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Abstract. Nanostructured Mn-Zn ferrites were synthesized using co-precipitation in alkaline
solution with different pH. The samples were characterized using X-ray diffraction (XRD), X-ray
fluorescence (XRF), thermal analysis (TG-DTA), dynamic light scattering (DLS) and scanning
electron microscopy (SEM) techniques. Monophasic nanoparticles were formed when synthesized
with pH 10.5. This sample was heat-treated and its XRD data was refined by the Rietveld method.
Mean crystallite sizes and microstrains were determined from X-ray line profile analysis using
Single-Line and Warren-Averbach methods, which revealed a mean crystallite size of
approximately 10 nm and negligible microstrains. Zn content was estimated using refined cell
parameters, giving a value of 33 at %, in accordance with XRF result. TG-DTA revealed that the
incorporation of a-Fe,O3 occurs around 1130 °C and 1200 °C with recrystallization of the Mn-Zn
ferrite spinel phase. DLS showed that mean particle size increase with temperature up to 1159 nm
at 800 °C. SEM analysis showed the samples agglomerate and present similar morphology with
negligible size changing when calcined between 280 °C and 800 °C. However, the sample calcined
at 1200 °C presents larger agglomerates due to the sintering process.

Introduction

Manganese-zinc ferrites are key technological materials due to their unique properties, such as
high initial magnetic permeability, high resistivity and low hysteresis loss [1,2]. More recently,
nanostructured Mn-Zn ferrites have been applied in medical procedures, such as magnetic carriers
for bioseparation, enzymes and proteins immobilization and as marker in the diagnosis of several
diseases [1]. Magnetic and electrical properties of these nanoparticles are closely related to their
crystal structure and microstructure, therefore, the characterization of their properties and behavior
under temperature changes is of utmost importance [2,3].

In this study Mn-Zn ferrite nanoparticles were synthesized by the co-precipitation, using
different pH for the precipitating solution and characterized by X-ray powder diffraction (XRD), X-
ray fluorescence (XRF), thermal analysis (TA), dynamic light scattering (DLS) and scanning
electron microscopy (SEM) techniques. The crystal structure was modeled using Rietveld analysis
and the microstructure characterization was performed by Single-Line [4] and Warren-Averbach [5]
methods to determine mean crystallite size, microstrain and crystallite size distribution.

Experimental

Mny ¢7Zn¢ 33Fe;04 nanoparticles were synthesized by wet chemical co-precipitation, using
analytical grade manganese chloride tetrahydrate (MnCl,.4H,0), zinc chloride (ZnCl,) and iron
chloride hexahydrate (FeCl;.6H,O). The salts were dissolved in de-ionized water to obtain free
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Fe’*, Mn®" and Zn®" ions solution. This solution was dropped into alkaline solutions, containing
sodium hydroxide (NaOH) to obtain the desired pH (9.5, 10.5 and 12.0). The co-precipitations were
performed under vigorous stirring and heating at 95 °C. Resulting powders were vacuum-filtered
and washed with distilled water to remove sodium and chloride ions and dried at 70 °C for 24 h.

The samples were characterized by thermal analysis (Thermobalance Setaram Labsys
Instrumentation, TG-DTA/DSC) under dynamic air and heating rate of 10 °C.min” in alumina
crucibles. The particle size distribution was obtained by dynamic light scattering (ZetaPALS-Zeta
Potential Analyzer) in aqueous suspensions with 0.1% w/w of solid.

X-ray diffraction data was collected with Bragg-Brentano geometry (Rigaku Ultima IV) with
CuKa radiation. The measurements were performed in the 26 range of 10° up to 100°, at 0.02° steps
and 20 sec/step counting time. The divergence, antiscatter and receiving slits were set to 1/2°, 1/2°
and 0.3 mm, respectively. X-ray fluorescence measurement was performed with a Shimadzu EDX-
720 spectrometer using 50 kV and 100 mA with a 1.0 mm beam.

Structural parameters were determined by Rietveld refinement using the software TOPAS 4.2 [5].
Mean crystallite sizes and microstrains were determined using Single-Line (SL) [3] and Warren-
Averbach (WA) methods [4] using a procedure described in a previous work [7]. The crystallite
sizes distribution can be determined using the results of both methods [6,7]. For this determination,
it was assumed that the crystallite size distribution follows a lognormal distribution and the
crystallites have spherical shape.

Results and discussion

In Fig. 1a XRD patterns for the samples synthesized with different pH are presented. It can be
observed that all samples present mainly the desired spinel ferrite phase (peaks indicated with F).
However, secondary phases were found for the samples synthesized at pH 9.5 and 12.0, being one
of them a-Fe,O3; (peaks indicated as H) and the other a non-identified phase (indicated with *).
These non-identified phase peaks can be related to either Fe or FeO, however some peaks of these
phases can be overlapped with those of the main phase and the identification is hampered.

