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Abstract. Spinel ferrite nano-powders are highly useful in applications such as drug-delivery,
ferrofluids, gas sensors, etc. because of their semiconductor and ferromagnetic properties.
There are various methods by which the spinel ferrites can be synthesized, i.e., hydro-thermal
route, solid-state route, sol-gel route, thermal deposition route, mechanical milling, etc. In this
work, nano-crystalline Cu-Zn ferrites with the composition of (Cu0.4Zn0.6Fe2O4) were
synthesized from metal nitrate and acetate precursors by the hydro-thermal route and sol-gel
auto-combustion route. Citric acid was used as a fuel to increase the rate of reaction.
Synthesized powders were heat-treated for different holding time. The crystal structures of
these compounds were characterized by X-ray diffraction (XRD). The crystal size and lattice
parameter were determined by using Maud analysis and Williamson-hall plots. The Rietveld
analysis and X'Pert Highscore peak match analysis confirmed the formation of single-phase
Cu0.4Zn0.6Fe2O4. It was observed that crystallite size and peak intensity increased after heat
treatment. Also, on increasing the holding time of heat treatment, an increase in the peak
intensity and crystallite size was observed.
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1. Introduction
The high surface to volume ratio of nano-ferrites powders has attracted the attention of
researchers and industries throughout the world [1]. The formula of cubic spinel ferrite is
XYFe2O4, where X and Y are substituted metals such as Cu, Zn, Ni, Co, etc. [2,3]. Spinel
ferrite exhibits semiconductor and ferromagnetic properties [4]. Spinel ferrite nano-powders
are highly useful in applications, i.e., drug-delivery, ferrofluids, gas sensors, etc. because of
their magnetic nature [5,6]. Spinel-ferrites can also be used to fabricate polymer matrix
composites or metal matrix composites [7-11]. There are various methods by which the spinel
ferrites can be synthesized, i.e., hydro-thermal route, solid-state route, sol-gel route, thermal
deposition route, mechanical milling, etc. [12,13]. Hydro-thermal route and sol-gel are the
most commonly used methods for the fabrication of spinel ferrite due to the ease of
fabrication of single-phase material [14,15]. Properties of fabricated spinel ferrite powders are
highly dependent on the heat treatment process. Different types of heat treatments (i.e.,
annealing, normalizing, etc.) of nano-ferrites powder are done to achieve the required
properties. Annealing is the most commonly used heat treatment process for nano-ferrites.
Kavas et al. synthesized the Zn substituted Cu-ferrite by sol-gel auto-combustion route
[16]. It was observed that the lattice parameter increased continuously with an increase in Zn
content. Wu et al. fabricated the Cu-Zn spinel ferrite by thermal deposition method [17].
Highly crystalline spherical Cu0.5Zn0.5Fe2O4 was obtained after calcination at 600°C for 2 hrs.
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Baykal et al. investigated the optical and magnetic properties of Cu-Zn spinel ferrite dispersed
in silica fabricated by the sol-gel route [18]. XRD analysis approved the phase purity of
fabricated powder. Lattice parameters were found to be lying in between the lattice
parameters of Cu-ferrite and Zn-ferrite. Rana et al. investigated the effect of Zn substitution
on the magnetic and microstructural properties of Cu-Zn ferrite fabricated by a solid-state
route [19]. Single-phase particles were formed, and grain size reduced with an increase in the
zinc content. Tangcharoen et al. investigated the effect of Zn doping on the magnetic
properties of metal ferrites fabricated by the sol-gel route [20]. Slight peak shifting was
observed on the addition of Zn.
The general formula of Cu-Zn spinel ferrites is Cu(1-x)ZnxFe2O4. The infinite number of
Cu-Zn spinel ferrite can be obtained by varying the X value [21]. In this work, nanocrystalline Cu-Zn ferrites with the composition of (Cu0.4Zn0.6Fe2O4) were synthesized from
metal nitrate and acetate precursors by the hydro-thermal route and sol-gel auto-combustion
routes. The fabricated powder was heat-treated to different holding times. The effect of heattreatment time was studied on the properties of Cu0.4Zn0.6Fe2O4.
2. Experimentation
Materials Used. Materials used in the present work are copper nitrate (Cu(NO3)2.3H2O), iron
nitrate (Fe(NO3)2.9H2O), zinc acetate ((CH3COO)2Zn.2H2O), citric acid, and sodium hydrooxide (NaOH). Data of precursors used during the synthesis of Cu-Zn nano-ferrite powders is
given in Table 1.
Table 1. Properties of precursors
Salts

