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Abstract
Spinel ferrites are the technologically important materials whose application ranges from the environmental, bio-medical to 
the smart devices. The properties of the ferrite can be tuned by varying the particle size of the different metal ion substituted 
in the core of the ferrite. In the present studies, we have successfully prepared sparingly investigated  Ni0.7−xMnxZn0.3Fe2O4 
(x = 0.1–0.6) ferrite series by precursor combustion method using nickel–manganese–zinc–iron fumarato–hydrazinate as 
precursor. These metal fumarato–hydrazinate precursors burn auto-catalytically, once ignited with a burning splinter, to form 
metal ferrites. The detailed study of these precursors was carried out using TG–DTA, IR, CHN analysis, isothermal mass 
loss and total mass loss studies. The experimental hydrazine content as well as contents of C, H, N, Ni, Mn, Zn and Fe of 
the precursors matched exactly with the theoretical values. The thermal analysis of the precursors suggest mainly two major 
steps decomposition. The XRD patterns and the IR spectra of the ferrites obtained by burning these precursors confirmed 
the single-phase cubic nature of these ferrites. The resistivity studies indicate decrease in resistivity with increase in  Mn2+ 
content of the ferrites. The Curie temperature also shows the same trend.

Keywords Nickel–manganese–zinc fumarato–hydrazinate precursor · Precursor combustion synthesis · Ni–Mn–Zn ferrite · 
TG–DTG–DTA analysis

Introduction

Spinel ferrites are one of the most widely studied com-
pounds because of their varied applications in different 
fields. One of their applications is, as transformer cores, 
which is because of their properties like high saturation 
magnetization, high resistivity and low core losses which in 
turn depends upon the method of preparation and the result-
ant size of the ferrites obtained [1]. With the advancement 
in preparation techniques, newer methods were developed in 
order to synthesize the ferrites in nano-size range. The nano-
sized transition metal oxides play a crucial role in almost all 

the fields. For example, it has been observed from the litera-
ture survey that these oxides play an important role as gas 
sensor, in air pollution control, in catalysis, in bio-medical 
devices as well as in the development of rechargeable accu-
mulators [2–6]. They also find applications in targeted drug 
delivery, magnetic data storage, as a magneto-optic mate-
rial, in energy conversion, in high performance digital tapes, 
refrigerators, ferrofluids [7–9], adsorption of dyes [10], etc.

Ni–Zn ferrite are the soft magnetic materials much like 
Co–Zn ferrites, with high resistivity and low permeability 
at higher frequency, whereas Mn–Zn ferrite are the materi-
als possessing highest permeability and saturation induc-
tion making this combination favorable to work for high 
frequency magnetic applications [11–14]. Many researchers 
have reported the preparation of Ni–Mn–Zn ferrite using 
various methods. From the literature search, we found out 
that the research for the synthesis of Ni–Zn–Mn ferrite has 
started way back in 1983 wherein Goto et al. [15] employed 
Bridgman method to grow a single crystal of Mn-substituted 
Ni–Zn ferrite. A uniaxial hot pressing method using dou-
ble action hydraulic press was used by Babbar et al. [16] 
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to prepare  Mn0.6Zn0.4−xNixFe2O4 (x = 0.00–0.4 in steps of 
0.05). Ceramic method was the most favored method in the 
ancient days to synthesize the ferrites, and many research-
ers used this method to synthesize Ni–Mn–Zn ferrites. Bara 
et al. [17] have synthesized  MnxZnyNizFe2O4 (x, y, z rang-
ing from 0 to 1 in steps of 0.1) using this ceramic sinter-
ing method. Other researchers, such as Zhong et al. [18], 
have synthesized  Ni0.44Zn0.56MnxFe2−xO4 (x = 0.00–0.15), 
Sattar et al. [19, 20] have synthesized  Ni0.6−tMntZn0.4Fe2O4 
(x  = 0.0–0.6), Rao et  al. [21] have synthesized 
 Ni0.35Zn0.65−xMnxFe2O4 (x = 0.00–0.25), and Hossain et al. 
[22] have synthesized  Ni0.50−xMnxZn0.50Fe2O4 (x = 0.00, 
0.10 and 0.20) using this ceramic method. With time and 
the advancement in the facilities, the researchers moved on 
from the conventional solid state method to the non-con-
ventional wet chemical methods to synthesize the ferrites. 
Singh et al. have used citrate precursor method to synthesize 
various Ni–Mn–Zn ferrite such as,  MnxNi0.5−xZn0.5Fe2O4, 
(x = 0.05, 0.1, 0.2, 0.3, 0.4) [23–26],  NixMn0.4−xZn0.6Fe2O4 
(x = 0.1–0.4) [27],  Ni0.3MnxZn0.7−xFe2O4 (x = 0.1–0.5) 
[28],  Mn0.2ZnxNi0.8−xFe2O4 (x = 0.2–0.6) [29] and 
 Mn0.2Ni0.2Zn0.6Fe2O4 [30]. The citrate precursor method 
has also been employed by other researchers to synthe-
size Ni–Mn–Zn ferrite [31–35]. The Sol–gel auto com-
bustion method has also been adopted for the synthesis of 
Ni–Mn–Zn ferrite [1, 36–41]. Venkataraju et al. [42] have 
prepared  Mn0.5−xNixZn0.5Fe2O4 (x = 0.0–0.3) using co-
precipitation method, while Gawas et al. have employed 
fumarato–hydrazinate precursor method to synthesize 
 Mn0.3Ni0.3Zn0.4Fe2O4 [43] and  Ni0.5−xMnxZn0.5Fe2O4 
(x = 0.0–0.5) [11, 44].