The particle sizes of samples synthesized with pH 9.5, 10.5 and 12.0, were analyzed in neutral
pH by DLS and the distribution can be seen in Fig. 1b. Considering the crystallite sizes determined
from X-ray diffraction data (Table 2), it can be verified that the particles are in fact formed by
agglomeration of grains. In the cumulative size distribution (D;o, Dsg and Dyy), presented in Table 1,
it can be seen that the agglomerate sizes increase with pH. This is an indication that the pH of the
precipitating solution can influence the surface properties of the material.
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Fig. 1. (a) XRD profiles of Mn-Zn ferrites prepared by co-precipitation with different pH. Peaks
labeled F indicate those related to Mng 75Zng 2sFe;O4 spinel phase (ICSD 28515), H to a-Fe,O;
(ICSD 66756) and * for non-identified phases and (b) Particle size distribution.
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Table 1. Cumulative agglomerate size distribution of Mn-Zn ferrite synthesized with pH 9.5, 10.5
and 12.0.
pH 95 105 12.0
Dio[nm] 320 527 697
Dso[nm] 575 863 1024
Doo[nm] 1052 1430 1522

The subsequent analysis was performed only for the sample synthesized at pH 10.5, since peaks
of secondary phases can give biased results.

The lattice parameter value obtained by Rietveld refinement for the sample synthesized at pH
10.5 (Fig. 2a) was 0.8442(3) nm with a Ry, of 5.1%. Using a plot of lattice parameter versus the Zn
concentration from a study performed by Rath et al. [8], adapted in Fig. 2b, we can estimate the Zn
content of this sample as being about 33 at %, in accordance with the nominal value. This result is
higher than the value determined by XRF of 28 at %. This difference can be attributed to the
difference in the synthesis methods. In the study by Rath et al. [8] it was used hydrothermal
synthesis at 180 °C to prepare the ferrites, which can provide distinct cation distribution in the
spinel, relatively to co-precipitation method [9,10] used in our study. The difference may also be
due to the composition so that the more crystalline portion of the particles is richer than 33 at % in
Zn and the other portion is amorphous with lower content of Zn, resulting in the average value 28%.
The difference in composition may result from the dissolution of Zn in the form of coordination
compounds.
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Fig. 2. (a) Rietveld refinement for the Mn-Zn ferrite sample synthesized with pH 10.5. (b) Lattice
parameter versus Zn concentration. In black circles: values from the study done by Rath et al. [§];
red star: value obtained for the Mn-Zn ferrite in our study.

Mean crystallite sizes were determined using Single-Line (SL) [4] and Warren-Averbach (WA) [5]
methods using (022) and (044) planes reflections according to a procedure described in a previous
work [7]. The mean crystallite size given by SL is a volume-weighted mean value (Ly), while the
Warren-Averbach method provides an area-weighted mean value (L,). It was obtained for L, and
Ly, 8.7(5) and 11.1(3) nm, respectively and a root mean square strain (RMSS) of 5.1x107. The
RMSS value is low, which indicates that the sample presents negligible microstrain. Using both, La
and Ly it is possible to determine the crystallite size distribution [8]. For this study, it was assumed
crystallites with spherical shape and a lognormal distribution. The crystallite size distribution
revealed narrow dispersion of sizes, with mean value of 10.1 nm and standard deviation of 3.7 nm.

Thermal analysis was performed on the sample in order to determine the temperatures where
transformations occur (Fig. 3a). The thermogravimetric evolution from ambient temperature to
1200 °C shows a continuous decreasing corresponding to water loss. The simultaneously obtained
DTA curve shows an endothermic process up to 100 °C, which can be attributed to water
evaporation. The exothermic process from 100 °C to 200 °C is due to the decomposition of
hydroxides, described by the Eq’s. 1 and 2 for the lower range of temperature and Eq. 3 near to 200
°C and spinel phase crystallization.
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Fig. 3. (a) Thermal analysis, TG and DTA of Mn-Zn-ferrite and (b) particle size distribution of Mn-
Zn ferrite synthesized with pH 10.5 after heat-treatments.

In the DTA curve, the peak at approximately 325 °C corresponds to the segregation of hematite
phase (a-Fe;Os), which corroborates with the plateau on the TGA curve. Between 1130 °C and
1200 °C occurs the incorporation of a-Fe,O3 and recrystallization of the Mn-Zn ferrite spinel phase
[1] as evidenced by XRD (Fig. 5). Based on these analyses, the sample was heat-treated at 280 °C,
480 °C and 800 °C in air and analyzed by dynamic light scattering (DLS) to determine particle sizes
distributions. Results for cumulative distributions are presented in Fig. 3b. Mean particle sizes (MS)
and polydispersity index (PI) are summarized in Table 2

Table 2. Mean particle sizes (MS) and polydispersity index (PI) of Mn-Zn ferrite synthesized with
pH 10.5 and heat-treated at 280 °C, 480 °C and 800 °C.
Sample MS (nm) PI
280 °C 654 0.280
480 °C 852 0.277
800 °C 1159  0.184

From the results presented in Table 2 the MS increase with temperature, which indicates that the
particles agglomerate with increasing temperature. On the other hand, the PI decreases with
temperature, indicating that the distribution becomes narrower with increasing temperature. The
values between 0.184 and 0.280 indicate a moderate size distribution. The heat-treated samples
were then analyzed by SEM. The images presented in Fig. 4 show that agglomerates with similar
morphology form when the samples are calcined between 280 °C and 800 °C, i.e., it forms soft
agglomerates and its sizes does not increase with temperature. However, the sample calcined at
1200 °C contains dense particles with larger sizes, due to the sintering.