Mw

Purity

Cu(NO3)2.3H2O

241.60

99.5-102 %

Fe(NO3)2.9H2O

404.00

98 %

(CH3COO)2Zn.2H2O

219.49

98 %

C6H8O7.H2O

211.14

99 %

Calculations for the Weight of Precursors. The weight of precursors used during the
synthesis of powders was calculated based on the balanced chemical reaction given in
Equation 1. It can be seen from the equation that the one mole of Cu0.4Zn0.6Fe2O4 requires
0.4 moles of copper nitrate, 0.6 moles of zinc acetate, 2 moles of iron nitrate, and 4.5 moles of
citric acid.
0.4𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3 )2 . 3𝐻𝐻2 𝑂𝑂 + 0.6(𝐶𝐶𝐻𝐻3 𝐶𝐶𝐶𝐶𝐶𝐶)2 𝑍𝑍𝑍𝑍. 2𝐻𝐻2 𝑂𝑂 + 2𝐹𝐹𝐹𝐹(𝑁𝑁𝑂𝑂3 )2 . 9𝐻𝐻2 𝑂𝑂 + 4.5𝐶𝐶6 𝐻𝐻8 𝑂𝑂7 . 𝐻𝐻2 𝑂𝑂 =
𝐶𝐶𝐶𝐶0.4 𝑍𝑍𝑍𝑍0.6 𝐹𝐹𝐹𝐹2 𝑂𝑂4 + 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 (𝑎𝑎𝑎𝑎 𝑏𝑏𝑦𝑦 − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝).
(1)
The weight of precursors required was calculated based on molecular weight (Mw),
purity, and the number of moles (required for one mole of Cu0.4Zn0.6Fe2O4). Formula to
calculate the weight of precursors required for Wp gram of Cu0.4Zn0.6Fe2O4 is given below in
Equation 2.
𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 × 𝑊𝑊𝑊𝑊 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × 100
𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡 𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 .
(2)
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Fig. 1. Flowchart for (a) hydro-thermal route and (b) sol-gel route
Methodology. Nano-powders were fabricated by two different routes, i.e., hydrothermal route and sol-gel route. Flowchart for the fabrication of Cu-Zn nano-ferrite by the
hydro-thermal route and sol-gel route is given in Fig. 1 [22]. The powder fabricated by the
sol-gel route was annealed at 750°C for two different holding times (4hrs. and 8hrs.). Details
of prepared samples are given in Table 2.
Table 2. Sample Preparation
Processing Route

Sample Code

Hydro-thermal route

A

Sol-gel route followed by heat-treatment at 750°C for 4hrs

B1

Sol-gel route followed by heat-treatment at 750°C for 8hrs

B2

Characterization. Prepared powders, i.e., A, B1, and B2 were characterized using
X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). XRD patterns were
analyzed using peak match analysis (X'Pert Highscore), Williamson-Hall plot analysis, and
Rietveld analysis (Maud). Peak matching analysis of the XRD pattern of prepared powders
was done to know the presence of various phases. Rietveld analysis and Williamson-hall plot
analysis were done to know the crystallite size and lattice parameters of prepared samples.
3. Results and Discussion
X-ray Diffraction (X'Pert Highscore). Figure 2 shows the indexed XRD patterns of
fabricated powders.
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Fig. 2. Indexed XRD patterns of fabricated powders
Peak match analysis confirmed the formation of single-phase Cu-Zn nano-ferrite in all
three samples, i.e., A, B1, and B2. It can be observed from Fig. 2 that the baseline of sample
A is thick; this shows that the material is amorphous. The baseline of samples B1 and B2 was
thin; this shows the high crystallinity in the material. The peak intensity of the XRD pattern
also increased after the heat treatment of powders. An increase in peak intensity is due to the
alignment of grains in one direction, and an increase in crystallite size. Peak broadening can
also be observed in the untreated powder (sample A); this can also be due to the small
crystallite sizes. So, the heat treatment of powders increased the crystallinity in the material.
Scanning Electron Microscopy. SEM images of samples A, B1, and B2 at different
scales and magnification are shown in Fig. 3. It can be seen from Fig. 3 that the sub-micron
particles were agglomerated to form the big particles in the case of all the samples A, B1, and
B2. But, the agglomeration in the case of sample A (hydrothermal route) was high in
comparison to sample B1 and B2 because no heat treatment was done for this sample. Sample
B1 and B2 were heat-treated, because that particles did not stick to each other and that
resulted in less agglomeration of particles.

