+ by a nonmagnetic 

Figure 2. Variation of Lattice constant (a
0
) (Å) with Zn concentration for 

Ni
1-x

Zn
x
Fe

2
O

4
 with x varying from 0 to 1.0.

Figure. 3. Variation of the average crystallize size with Zn concentration for 
Ni

1-x
Zn

x
Fe

2
O

4
   with x varying from 0 to 1.0.

Figure 4. Room temperature magnetization curve of (a) Ni
1.0

Fe
2
O

4
 , (b) 

Ni
0.90

Zn
0.10

Fe
2
O

4
 (c)Ni

0.80
Zn

0.20
Fe

2
O

4
, (d) Ni

0.70
Zn

0.30
Fe

2
O

4
, (e) Ni

0.60
Zn

0.40
Fe

2
O

4
, 

(f) i
0.50

Zn
0.50

Fe
2
O

4
, (g)Ni

0.40
Zn

0.60
Fe

2
O

4
, (h) Ni

0.30
Zn

0.70
Fe

2
O

4
, (i) Ni

0.20
Zn

0.80
Fe

2
O

4
, 

(j) Ni
0.10

Zn
0.90

Fe
2
O

4
 and (k) Zn

1.0
Fe

2
O

4
.

Figure 5. Variation of specific saturation magnetization with Zn concentration 
for Ni

1-x
Zn

x
Fe

2
O

4
 with x varying from 0 to 1.0.



532 Velmurugan et al. Materials Research

Figure 6. Variation of remanence with Zn concentration for Ni
1-x

Zn
x
Fe

2
O

4
 with 

x varying from 0 to 1.0  (Inset: Variation of remanence with Zn concentration 
for Ni

1-x
Zn

x
Fe

2
O

4
 with x varying from 0.4 to 1.0.).

Figure 7. Variation of coercivity with Zn concentration for Ni
1-x

Zn
x
Fe

2
O

4
 with 

x varying   from 0 to 1.0  (Inset: Variation of coercivity with Zn concentration 
for Ni

1-x
Zn

x
Fe2O4 with x varying from 0.4 to 1.0.) 

ion (Zn2+) in the A site6. Since the Curie temperature for samples with 
x > 0.7 could not be measured because of the low magnetic force 
when the particles were dispersed in a carrier liquid, particles with 
x > 0.7 were not considered. The practical applications of ferrofluid 
are decided considering the stability of the fluid and the vapor pressure 
of the carrier liquid at the operating temperature16. The percentage of 
zinc affects the associated water content. The water content varies from 
14.78 to 22.52% in the case Ni-Zn ferrite (Figure 9). The loss of water 
by the sample is found maximum around 300 to 700 K. This suggests 
the presence of water molecules chemically adsorbed to the magnetic 
particle surface (associated water content). From 700 to 1273 K the 
loss of water is small. The formation of ferrites was in accordance 
with the initial stoichiometry. The initial and final (estimated) cation 

Figure 8. Temperature dependent magnetization measured at 80kA/m for (A1) 
Ni

1.0
Fe

2
O

4
, (A2) Ni

0.90
Zn

0.10
Fe

2
O

4
, (A3)Ni

0.80
Zn

0.20
Fe

2
O

4
,(A4) Ni

0.70
Zn

0.30
Fe

2
O

4
, 

(A5) Ni
0.60

Zn
0.40

Fe
2
O

4
, (A6) Ni

0.50
Zn

0.50
Fe

2
O

4
, (A7)Ni

0.40
Zn

0.60
Fe

2
O

4
, (A8) 

Ni
0.30

Zn
0.70

Fe
2
O

4
.

Figure 9. Thermo gravimetric analysis for (A) Ni
1.0

Fe
2
O

4
 (B) Ni

0.50
Zn

0.50
Fe

2
O

4
 

(C) Zn
1.0

Fe
2
O

4
.

concentrations of the prepared samples are shown in Table  1. The 
ratio (Me2+)/(Fe3+) initially taken was 0.5 and the ratio obtained for the 
final product varied from 0.507 to 0.484 in the case of Ni-Zn ferrite. 
Ni-Zn ferrites did not deviate (within the allowed experimental errors 
including estimation of water content, dilution etc.) from the initial 
stoichiometry and matched well with the initial degree of substitution 
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hydroxyl ions are completely removed when the sample is sintered at 
temperatures ≥ 973 K[18]. The O-H in-plane and out-of-plane bonds ap-
pear at 1537.80-1500.31 cm–1 and 960.03- 874.235 cm–1, respectively. 
The spectrum of the uncoated sample Ni

0.90
Zn

0.10
Fe

2
O

4
 shows a strong 

band from 635.57 to 573.51 cm–1 due to Fe
3
O

4
[18]. The transmittance 

waveband from 635.57 to 573.51 cm–1, which corresponds to the 
metal-oxygen bonds, are considered as the confirmation for the ferrite 
formation. This is in good agreement with Zins et al.1,19-22.

