N
N

N

HAL

open science

Preparation and characterization of nanosized
magnesium ferrite powders by a starch-gel process and

corresponding ceramics
Roberto Koferstein, Till Walther, Dietrich Hesse, Stefan G Ebbinghaus

» To cite this version:

Roberto Koferstein, Till Walther, Dietrich Hesse, Stefan G Ebbinghaus. Preparation and character-
ization of nanosized magnesium ferrite powders by a starch-gel process and corresponding ceramics.
Journal of Materials Science, 2013, 48 (19), pp.6509-6518. 10.1007/s10853-013-7447-x .

HAL Id: hal-01995695
https://hal.science/hal-01995695
Submitted on 27 Jan 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

hal-01995695


https://hal.science/hal-01995695
https://hal.archives-ouvertes.fr

Journal of Material Science (2013) 48:6509-6518
(DOI 10.1007/s10853-013-7447-x)

http://link.springer.com/article/10.1007/s10853-013-7447-x

Preparation and characterization of nano-sized magnesium ferrite powders

by a starch-gel process and corresponding ceramics

Roberto Koferstein®', Till Walther®, Dietrich Hesse?, Stefan G. Ebbinghaus”

“Institute of Chemistry, Inorganic Chemistry, Martin-Luther-University Halle-Wittenberg,
Kurt-Mothes-Strasse 2, 06120 Halle, Germany.
®Max Planck Institute of Microstructure Physics, Weinberg 2, 06120 Halle, Germany.

* Corresponding author. Tel.: +49-345-5525630; Fax: +49-345-5527028.
E-mail address: roberto.koeferstein@chemie.uni-halle.de

Abstract. The synthesis and characterization of nano-sized MgFe,O,4 by a starch-gel method
is described herein. A phase-pure nano-sized MgFe,Os powder (la) was obtained after
calcining a (MgFe)-starch gel at 550 °C. The powder has a specific surface area of 60.6 m*/g
and a crystallite size of 9 nm. TEM investigations reveal particles in the range of 7 to 15 nm.
The activation energy of the crystallite growth process was calculated as 89 + 14 kJ/mol. The
shrinkage and sintering behaviour of resulting compacts were studied. UV-VIS investigations
of the nano-sized powder 1a reveal an optical band gap of 2.38 eV, whereas calcination at
1100 °C (powder 1g) leads to a crystallite size of 129 nm and a band gap of 2.16 eV.

Magnetization loops at 300 K and the temperature dependence of both the field-cooled (FC)



and the zero-field-cooled (ZFC) magnetization indicate a superparamagnetic behaviour. The
blocking temperature for powder 1a was determined as 140 K at a field of H = 500 Oe. We
found different saturation magnetizations (M;) depending on the calcination temperature.
Calcination at 550 °C (1a) results in My = 20.0 emu/g which increases with calcination
temperature to a maximum of 37.7 emu/g for powder le calcined at 900 °C. Ceramic bodies
sintered between 1450 and 1600 °C exhibit M values of 25-28 emu/g. Magnetic
investigations at 10 K on powders 1a—1g show hysteresis loops with coercivities up to 950
Oe, remanences to 10 emu/g and M; values to 50.4 emu/g. Additionally, the nano-scaled

powders show a shift of the hysteresis loops.
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1. Introduction

Magnesium ferrite (MgFe,0,) 1s an important functional magnetic material which crystallizes
in the spinel structure type. MgFe,04s—based materials have found applications in microwave
devices, computer memory chips and high-density recording media [1,2]. MgFe,O4 can also
be used as catalyst for the oxidation of styrene [3], the dechlorination of polychlorinated
aromatic compounds [4], and the decomposition of carbon particulates [5]. Dom et al. [6]
investigated the photocatalytic activity and Xiong et al. [7] showed a catalytic effect of
magnesium ferrite in a heterogeneous Fenton-like reaction.

Furthermore, MgFe,0, finds application as gas- and humidity sensor [8,9], as semiconductor
[10], and is also used as an inorganic pigment [11,12,13]. In addition it has been shown that
MgFe,0; is a promising candidate for local heat treatment in human cancer therapy [14,15].
Okawa et al. [16] used MgFe,O4 as cathode material in a molten carbonate fuel cell (MCFC).
Moreover, composite materials consisting of MgFe,O4 and BaTiO; show multiferroic

properties [17].