Fig. 4. SEM images of Mn-Zn ferrlte powders heat-treated at (a) 280 °C (b) 800 °C and
(c) 1200 °C.

XRD patterns for the as-synthesized and heat-treated Mn-Zn ferrite samples are presented in Fig.
Sa. It can be observed that the heat treatment at 280 °C promotes segregation of a-Fe,Os phase and
that treatments at 480 °C and 800 °C were not effective to eliminate this secondary phase, although
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a crystallite growth, evidenced by the narrowing of peaks, can be observed. However, a-Fe,O3 was
not observed when the sample was treated at 1200 °C. This can be attributed to the incorporation of
a-Fe,O3 by the spinel phase exhibiting a well crystallized cubic spinel-ferrite at this temperature
[1,10]. Some samples presented also a small contamination of SiO,, probably from the borosilicate
experimental apparatus used in the synthesis. Rietveld analysis has provided the results for cell
parameters, phase density, mean crystallite size and microstrain for all samples. Results are
presented in Table 3 and a plot of mean crystallite size and microtrain; cell parameters and density
versus temperature in Fig. 5b. Mean crystallite size (D) and microstrain (e) definitions can be seen
in the work of Balzar et al. 2004 [11].
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Fig. 5. (a) XRD profiles for the as-synthesized and heat-treated Mn-Zn ferrite samples obtained
using pH 10.5. F stands for M-Zn ferrite, S for SiO, and H for a-Fe,Os. (b) mean crystallite
size/microstrain and (c) cell parameter/density of Mn-Zn ferrite samples versus temperature.

Table 3. Cell parameters (a), density (pxrp), mean crystallite size (D) and microstrain (ey) by
Rietveld refinement of XRD data.

Sample a (nm) p (g/cm3) D (nm) () Rwp (%)
AS 0.84369 (17)  5.166 (3) 9.8(0.8)  0.00298 (51) 5.9
280°C  0.83437(32) 5.123(22) 9.5(1.3)  0.00670 (56) 11.6
480°C  0.83869 (26)  5.240 (5) 12.1(1.8)  0.00597 (46) 11.2
800°C  0.84736 (10)  5.098(2)  73.1(30.5) 0.00193 (21) 11.8
1200°C  0.84862 (1) 5.076 (2) 87.6 (4.8) 0 14.0

The treatment at 280 °C induced an increase in the microstrain, which was eliminated after
treatment at higher temperatures, followed by an increase of mean crystallite sizes as expected.
Also, a slight cell parameter and density decrease can be seen at 280 °C followed by an increase of
cell parameter for higher temperatures. Density reaches its maximum at 480 °C to decrease after.
This is due to segregation of a-Fe,O; phase and to the elimination of hydroxides and crystallization,
as confirmed by the exothermic peak at 280 °C in the DTA curve. From 480 °C to 1200 °C is
observed a continuous increase of cell parameter and decrease of density.

Conclusions

It was possible to conclude that the pH of 10.5 is the better condition to prepare monophasic Mn-
Zn ferrite nanoparticles. Using the lattice parameter obtained by Rietveld refinement, the Mn-Zn
ferrite composition was estimated as Mny¢;Zng33Fe;,04. Nanosized particles were successfully
obtained as confirmed by size-strain analysis using Single-Line and Warren-Averbach methods.
Crystallite size distribution presented a narrow distribution around 10 nm. TG-DTA showed an
endothermic process up to 100 °C (water evaporation) and an exothermic process from 100 °C to
200 °C (decomposition of hydroxides and spinel phase crystallization). Segregation of a-Fe,O3
occurs at approximately 325 °C but it was incorporated at 1130 °C and 1200 °C, where
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recrystallization of the Mn-Zn ferrite spinel phase occurred. DLS showed that the polydispersity of
the sample decreases with temperature and that the particle tends to agglomerate with increasing
temperature. SEM revealed soft agglomerates when calcined between 280 °C and 800 °C, however,
its size does not increase with temperature. Nevertheless, when calcined at 1200 °C, dense particles
with larger sizes are observed. Lastly, the heat-treatment at 280 °C increased the microstrain, which

was eliminated at higher temperatures, followed by an increase of mean crystallite size up to 87.6
(4.8) nm.
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