From the literature survey, it is revealed that the ferrite 
with composition  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) has 
been rarely studied [37], so we planned to synthesize this 
 Ni0.7−xMnxZn0.3Fe2O4 series using the precursor combustion 
method which was first devised by our group [43–49]. In this 
work, we have employed fumarato–hydrazinate as a ligand 
and have synthesized  Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 
(x = 0.1–0.6) precursors. Since the lifespan of these pre-
cursors is short, their characterization was done imme-
diately once the precursor was prepared. The auto-cat-
alytic thermal decomposition of these precursors gave 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites which were also 
characterized, and the results of the same are presented here 
along with precursors characterization results.

Experimental

Synthesis

Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites were pre-
pared using the precursor combustion method. The detail 

preparation procedure has been described elsewhere [49]. 
In the present case, a solution of mixed metal chlorides was 
added to the solution containing requisite amount of sodium 
fumarate and hydrazine hydrate which was stirred for 2 h 
in  N2 atmosphere (The amount of mixed metal chlorides 
taken is given in Table 1 of supplementary information). 
Upon addition of solution of mixed metal chlorides, a yellow 
colored precipitate was instantaneously formed, which was 
filtered, washed with ethanol and dried with diethyl ether. 
The characterization of these precursors was immediately 
carried out as they readily absorb moisture. After the char-
acterization is done, a small part of these precursors was 
burned using a burning splinter. The precursors catch fire, 
which then spreads over the entire precursor, thereby auto-
catalytically decomposing it to form ferrites in around 5 min. 
These  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites were then 
heated in furnace at 773 K for 5 h to remove any unburned 
carbonaceous species, if remained during auto-catalytic 
decomposition. These ferrites thus formed are called as the 
‘as prepared’ ferrites. The ‘as prepared’ ferrites were charac-
terized using XRD, IR and SEM/EDS techniques, and their 
electrical as well as magnetic properties were investigated.