MgFe,04 is a soft-magnetic n-type semiconducting material with a Néel temperature of
around 400 °C [18,19]. The crystal structure lies between a normal spinel and an inverse
spinel type and the fraction of tetrahedral sites occupied by Fe**-ions depends on the
temperature [18,19,20]. For this reason the chemical formula of magnesium ferrite can be
written as T(Mg1_xFex)O(Mg,CFez_,C)OAL, where T and O represent the tetrahedral and octahedral
sites of the spinel-type structure, respectively. The inversion parameter x reflects the fraction
of iron cations occupying the tetrahedral site [18,19].

To synthesise MgFe,04 nanoparticles various chemical and physical approaches are reported
such as high-energy ball milling [21], sol-gel [22], micelle [23,24], polymerization/co-
precipitate [5,25,26] and combustion methods [27]. An electrospinning procedure was
published by Maensiri et al. [28].

The aim of this paper is to describe a versatile and cheap one-pot synthesis route to obtain
nano-sized MgFe;O4 by decomposition of a (MgFe)-gel using starch both as gellant and
complexation agent. We have examined the decomposition process to MgFe,O4 via
thermogravimetry (TG), mass spectroscopy (MS), and differential thermal analysis (DTA).
Phase evolution and grain growth kinetics during the formation of MgFe,Os have been
investigated by X-ray powder diffraction (XRD). For the obtained powders of various particle
sizes optical band gaps, magnetic properties, and the sintering behaviour yielding dense

compacts have also been studied.

2. Experimental

2.1. Material preparation

Mg(NOs3),-6H,O (0.006 mol, Alfa Aesar, >98 %) and Fe(NO3)3-9H,O (0.012 mol, Merck,
ACS) were dissolved in 15 ml water. 2 g soluble starch (Sigma-Aldrich, p.a) were added and

the mixture was stirred on a heating plate for 15 min at room temperature. Afterwards the



temperature was raised to about 120—140 °C and the mixture was stirred and heated until it
turned into a highly viscous red gel.

This (MgFe)-gel was calcined in static air at various temperatures for 2 h with a heating rate
of 5 K/min to yield MgFe,O4 powders (1a—1f) with different particle sizes.

For comparative purposes, a coarse-grained MgFe,O, powder (2) was prepared via the
conventional mixed-oxide method. Stoichiometric amounts of Fe,O; (Sigma-Aldrich, 99 %)
and MgO (Sigma-Aldrich, 99 %) were well ground together in an agate mortar and fired at
1250 °C for 24 h in static air.

Tab. 1 summarizes the synthesis conditions of the MgFe,O4 powders.

For the sintering investigations, powder la and 2 were mixed with 5 wt% of a saturated
aqueous polyvinyl alcohol (PVA) solution as pressing aid and then the powders were pressed

into pellets.

2.2. Characterization

X-ray powder diffraction patterns with a step size of 20 = 0.01° were collected at room
temperature on a Bruker DS8-Advanced diffractometer, equipped with a one-dimensional
silicon strip detector (LynxEye™) and operating with Cu-K, radiation. Powder patterns were
refined with the profile fitting software PowderCell [29]. Crystallite sizes were determined
from the XRD line broadening using the Scherrer equation and the integral peak breadth
(software suite WinXPOW [30]). The Wilson-equation was used to determine the strain
parameter [30,31]. Dilatometric (shrinkage) investigations were performed in a flowing
synthetic air atmosphere (50 ml/min) in a Setaram TMA 92-16.18 dilatometer. Simultaneous
thermogravimetric (TG), mass spectrometry (MS) and differential thermoanalytic (DTA)