Figure 10. DTA curve for (A) Ni
1.0

Fe
2
O

4
 (B) Ni

0.50
Zn

0.50
Fe

2
O

4
 (C) 

Zn
1.0

Fe
2
O

4
.

Figure 11. FTIR spectra for Fe
3
O

4
 and for uncoated Ni

1-x
Zn

x
Fe

2
O

4
 with 

x = 0, 0.5 and 1.0. 

when rounded to the first decimal. It is interesting to note that the initial 
and final Zn concentrations are almost the same and the preparation 
conditions completely favor the formation of ferrites allowing us to 
study the effect of Zn substitution on the properties of the ferrites. 
The DTA curves for Ni

1-x
Zn

x
Fe

2
O

4
 with x = 0, 0.5 and 1 are shown in 

Figure 10. All DTA curves show an endothermic peak around 350 K, 
which confirms the presence of water in the Ni

1-x
Zn

x
Fe

2
O

4
 samples. 

The broad hump at around 800 to 1200 K may correspond to complete 
crystallization in the cubic spinel phase (ferrite formation).

The FTIR spectra for Fe
3
O

4
 and for Ni

1-x
Zn

x
Fe

2
O

4
 with x = 0, 0.5 

and 1 are shown in Figure 11. By overlaying the FTIR spectra for Fe
3
O

4
 

and for Ni
1-x

Zn
x
Fe

2
O

4
 with x = 0, 0.5 and 1.0, the spectral similarities 

are observed. The broad feature between 3441.43 – 3219.90 cm–1 is 
due to O-H stretch (v

1
), which corresponds to the hydroxyl groups 

attached by the hydrogen bonds to the iron oxide surface and the 
water molecules chemically adsorbed to the magnetic particle sur-
face (associated water content)17. From these results, it appears that 
the hydroxyl groups are retained in the samples during preparation 
of uncoated Ni

1-x
Zn

x
Fe

2
O

4.
. Ghose et al .7 have reported that some 

Table 1. Initial and the estimated final cation concentrations for Ni
1-x

Zn
x
Fe

2
O

4
 with x varying from 0 to 1.0.

Cation concentration Samples with  
estimated cation

Nio2+ Zn2+ Fe3+

Initial Final  
(estimated)

Initial Final  
(estimated)

Initial Final  
(estimated)

1.0 0.98 0 0 2 1.99 Ni
0.98

Fe
1.99

O
4

0.9 0.89 0.1 0.10 2 1.96 Ni
0.89

Zn
0.10

Fe
1.96

O
4

0.8 0.78 0.2 0.19 2 1.99 Ni
0.78

Zn
0.19

Fe
1.99

O
4

0.7 0.69 0.3 0.29 2 1.97 Ni
0.69

Zn
0.29

Fe
1.97

O
4

0.6 0.58 0.4 0.38 2 1.98 Ni
0.58

Zn
0.38

Fe
1.98

O
4

0.5 0.50 0.5 0.49 2 1.95 Ni
0.50

Zn
0.49

Fe
1.95

O
4

0.4 0.38 0.6 0.58 2 1.98 Ni
0.38

Zn
0.0.58

Fe
1.98

O
4

0.3 0.28 0.7 0.70 2 1.98 Ni
0.28

Zn
0.70

Fe
1.98

O
4

0.2 0.19 0.8 0.79 2 1.97 Ni
0.19

Zn
0.79

Fe
1.97

O
4

0.1 0.09 0.9 0.89 2 1.98 Ni
0.09

Zn
0.89

Fe
1.98

O
4

0 0 1.0 0.99 2 1.99 Zn
0.99

Fe
1.99

O
4
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4. Conclusion

The preparation technique of nanoparticles has a definite influence 
on the control of particle size and magnetic properties. The estimated 
cations from the product are in agreement with the initial substitu-
tion, indicating that the preparation procedure favors the formation 
of only ferrites. The formation of Ni

1-x
Zn

x
Fe

2
O

4
 was confirmed by the 

X-ray diffraction. The lattice constant was found to increase with the 
increase in zinc concentration. The average crystallite size (D

aveXR
) 

decreased when the partial substitution of zinc increased (x = 0 to1.0). 
The specific saturation magnetization was found to decrease with 
the increase in zinc substitution except for x = 0. Low coercivity 
was observed for high Zn concentrations. The samples prepared by 
coprecipitation showed superparamagnetic behavior, which was docu-
mented by the hysteresis loop, measured at room temperature. The 
Curie temperature and the temperature at which the maximum value 
of thermomagnetic coefficient is observed decrease with increasing 
Zn concentration. FTIR was used to confirm the formation of Fe-O 
bonds and presence of the associated water in the samples.
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