Characterization techniques

The carbon, nitrogen and hydrogen content of the precur-
sors were determined by using Elementar Vario Micro Cube 
CHNS analyzer. The TG–DTG–DTA analysis of the precur-
sors was carried out using NETZSCH STA 409 PC (Luxx) 
analyzer in air atmosphere at a heating rate of 10 K per min-
ute from RT-1073 K. The IR spectra of these precursors and 
the ferrites obtained from these precursors were recorded on 
the Shimadzu FTIR-IR prestigue-21 spectrophotometer from 
350 to 4000 cm−1. The isothermal mass loss studies of these 
precursors were carried out at different set temperatures fol-
lowed by their hydrazine estimation volumetrically under 
Andrew’s condition [50] using the standard 0.025 M  KIO3 
solution as titrant. The total mass loss studies of the precur-
sor were carried out at 773 K for 5 h. The chemical analysis 
of all the ‘as prepared’  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) 
ferrites was carried out in order to find out the percentages of 
the metal ions present in them. The chemical analysis begins 
with the decomposition of these ferrites using 9 N HCl and 
then the separation of the metal ions on an ion-exchange 
column as described by Wilkins [51] and Kraus et al. [52]. 
The estimation of  Ni2+,  Mn2+ and  Zn2+ was done complexo-
metrically, while  Fe3+ was estimated gravimetrically [50]. 
The X-ray diffraction studies of the ‘as prepared’ ferrites 
were carried out using Rigaku Miniflex X-ray diffractom-
eter with Cu Kα radiations filtered through Ni absorber. 
The SEM/EDS studies were carried out on Carl Zeiss SEM 
model No. EVO18. The electrical resistivity of all the ‘as 
prepared’ ferrites was measured using two probe resistivity 
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setup from RT to 823 K. The normalized AC susceptibility 
studies were carried out on AC susceptibility setup supplied 
by ADEC Embedded Technology and solutions Pvt. Ltd., 
Corlim, Goa-India from RT to 862 K.

Result and discussion

Characterization of precursors

Chemical analysis

The CHN analysis of all the precursors was carried out 
soon after their preparation. The C, H, N percentages in 

all the precursors obtained experimentally matches very 
well with the theoretically calculated percentages as can 
be seen from Table 1. The amount of C, H and N deter-
mined in all the precursors helps in fixing their formulae as 
 Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x = 0.1–0.6).

IR Studies

The infrared spectra of all the precursors are shown in 
Fig. 1a, b and we can observe that they are nearly identical. 
The absorption bands in the region 3067–3390 cm−1 in all 
the precursors correspond to the N–H stretching frequencies. 
The N–N stretching frequency observed at around 972 cm−1 
indicates the bidentate bridging nature of the hydrazine 

Table 1  The theoretical and the experimental percentages of the carbon, hydrogen and nitrogen present in  Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 
(x = 0.1–0.6) determined using CHN analyzer

Element Composition

0.1 0.2 0.3 0.4 0.5 0.6

C/% Theoretical 20.40 20.41 20.42 20.43 20.44 20.45
Experimental 19.90 19.60 20.44 20.39 19.96 19.80

H/% Theoretical 4.29 4.29 4.29 4.30 4.30 4.30
Experimental 4.446 4.268 4.244 3.619 4.234 4.372

N/% Theoretical 23.79 23.81 23.82 23.83 23.84 23.86
Experimental 23.68 23.31 24.20 23.57 23.84 23.47
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Fig. 1  a, b IR spectra of  Ni0.7−xZn0.3MnxFe2(C4H2O4)3·6N2H4 (x = 0.1–0.6)
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ligand [48]. The absorption band observed in all the precur-
sors at around 1626 cm−1 is due to C=C functional group 
in fumarate ion. The asymmetric and symmetric stretching 
frequencies of carboxylate ion in all the precursors were 
observed at 1549–1585 and 1370–1380 cm−1, respectively, 
with ∆ν(νas − νs) separation of 169–213 cm−1. This wide 
separation indicates the monodentate linkage of both car-
boxylate groups in the dianion [47]. Thus, IR data confirm 
the formation of all the precursors.

TG–DTG–DTA analysis

The TG–DTG–DTA analysis of the precursors was car-
ried out in order to study the decomposition pattern of the 
precursors. Figure 2a–f shows the TG–DTG–DTA curves 
of the  Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x = 0.1–0.6) 
precursors, while Table 2 shows the thermal decomposition 
data pertaining to these TG–DTG–DTA curves. In each of 
the cases, it can be seen that the precursors decompose into 
ferrites in 4 steps. Out of which two are major steps. The 
first minor step includes the beginning of dehydrazination 
with loss of either 0.5–1.5 hydrazine molecule followed by 
complete dehydrazination and starting of decarboxylation 
which is a major second step. The third step is also a major 
step which includes total decarboxylation, while the fourth 
minor step includes the formation of the ferrite with loss of 
any unburned species, if any.