measurements in flowing synthetic air (30 ml/min) were performed using a Netzsch STA 449
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system equipped with a quadrupole mass spectrometer ESD 100 (InProcess Instruments). The
thermoanalytic measurements of the decomposition of the (MgFe)-gel were carried out on a
sample preheated at 200 °C for 1 h. The specific surface area (BET) was determined using
nitrogen five-point gas-physisorption (Nova 1000, Quantachrome Corporation). The
equivalent BET particle diameters were calculated assuming a spherical or cubic particle
shape [32]. ATR-Fourier transformed infrared (FT-IR) spectra were collected at room
temperature using a Bruker Tensor 27 spectrometer equipped with a diamond ATR unit.
Transmission electron microscopy (TEM) samples were prepared by dispersing the powder in
alcohol under ultrasonic agitation, and collecting it onto a copper TEM grid covered with a
carbon membrane. TEM images were recorded with a Philips CM20Twin at an electron
energy of 200 keV. Scanning electron microscope images were recorded with a Philips X130
ESEM (Environmental Scanning Electron Microscope). Diffuse reflectance spectra were
obtained at room temperature in the range 380—1000 nm using a Perkin Elmer UV-VIS
spectrometer Lambda 19. BaSO,4 was used as a white standard. Magnetic measurements were
carried out using a PPMS 9 from Quantum Design. Hysteresis loops were taken at 300 K and
10 K with magnetic field cycling between —90 and +90 kOe. In addition, the temperature
dependent magnetic moments were measured at H = 500 Oe in the temperature range of 5 to

300 K using field-cooled (FC) and zero-field cooled (ZFC) conditions.

3. Results and discussion

3.1. Thermal analysis

Heating of the (MgFe)-gel at 200 °C for 1 h in air resulted in a black-brown powder.
Simultaneous TG-MS and DTA investigations up to 700 °C in flowing air (heating rate: 5
K/min) were carried out on this powder (Fig. 1a). We detected a weight loss of 7.5 % up to
250 °C by the evaporation of water from the surface, due to the hygroscopic nature of the
sample. The DTA curve shows a very weak endothermic signal and the MS curve has a weak
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signal for m/z = 18 (see inset in Fig. 1a). The strongly exothermic reaction between 285 and
319 °C is accompanied by a total weight loss of 49.2 %. This exothermic reaction is
characterized by the evolution of CO,, H,O, NO,, and NO and suggests a self-combustion like
process in which the nitrate ions act as an oxidizing agent and the (partly decomposed) starch
molecules as fuel. A proceeding second weaker exothermic process is finished at 408 °C.
Simultaneous mass spectroscopy indicated the evaporation of small amounts of CO,, NO,,
and NO. A very slight last weight loss is completed at about 600 °C and the total weight loss
accounts to 56.8 %. XRD investigations on the final brown product indicated phase-pure
cubic MgFe,04 [33].

Fig. 1b shows TG/DTA measurements of the same powder as above but in argon atmosphere
and up to 900 °C (heating rate: 5 K/min). Up to 500 °C we observed a weight loss of 51.3 %.
XRD investigation of the black intermediate at 500 °C revealed weak reflections of FeO and
elemental iron [33]. A last decomposition process between 570 and 830 °C led to a total
weight loss of 64.0 %. The decomposition processes are accompanied by two endothermic
signals. In contrast to the thermoanalytic measurements in air the decomposition in argon
atmosphere results in a mixture of MgFe,O4, Mg <FexO [33] and elemental iron. The
formation of both elemental iron and Mg; \FeO was also observed in the reduction of
MgFe,04 with H; [34]. The decomposition in argon atmosphere shows that atmospheric
oxygen is essential for that combustion-like decomposition process to prepare phase-pure

M gF6204.

3.2. XRD, TEM, IR

Fig. 2 shows the phase evolution during the thermal decomposition of the red (MgFe)-gel. For
these XRD investigations the samples of the (MgFe)-gel were heated in a muffle furnace in
static air at various temperatures for 2 h (heating rate 5 K/min) resulting in fluffy powders.

The as-prepared (MgFe)-gel is X-ray amorphous (Graph 2a). Up to a calcination temperature



of 400 °C we obtained only a weak and broad reflection around 20 = 35° possibly due to the
presence of Fe,Os [33]. Broad reflections of pure cubic MgFe,04[33] appeared after a thermal
treatment at 550 °C (Graph 2c¢). The resulting powder (1a) has a BET specific surface area of
60.6 m*/g corresponding to an equivalent particle size of 22 nm, which can be considered as
the average size of the primary particles [35]. The volume-weighted average crystallite size
(Scherrer equation) was calculated to be 9 nm. According to the Wilson-equation [31] the
root-mean-square strain was found to be 5.5-10° (see also Tab. 1). The calculated crystallite
size is roughly by the factor two smaller than the size of the primary particles obtained from
the BET data because the calcination procedure of the (MgFe)-gel leads to closely joined
crystallites and surface areas unavailable for nitrogen adsorption [32]. TEM investigations
(Fig. 3) of powder 1a mainly show particles in the range of 7 to 15 nm as well as a small
fraction of larger particles up to 20 nm. Graphs 2d and 2e exemplarily show XRD patterns of
powders 1c and 1f calcined at 700 and 1100 °C, respectively. With higher calcination
temperature the resulting powders show a decreasing specific surface area and increasingly
crystallite sizes. The root-mean-square-strain is reduced with raising calcination temperature
and is almost constant from 900 to 1100 °C (see Tab. 1).