Effect of process parameters on the crystal-parameters of Cu-Zn spinel-ferrites

69

Fig. 3. SEM images of (a-c) sample A, (d-f) sample B1, and (g-h) sample B2
Williamson-Hall Plot Analysis. Williamson-Hall plots of all three samples are given in
Fig. 4. Williamson-Hall plot is used to find out the crystallite size and lattice strain in the
samples. The slope of BCosθ vs. Sinθ gives the value of the lattice strain, while the intercept
gives the value of crystallite size.
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀𝜀 + 𝑘𝑘𝑘𝑘/𝐿𝐿,
(3)
𝑦𝑦 = 𝑚𝑚𝑚𝑚 + 𝑐𝑐.
(4)
Equation 3 is the showing the relationship between the crystallite size (L) and Bragg's
angle θ. While Equation 4 is the general equation of the line. On comparing Equation 3 with
Equation 4, slope (m) is equal to lattice strain (ε), and intercept (c) is equal to kλ/L. Where, k
is a constant and equals 0.9 or 1 and λ is the wavelength. The value of crystallite size and
lattice strain for all the samples is shown in Table 3. It can be observed that the crystallite size
increased after the annealing. Also, lattice strain reduced after the annealing. The reason for
the increased crystallite size and reduced lattice strain is the recrystallization and grain growth
in the material.
Table 3. Crystallite size and lattice strain of samples calculated using Williamson-Hall plot
Sample

Crystallite Size (Å)

Lattice Strain

A

129.89

0.0064

B1

329.21

0.0016

B2

352.67

0.0019
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Fig. 4. Williamson-Hall plots of (a) A (b) B1, and (c) B2
Rietveld Analysis. Rietveld analysis of the fabricated powders was done by matching
the XRD peaks with the standard peak (CIF File: 9012442). Figure 5 shows the Maud
analyzed XRD patterns of the fabricated powders. It can be observed from Fig. 5 that all the
peaks matched perfectly with the standard XRD pattern (CIF File: 9012442); this confirms
the formation of single-phase Cu-Zn nano-ferrite. The crystallite size and lattice parameter of
all the three powders obtained after the Maud analysis are given in Table 4. It can be observed
from Table 4 that the lattice parameter remained constant with an increase in the heattreatment time; this shows that the heat-treatment of powder does not affect the crystal
structure of the material. The lattice parameter of sample A was found to be 8.436Å. While
the lattice parameter of samples B1 and B2 was 8.43Å. It can also be observed from Table 4
that the crystallite size increased sharply after the heat treatment of powders. Also, on
increasing the holding time of the heat-treatment, an increase in the crystallite size was
observed. An increase in the crystallite was due to the grain growth and increased crystallinity
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in the material. The largest crystallite size of 1090.84Å was obtained for sample B2. The
Crystallite size of sample A was found to be very low (126.66Å). So, there is a difference in
the value of crystallite size obtained from Rietveld's analysis and Williamson-Hall plot. But,
the trend shown by both is similar. The reason for the difference in the crystallite size value
can be the error present in Williamson-hall plot calculations due to linear curve-fitting.

Fig. 5. Maud analysis of fabricated powders
Table 4. Crystallite size and lattice parameter of samples obtained from Maud analysis
Sample

Crystallite Size (Å)

Lattice Parameter

A

126.66

8.436

B1

1080.84

8.43

B2

1090.84

8.43

4. Conclusions
Following conclusions are drawn after the fabrication and characterization of Cu-Zn nanoferrites fabricated by the hydrothermal route and sol-gel route followed by heat treatment:
•

Both the Rietveld analysis and X'Pert Highscore peak match analysis confirmed the
formation of single-phase Cu0.4Zn0.6Fe2O4.

•

Crystallite size and peak intensity of fabricated Cu-Zn nano-ferrite powders
increased after the heat treatment.

•

Peak intensity and crystallite size also increased with an increase in the holding
time of heat treatment.
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•

The lattice parameter of un-treated powder fabricated by the hydrothermal route
was found to be 8.436Å. While, the lattice parameter of powder, fabricated by solgel route followed by heat treatment (at 750°C or 4hrs and 8hrs.) was 8.43Å.

•

The largest crystallite size was obtained for the sol-gel route fabricated Cu-Zn
nano-ferrite powder heat-treated at 750°C for 8hrs. The Crystallite size of untreated powder fabricated by the hydrothermal route was the lowest.

•

Lattice strain reduced after the heat-treatment of powder. Minimum lattice strain
was observed for sample heat-treated at 750°C for 4hrs.
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