The TG–DTG–DTA plot of  Ni0.6Mn0.1Zn0.3Fe2 
(C4H2O4)3·6N2H4 (Fig. 2a) shows a mass loss of 5.33% from 
RT-380 K in TG corresponding to the loss of just little more 
than 1 hydrazine molecule followed by a major mass loss 
of 38.92% from 380 to 523 K corresponding to the loss of 
remaining little less than 5 hydrazine molecules indicating 
total dehydrazination followed by beginning of decarboxy-
lation. The peak due to this mass loss has been observed in 
DTG at 388 K. An exothermic peak due to these reactions 
is observed in DTA plot at 405 K. The total decarboxylation 
takes place from 523 to 723 K with a mass loss of 22.12%. A 
broad exothermic peak due to decarboxylation is observed in 
DTA from 500 to 720 K, while in DTG, it is observed from 
520 to 607 K. A small mass loss of around 2.56% due to the 
loss of unburned carbonaceous species was observed from 
723 to 1073 K. The ferrite is formed at around 723 K with 
the residual mass of 33.63% in TG which matches closely 
with the theoretical mass loss of 33.40%.

Figure 2b shows the TG-DTG-DTA trace of  Ni0.5Mn0.2 
Zn0.3Fe2(C4H2O4)3·6N2H4 precursor wherein the first 
mass loss of 4.32% indicating the loss of 1 hydrazine 
molecule is observed in TG from RT-358 K. From 358 
to 523 K, a mass loss of 39.86% with an exothermic peak 
seen in DTA at 402 K and a peak in DTG at 365 K corre-
sponds to the total dehydrazination followed by starting of 

decarboxylation. From 523 to 723 K, complete decarboxy-
lation takes place which can be observed from mass loss 
of 20.44% in TG. An exothermic peak, in this temperature 
range, was observed at 589 K in both DTA and DTG trace. 
From 723 to 1073 K, a mass loss of 2.16% is observed 
which may be due to the loss of unburned organic moieties 
left. A total mass loss of 66.78% is observed in TG which 
matches closely with the theoretical mass loss of 66.63%.

In case of TG–DTG–DTA curve of  Ni0.4Mn0.3Zn0.3Fe2 
(C4H2O4)3·6N2H4 (Fig. 2c), mass loss of 3.86% begins 
from RT up to 373 K which corresponds to loss due to 
just above half hydrazine molecule. This is followed by 
mass loss of 27.14% due to total dehydrazination and onset 
of decarboxylation in the temperature range of 373–523 K 
with an exothermic peak in DTA at 441 K and a peak in 
DTG at 425 K. A complete decarboxylation takes place 
from 523 to 673 K which can be evidenced from the mass 
loss of 34.61% and a broad exothermic peak in the region 
520–690 K in DTA and at 563 K in case of DTG. A mass 
loss of 1.67% is observed from 673 to 1073 K due to the 
gradual loss of any unburned species remaining. The theo-
retical total mass loss for this precursor is 66.67% and is in 
close agreement with the observed mass loss of 67.28%.

In Fig. 2d (TG–DTG–DTA plot of  Ni0.3Mn0.4Zn0.3Fe2 
(C4H2O4)3·6N2H4), it can be seen that a mass loss of 5.06% 
is observed from RT-376 K which matches up with the mass 
loss due to just little more than 1 hydrazine molecule. The 
remaining hydrazine molecules are lost in the subsequent 
step along with the beginning of decarboxylation with 
a mass loss of 42.75% in TG in the temperature range of 
376–539 K. An exothermic peak at 417 K in DTA and a 
peak at 367 K in DTG is observed in the same region. From 
539 to 723 K, a mass loss of 16.8% in TG and an exother-
mic peak in DTA at 583 K and a peak in DTG at 589 K, 
respectively, indicates the complete decarboxylation. A loss 
of unburned species with mass loss of 1.93% is observed 
from 723 to 1073 K. The total residue remained at 1073 K 
is 33.46% which matches closely with the theoretical value 
of 33.3%.