The kinetics of crystallite growth can be expressed by the following phenomenological

equation (1) [36]:

-E
D" — D" = kt-e—2 1
0 RT (1

where Dy is the initial crystallite size, D the crystallite size after calcination for the time ¢ and
at temperature 7, k is the pre-exponential constant, m the crystallite growth exponent, E4 the
activation energy for the crystallite growth process and R the universal gas constant.

The initial crystallite size Dy is usually negligibly small, therefore equation 1 can be

simplified to:



D" = kpe —La 2)
RT

The kinetic crystallite growth exponent m can be determined from the inverse slope of InD vs.
Inz. For that purpose we estimated the crystallite sizes after calcining the (MgFe)-gel at 600
°C for different times from 2 h up to 100 h. From Fig. 4a the crystallite growth exponent was
found to be m = 7.7. The activation energy of the crystallite growth process during the
calcination can be calculated from the slope of an Arrhenius plot (InD"'/¢ vs. 1/T) as shown in
Fig. 4b. It was calculated as E4 = 89 £ 14 kJ/mol.

Fig. 5 represents FT-IR spectra (ATR technique) of the (MgFe)-gel, corresponding calcination
products at 550 °C (powder 1a) and 1000 °C (powder 1f). The broad band between about
3700 and 2600 cm in the spectrum of the (MgFe)-gel (Graph 5a) is caused by O-H
stretching and C—H stretching vibrations from water and starch molecules [37]. The O-H
bending mode is reflected by an absorption band at 1635 cm™ [38]. Anti-symmetric and
symmetric N-O vibrations from NOs - ions appear at 1339 cm™ and as a shoulder at 1042 cm®
! [38]. The additional shoulder at 1406 cm! represents O—C—H, C—C—-H, and C—O—-H bending
modes from the starch [37]. C—O-H groups cause C-O stretching vibrations at 1152 cm™,
whereas C—O stretching modes from C—O—C groups appear at 1080 and 1022 cm™ [39].

The IR spectra of powder 1a and 1f show two characteristic adsorption bands v; and v,
(Graph 5b,c) The higher frequency band (v;), which appears at 539 (1a) and 536 cm’ (1f) can
be assigned to an iron—oxygen stretching vibration on the tetrahedral site. The lower
frequency band (v») at 395 (1a) and 402 cm™ (1f) is caused by the iron—oxygen stretching
vibration on the octahedral site [40]. According to Josyulu and Sobhanadri [41] the weak
absorption band at around 350 and 360 cm™ (v3) stems from a magnesium—oxygen stretching

vibration on the octahedral site.



The XRD patterns of the nano-powder 1a was refined on the basis of a cubic unit cell (space
group: Fd-3m) [42] and the cell parameter was calculated as a = 838.40 pm, which

corresponds well to previously reported data for MgFe,O4 [18,42].

3.3. Sintering behaviour and microstructure

Fig. 6 shows the non-isothermal dilatometric investigations up to 1550 °C in flowing air
(heating rate: 10 K/min). Since the green compacts 1a (2.0 g/cm3 )and 2 (3.3 g/cm3) strongly
differ in their densities the values of the relative shrinkage are not directly comparable.
Therefore, from the relative shrinkages the evolution of the relative densities was calculated
assuming an isotropic behaviour of the compacts.

The shrinkage behaviour of compact 1a reveals a distinctive two-step characteristic. A first
shrinkage process starts at about 610 °C and has a maximum of the shrinkage rate of -0.86
%/min at 820 °C. The second step begins at 1150 °C and shows a shrinkage rate maximum at
1323 (-0.28 %/min). The first step accounts to about 60 % of the total shrinkage. The rates of
both shrinkage steps are more than 0.1 %/min indicating sliding processes (viscous flow) as
dominant shrinkage mechanism, primarily caused by the nano particles [43,44]. Between the
two shrinkage steps there is a plateau at about 950—1150 °C where the shrinkage is very
small. According to investigations of Hirata et al. [45] we assume that this stage is dominated
by grain growth within secondary particles (agglomerate) in such a way that almost no pores
are eliminated. The final calculated relative density reaches 85 % at 1550 °C.

For comparison purposes we also investigated a coarse-grained MgFe,O4 powder (2). That
powder (Graph 2f) results from a conventional mixed-oxide synthesis at 1250 °C for 24 h and
has a specific surface area of 1.1 m*/g and an equivalent particle size of 1215 nm.

The shrinkage of compact 2 starts at approximately 1150 °C and a small shrinkage rate
maximum of -0.09 %/min appears at 1185 °C. At about 1380 °C the slope of the shrinkage

curve changes, indicating a second shrinkage step, which is not yet finished up to 1550 °C.
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The sample reaches a final relative density of 80 %. Since the low shrinkage rate of compact 2
is about 0.1 %, sliding processes play no important role during the sintering. Hence diffusion
processes are more relevant during the densification of the micrometer-sized compact 2 than
in the nano-particular compact 1a [44].

The final bulk densities of ceramic bodies of 1la after isothermal sintering at various
temperatures with a soaking time of 1 and 10 h, respectively, are shown in Fig. 7. The bulk
densities of the sintered bodies were calculated from their weight and geometric dimensions.
The relative bulk densities (r.d.) of the ceramic bodies refer to the crystallographic density of
4.49 g/cm3 [46]. After a soaking time of 1 h we obtain ceramic bodies with a relative density
of 84 % at 1450 °C (grain size: 3—15 um, Fig. 8a) and 88 % at 1500 °C (grain size: 3.5-15
um). Dense ceramic bodies (relative density = 90 %) form only at a sintering temperature of
1550 °C (90 %, grain size: 618 um) and a relative density of 94 % is found at 1600 °C (grain
size: 625 um). However, a prolonged soaking time of 10 h leads to dense ceramic bodies
even at 1450 °C (91 %, grain size: 4-28 um, Fig. 8b). At 1500 °C and 1550 °C the relative
densities are raised to 93 and 96 % and the grain sizes are in the range of 5-42 and 1650 um,
respectively. EDX analysis on the surface of a compact sintered for 10 h at 1550 °C reveal
some grains consisting of MgO. The XRD pattern (not shown) of that ceramic shows
reflections of cubic MgFe,O4 and traces of MgO. These results are consistent with
investigations reported by Phillips et al. [47]. They found in samples after equilibration at =
1500 °C besides the main phase MgFe,O4 the secondary MgO phase. Ahmed et al. [48]
sintered a conventional mixed-oxide MgFe,O4 powder at 1550 °C for 2 h and obtained a
ceramic body with a density of 3.71 g/cm’ (83 %).

From these experiments it is evident that the nano-crystalline MgFe,O, prepared from the

decomposition of the starch precursor shows improved sintering properties, which is
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advantageous for all applications that require dense ceramics, such as in microwave devices

[1,49].

3.4 Magnetic measurements

Table 2 summarizes the magnetic data of the MgFe,O4 powders 1a—1g. The evolution of
magnetization (M) depending on the applied field (H) at 300 K is demonstrated in Fig. 9 for
powders 1a, 1c¢, 1e and 1g. The saturation magnetization (M;) was evaluated by extrapolation
of the magnetization versus 1/H to 1/H — 0, according to the Law of Approach to Saturation
[50]. Magnetic measurements at 300 K reveal a saturation magnetization for sample 1a of Mg
= 20.0 emu/g, which increases with increasing crystallite size and/or calcination temperature
and reaches a maximum of Mg = 37.7 emu/g at 900 °C. Further calcinations at 1000 and 1100
°C and thus increasing crystallite sizes cause a gradual reduction of My (inset in Fig. 9). It is
well known that among other things M is influenced by the crystallite size, the inversion
parameter (x), and surface effects (i.e. spin-glass like behaviour of the surface spins) [23,51].
With increasing particle size, surface effects are gradually reduced. Therefore the reduction of
M; from crystallite sizes above 60 nm (powder 1f, 1g) is possibly dominated by an increase of
x [51,52].