It can be observed from the TG–DTG–DTA curve of 
 Ni0.2Mn0.5Zn0.3Fe2(C4H2O4)3·6N2H4 (Fig. 2e) that approxi-
mately 1 hydrazine molecule is lost from RT-379 K (a mass 
loss of 3.86% is observed in this temperature range) followed 
by a mass loss due to total dehydrazination and emergence 
of decarboxylation which can be inferred from the mass loss 
of 25.7% in the temperature range of 379–513 K with an 
exothermic peak at 437 K in DTA and a peak at 426 K in 
DTG. A mass loss of 35.06% from 513 to 673 K with an exo-
thermic peak in DTA at 592 K and a peak at 574 K in DTG 
tallies with the mass loss due to total decarboxylation. From 
673 to 1073 K, a small mass loss of 0.95% is observed which 
may be due to loss of any unburned species remaining. The 
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total mass loss of 65.57% is nearly in close agreement with 
the theoretical mass loss of 66.74%.

Figure  2f depicts the TG–DTG–DTA curve of 
 Ni0.1Mn0.6Zn0.3Fe2(C4H2O4)3·6N2H4 precursor. It can be 
noticed from this curve that from RT-389 K, there is a 
mass loss of 6.01% due to loss of nearly one and half 
hydrazine molecule. A small exo hump is observed in 
DTA at 368 K due to this loss. From 389 to 507 K, a 
mass loss of 24.03% is observed which corresponds to 
total dehydrazination and onset of decarboxylation. In 
DTA curve, an exothermic peak due to these reactions is 
observed at 441 K, while in DTG curve a peak is observed 
at 432 K. Total decarboxylation takes place from 507 to 
673 K, which can be evidenced from the mass loss of 
34.83% in TG and an exothermic peak at 589 K in DTA. 
DTG, however, shows a main peak at 581 K with a shoul-
der peak attached to main peak at 591 K indicating two-
step decarboxylation. A mass loss of 1.18% from 673 to 
1073 K is observed, which can be due to decomposition of 
unburned carbonaceous species. A total residue of 33.95% 
is obtained at the end which matches very well with the 
theoretical residue of 33.23%.

Thus, from the above thermal data, the correctness of the 
predicted formula for all the precursors is confirmed.

Isothermal mass loss studies, total mass loss 
and determination of hydrazine content

To compliment TG–DTG–DTA studies, the isothermal 
mass loss studies of the precursors were carried out at 
different set temperatures followed by the estimation of 
hydrazine. The data obtained from these isothermal mass 
loss and hydrazine estimation studies at different tempera-
tures are presented in Table 3. The mass loss of 4.89%, 
4.58%, 4.86% and 4.72% observed in precursors with 
composition x = 0.1, 0.2, 0.4 and 0.5, respectively, in the 
temperature region RT to 343 K corresponds to loss of 
moisture along with ~ 2–3% hydrazine. The composition 
x = 0.3 and 0.6, however, shows abnormally high (9.2%) 
and low (2.49%) mass loss values, respectively, may be 
due to excess of moisture and negligible amount of mois-
ture in the precursors, respectively. The precursors in the 
temperature range of 343–373 K show mass loss from 
4.04 to 5.82% due to loss of corresponding percentage of 

Table 2  The TG–DTG–DTA data of  Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x = 0.1–0.6)

Composi-
tion (x)

TG DTG peak/K DTA peak/K Remarks

Temp/K Mass loss/%

0.1 RT-380 5.33 – – Loss of  1N2H4

380–523 38.92 388 405 (exo) Total dehydrazination followed by starting of decarboxylation
523–723 22.12 520–607 500–720 (exo) Total decarboxylation
723–1073 2.56 – – Loss of unburned species

0.2 RT-358 4.32 – – Loss of  1N2H4

358–523 39.86 365 402 (exo) Total dehydrazination followed by starting of decarboxylation
523–723 20.44 589 589 (exo) Total decarboxylation
723–1073 2.16 – – Loss of unburned species

0.3 RT-373 3.86 – – Loss of ½  N2H4

373–523 27.14 425 441 (exo) Total dehydrazination followed by starting of decarboxylation
523–673 34.61 563 520–690 (exo) Total decarboxylation
673–1073 1.67 – – Loss of unburned species

0.4 RT-376 5.06 – – Loss of  1N2H4

376–539 42.75 367 417 (exo) Total dehydrazination followed by starting of decarboxylation
539–723 16.8 589 583 (exo) Total decarboxylation
723–1073 1.93 – – Loss of unburned species