The coercivity (H.) and remanence (M;) values for sample 1a and 1b are very small indicating
a superparamagnetic behaviour [23] in accordance with the observed small crystallite sizes.
The calculated M,/M; ratios for all samples are lower than 0.1 indicating an appreciable
fraction of superparamagnetic particles at 300 K [53]. Fig. 10 exemplarily shows the
temperature dependence of the magnetization under zero-field-cooled (ZFC) and field-cooled
(FC) conditions with an external field of 500 Oe for powder 1a. The magnetization of the FC
curve decreases with increasing temperature, while the ZFC curve increases as temperature is
increased up to a maximum corresponding to the blocking temperature (Tg). Above the
blocking temperature the ZFC curve starts to decrease. The formation of a maximum in the
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ZFC curve is a result of the superparamagnetic behaviour of the sample [54]. Ty increases
with the crystallite size from 140 K for powder 1a (deyst = 9 nm) to 210 K for powder 1¢
(deryst. = 13 nm). Chen and Zhan [55] determined a blocking temperature for MgFe,O4
nanoparticles (11 nm) of about 170 K, in good accordance with values found in this work.

Below the blocking temperature the field dependent magnetization of the MgFe,04 powders
show the formation of pronounced hysteresis loops. Fig. 11 shows M—H loops at 10 K for
powders 1a, 1c, 1e, and 1g, exemplarily. Values of the coercivity between 950 and 60 Oe and
remanences between 10.3 and 5.0 emu/g were found, indicating a ferromagnetic behaviour
(inset I in Fig. 11). My values at 10 K are in the range from 28.3 to 50.4 emu/g, whereas the
dependence of M; on the crystallite size is analogous to the measurements at 300 K (inset II in
Fig. 11). Closer inspection shows a small shift (AH.) of the hysteresis loops (exchange bias-
like) at 10 K of the nano-scaled MgFe,O4 powders (Tab. 2) in the negative direction, therefore
we found different coercivity values for decreasing and increasing field as demonstrated for
powder 1a in Fig. 12. Based on Nogues and Schuller [56] the coercivity shift is defined as
AH, = |O.5(Hc(df) + Hean) |, where Hcr 1s the coercivity at decreasing field and Hcp is the
coercivity at increasing field. AH. describes the shift of the centre (half width) of the
hysteresis loop with respect to the origin (H = 0). Powder 1a with d¢ys = 8 nm has a loop shift
of AH, = 81 Oe, which decreases with increasing crystallite size (inset in Fig. 12). Loop shifts
between 60-200 Oe were also found in high-energy milled nanocrystalline MgFe,O4
[52,57,58]. Loop shifts occur in materials with ferromagnetic/anti-ferromagnetic interfaces
(exchange bias) [56]. Calculations on spherical NiO nano-particles by Kodama et al. [59]
showed that the loop shift originates from the interaction between the reduced coordinated
surface spins and the core. According to the core-shell model by Sepelak et al. [57] we can

assume that the nanocrystalline MgFe,O,4 consist of a ferrimagnetic core and a surface (grain

12



boundary) with uncompensated spins. The exchange coupling between the core and the shell
leads to the observed loop shift.

M-H loops at 300 K of ceramic bodies sintered at 1450 °C for 1 h (grain size: 3—15 um)
reveal a Mg value of 28.2 emu/g, which only slightly decreases to about 26 emu/g after
sintering at > 1500 °C (Fig. 13, Tab. 3). Sintering for 10 h leads to the same tendency.
Measurements at 10 K reveal saturation magnetizations between 32.7 and 35.9 emu/g.
Coercivity and remanence of the ceramic bodies do not differ significantly from zero and
indicated a blocking temperature above 300 K.

The coarse-grained powder 2 has a saturation magnetization of 28.2 emu/g at 300 K and 32.6
emu/g at 10 K and its magnetic behaviour is similar to the ceramic bodies described above.
The saturation magnetizations both for the ceramic bodies and powder 2 are in good

agreement with the reported My value of 33 emu/g at 3 K for bulk MgFe,O4 [57].