0.5 RT-379 3.86 – – Loss of ½  N2H4

379–513 25.7 426 437 (exo) Total dehydrazination followed by starting of decarboxylation
513–673 35.06 574 592 (exo) Total decarboxylation
673–1073 0.95 – – Loss of unburned species

0.6 RT-389 6.01 – – Loss of 1½  N2H4

389–507 24.03 432 441 (exo) Total dehydrazination followed by starting of decarboxylation
507–673 34.83 581 589 (exo) Total decarboxylation
673–1073 1.18 – – Loss of unburned species
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hydrazine in the precursors except x = 0.6 which shows 
exceptionally lower mass loss of 1.52% which matches 
with the hydrazine loss of 1.6%. However, in the tem-
peratures from 373 to 408 K, composition x = 0.6 shows 
12.66% loss in hydrazine percentage, while others show 
7.04–11.1% hydrazine loss. All the precursors finally catch 
fire between 408 and 423 K.

The total mass loss studies were carried out by keeping 
the known amount of the precursor in muffle furnace at 
773 K for 5 h. The total mass loss obtained experimen-
tally matches well with the theoretical value (Table 3) thus 
further proving the formation of the precursor with the 
desired stoichiometry. For estimation of hydrazine con-
tent, as soon as the precursor was synthesized, a required 
amount of the precursor was weighed and added to 60% 
HCl and kept aside to determine the hydrazine content 
of the precursor. The estimation of the hydrazine was 
done by titrating against 0.025 M  KIO3 solution [50]. 

The determined content of the hydrazine was found to 
be closely matching with the theoretical value (Table 3) 
which further strengthens the predicted formula for the 
precursor.

Characterization of ‘as prepared’ 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6)

Chemical analysis

The chemical analysis of all the ‘as prepared’ ferrites was 
carried out as described above in characterization tech-
niques. The experimental and the theoretical amount of the 
metal ions present in  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) 
are tabulated in Table 4. It can be seen from this table that 
the theoretical and the experimental value in all the cases 
matches very well with each other confirming the formation 
of the ferrites with the desired stoichiometry.

Table 3  The isothermal mass loss and hydrazine estimation at different temperatures and the theoretical and experimental content of hydrazine 
and total mass loss percentages of  Ni0.7−xZn0.3MnxFe2(C4H2O4)3  6N2H4 (x = 0.1–0.6)

Com-
position 
(X)

Isothermal mass loss/%/Hydrazine estimation/% Hydrazine content/% Total mass loss/%

RT-343/K 343–373/K 373–388/K 388–408/K 408–423/K Theoretical Experimental Theoretical Experimental

0.1 4.89/24.52 5.04/17.79 4.37/12.50 2.3/9.13 Precursor decomposed 27.22 27.40 66.6 66.11
0.2 4.58/25.48 5.82/16.99 1.98/15.06 3.65/8.33 Precursor decomposed 27.24 27.48 66.63 66.79
0.3 9.20/25.80 4.04/20.19 3.58/15.70 3.26/11.05 Precursor decomposed 27.25 26.44 66.67 66.60
0.4 4.86/25.48 4.16/20.03 2.97/16.34 2.87/12.99 Precursor decomposed 27.27 27.08 66.7 66.28
0.5 4.72/25.56 4.82/18.33 3.95/12.64 2.02/7.23 Precursor decomposed 27.28 27.58 66.74 66.23
0.6 2.49/27.40 1.52/25.80 2.48/23.08 5.57/13.14 Precursor decomposed 27.30 27.56 66.77 66.21

Table 4  The theoretical and 
the experimental percentages 
of nickel, zinc, manganese, 
iron and oxygen present in 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–
0.6) determined by chemical 
analysis and EDS mapping

Element Composition 0.1 0.2 0.3 0.4 0.5 0.6

Ni/% Theoretical 14.92 12.45 9.98 7.50 5.00 2.51
Experimental
 Chemical analysis 14.96 12.96 9.92 8.28 4.83 2.60
 EDS 14.60 12.16 10.33 7.44 5.17 2.78

Mn/% Theoretical 2.33 4.66 7.01 9.35 11.71 14.08
Experimental
 Chemical analysis 2.30 4.98 7.18 9.90 11.51 14.82
 EDS 2.22 4.75 7.39 8.96 12.44 14.84

Zn/% Theoretical 8.31 8.33 8.34 8.35 8.37 8.38
Experimental
 Chemical analysis 8.33 8.77 8.79 8.46 8.81 8.82
 EDS 10.10 7.30 7.47 7.30 8.18 8.45

Fe/% Theoretical 47.32 47.40 47.48 47.55 47.63 47.70
Experimental
 Chemical analysis 48.27 48.28 47.64 48.39 46.88 46.81
 EDS 48.73 52.95 55.13 52.66 53.81 53.40

O/% Theoretical 27.11 27.16 27.20 27.24 27.29 27.33
Experimental (EDS) 24.34 22.84 19.67 23.64 20.39 20.54
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Powder X‑ray diffraction studies

The XRD patterns of all the ‘as prepared’ ferrite samples were 
recorded, and they are presented in Fig. 3. It can be seen from 
these XRD patterns that all the ‘as prepared’ ferrites show sin-
gle spinel cubic phase without any impurities. The hkl planes 
corresponding to the cubic structure of spinel ferrites at (220), 
(311), (222), (400), (422), (333), (440) and (622) are observed 
in all the ferrite samples. Using this XRD patterns, the lattice 
parameter and the crystallite size of all the ‘as prepared’ ferrite 
samples were obtained and the same is given in Table 5. The 
lattice parameter of all the ferrite samples were obtained using 
the following equation

where ‘ a ’ is the lattice parameter and ‘d’ is the interplanar 
spacing given by the Bragg’s law for the (hkl) planes.

The crystallite size (t) of all the ‘as prepared’ ferrites was 
obtained using the Scherrer’s formula

a = d

√

h2 + k2 + l2

where � is the X-ray wavelength, � is the full width at half 
maxima and � is the Bragg’s diffraction angle.

From Table 5, it can be clearly observed that the lattice 
parameter goes on increasing with increase in  Mn2+ concen-
tration. This is because of the replacement of the smaller ion 
 Ni2+(0.69 Å) with bigger ion  Mn2+ (0.82 Å).

The XRD patterns indicate the nano-size nature of the 
crystallite particles. This observation is also supported by 
SEM studies. The crystallite size obtained varies in the range 
of 18–30 nm, with decrease in the crystallite size as  Mn2+ 
concentration increases except for the sample with composi-
tion x = 0.4.

IR studies

The IR spectra of these ferrites are shown in Fig. 4. From 
Fig. 4, it can be concluded that there is absence of any 
organic moiety in these oxides. Only two peaks in IR spec-
tra, typical of the spinel ferrites at around 400 and 600 cm−1, 
corresponding to the intrinsic stretching vibrations at octahe-
dral and tetrahedral sites, respectively, confirm the formation 
of the spinel phase ferrites.

t =
0.9�

� cos �
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Fig. 3  The XRD patterns of ‘as prepared’  Ni0.7−xMnxZn0.3Fe2O4 
(x = 0.1–0.6)

Table 5  The lattice parameter, crystallite size and Curie temperature 
of ‘as prepared’  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6)

Composition 
(x)

Lattice 
parameter/Å

Crystallite size/
nm

Curie 
temperature/K

0.1 8.365 30 834
0.2 8.368 28 808
0.3 8.386 27 781
0.4 8.387 30 779
0.5 8.390 26 756
0.6 8.391 18 698

NMZFA0.6

NMZFA0.5

NMZFA0.4

NMZFA0.3

NMZFA0.2

NMZFA0.1

4000 3500 3000 2500 2000
Wavenumber/cm–1

1500 1000 500

%
 T

ra
ns

m
itt

an
ce

Fig. 4  The IR spectra of ‘as prepared’  Ni0.7−xMnxZn0.3Fe2O4 
(x = 0.1–0.6)
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Fig. 5  The SEM images and EDS mapping of ‘as prepared’  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6)
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SEM/EDS studies

The SEM images of these ferrites shown in Fig. 5 confirm 
the spherical nature of these particles which are agglomer-
ated. From the histogram of the particle size distribution, it 
can be seen that the average particle size varies from 18 to 
30 nm, complementing the results obtained using the Scher-
rer’s formula. The EDS mapping of ferrites confirms the 
presence of the required metal ions in the desired ratios in 
all the ferrite samples. The data pertaining to this are given 
in Table 4. It can be observed from this table that the theo-
retical and the experimental percentages of metal ions in the 
ferrites matches very well with each other. Only in case of 
iron, the EDS data show higher percentages which may be 
because of lower observed percentages of oxygen (Table 4). 
However, percentage of iron obtained by chemical analysis 
matches closely with theoretical percentages confirming 
the formation of stoichiometric ferrites as per the formulae.

Electrical resistivity studies

The electr ical  res ist iv i ty  studies  of  a l l  the 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites were meas-
ured during both heating and cooling, and the plot of the 
log resistivity as a function of 1000/T is given in Fig. 6a, 
b. From Fig. 6a, b, we can observe that resistivity first 

slightly increases and then starts decreasing with increase 
in temperature during heating while during cooling cycle 
there is a gradual decrease in resistivity with increase in 
temperature indicating the normal behavior of semiconduc-
tors. The increase at lower temperature in resistivity during 
heating might be due to the presence of some impurities like 
moisture which when heated disappears, further leading in 
decrease in resistivity with increasing temperature. Also, 
from Fig. 6 we can observe that as the  Mn2+ concentration 
is increasing the resistivity of the ferrite samples goes on 
decreasing. As we know from the literature that Ni–Zn fer-
rite has the higher resistivity, while Mn–Zn ferrites shows 
lower resistivity, so incorporation of  Mn2+ in place of  Ni2+ 
leads to decrease in resistivity of the ferrite samples. The 
same type of trend has been reported by Singh et al. [24].

AC susceptibility studies

The AC susceptibility studies of all the ‘as prepared’ 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites were carried out 
in order to know the Curie temperature as well as the nature 
of the particles. The particles in the ferrite are normally pre-
sent in three types of domains, namely, multi-domain, single 
domain and superparamagnetic. Based on the size of the par-
ticles, they exist in either single type or mixture of two types 

Fig. 5  (continued)
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of particles. Based on the nature of the plot of normalized 
AC susceptibility versus temperature, the particles domain 
can be determined.

Figure  7 shows the plot of normalized AC suscep-
tibility versus temperature of all the ‘as prepared’ 
 Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) ferrites. The tempera-
ture at which ferromagnetic sample converts to paramag-
netic is called as the Curie temperature, and the same for 
all the ‘as prepared’ ferrites has been found out from this 
studies and is presented in Table 5. From Fig. 7, it can be 
observed that the Curie temperature of the ferrite samples 
goes on decreasing with increase in  Mn2+ concentration 
and from the nature of the plots it can be concluded that 

all the ‘as prepared’ ferrites shows single-domain type of 
particles with increasing superparamagnetic character with 
increase in  Mn2+ concentration. The relatively smaller 
crystallite size of  Ni0.7−xMnxZn0.3Fe2O4 for composition 
x = 0.3, x = 0.5 and 0.6 also leads to increase in superpara-
magnetic type of domains which is clearly seen in Fig. 7.

Conclusion

Single-phase, nanosized  Ni0.7−xMnxZn0.3Fe2O4 (x = 0.1–0.6) 
ferrites were synthesized using a low-cost precursor combus-
tion method. The precursors synthesized during this method 
 (Ni0.7−xMnxZn0.3Fe2(C4H2O4)3·6N2H4 (x = 0.1–0.6)) were 
thoroughly characterized using various instrumental and 
experimental techniques which helped in confirming the 
formula of the precursor. The novelty of these precursors 
is that they burn auto-catalytically to form ferrites, once 
initially ignited. Two major mass loss regions have been 
found in TG–DTA curves confirming two-step decompo-
sition of these precursors to ferrites. The substitution of 
 Mn2+ in Ni–Zn ferrites results in increase in lattice param-
eter but decrease in the resistivity and Curie temperature. 
From the nature of normalized AC susceptibility plots, it 
was observed that all the ferrites have single-domain parti-
cles with increase in the superparamagnetic character with 
increase in  Mn2+ concentration in Ni–Zn Ferrites.
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