3.5. Diffuse reflectance measurements

Reported band gaps for MgFe,O4 samples are in the range of 2.0-2.2 eV [10,60,61]. To
determine the optical band gap of MgFe,0, diffuse reflectance spectra were recorded in the
range of 380 to 1000 nm, as demonstrated in Fig. 14. The samples show a high reflectance in
the visible range. The Kubelka—Munk theory was used for the analysis of diffuse reflectance

spectra as expressed by the following equation [62,63]:

(1-R)’

iy

“4)

where F(R) is the Kubelka—Munk function and R the reflectance.

The optical band gap can be determined according to equation 5 [64]:
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ohv=khv—E)"™ (5)

where « is the absorption coefficient, which is proportional to F(R), k is an energy-
independent constant, E, the optical band gap. The exponent n is determined by the type of
transition: n = 2 for direct allowed transitions, n = 2/3 for direct forbidden transitions, n = 1/2
for indirect allowed transitions and n = 1/3 for indirect forbidden transitions.

The McLean analysis [64,65] of the absorptions edge was applied to determine the exponent n
and thus the type of transition. In the range of the absorption edge (F(R)-hv)" vs. hv should
give a straight line. We found the best choice was n = 2 for all samples indicating that the

direct allowed transition is dominant in the samples. Hence equation 5 can be written as:

F(R)-hv=k(hv—Ep)" (6)

The optical band gap (E,) can be determined by plotting (F(R)-h 12 vs. hv and extrapolating
the slope to F(R) — 0 as exemplarily shown in the inset in Fig. 14.

For powder 1a (calcination at 550 °C) an optical band gap of 2.38 £ 0.05 eV was found,
whereas calcination at 1100 °C (powder 1g) lead to a reduction of the band gap to 2.16 = 0.02
eV. The reduction is probably a result of the crystallite-/particle growth [66] (see also Tab. 1).
The band gap energies of ceramic bodies sintered at 1450 °C and 1550 °C (soaking time 1 h)
do not significantly differ from each other and reveal slightly lower values of 2.11 £ 0.02 eV
and 2.10 £ 0.02 eV, respectively. On the other hand the coarse-grained mixed-oxide powder 2
has a band gap of 1.91 £ 0.01 eV. The variation of the band gap with increasing particle size

is an important aspect for photocatalytic applications of MgFe,O4 [6].
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Conclusion

We prepared nano-sized MgFe,04 powders by decomposition of a (MgFe)-gel obtained using
starch as a gellant and complexation agent. Calcining in air of the (MgFe)-gel at 550 °C leads
to a nano-crystalline powder (1a) with crystallite sizes of 9 nm. TEM images show particles
in the range of 7—15 nm. The crystallite size increases to 116 nm by calcining at 1100 °C. The
activation energy for crystallite growth was found to be 89 = 14 kJ/mol. Dilatometric
measurements of compacts of 1a show a distinctive two-step behaviour of the densification.
The shrinkage starts at about 610 °C. Dense ceramic bodies with relative densities = 90 % can
be obtained after isothermal sintering at 1550 °C for 1 h and 1450 °C for 10 h, respectively.
On the basis of diffuse reflectance spectra the optical band gap of MgFe,O,4 calcined at 550
°C (1a) was determined as 2.38 eV and was found to decrease with raising calcination
temperature and in turn increasing particle size to 2.16 eV (calcination at 1100 °C, 1d).
Ceramic bodies reveal optical band gaps at 2.1 eV.

Powder 1a shows a saturation magnetization of 20 emu/g at 300 K. Increasing calcination
temperatures to 900 °C cause a raising saturation magnetization up to 37.7 emu/g, whereas
M-H loops at 10 K reveal saturation magnetization up to 50 emu/g. We found a small shift
(exchange bias) of the hysteresis loops depending on the crystallite size at 10 K. The
MgFe,04 nano-sized samples show a typical superparamagnetic behaviour. They show the
formation of hysteresis loops below the blocking temperature, whereas above the blocking
temperature the hysteresis behaviour disappeared.

The saturation magnetization at 300 K of the obtained ceramic bodies varies only slightly
with temperature and soaking time and lies between 25 and 28 emu/g.

The MgFe,O4 powders show different magnetic properties depending on their particle sizes.

This offers the possibility to modify the magnetoelectric coupling phenomena in multiferroic
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composites. Additionally, the superparamagnetic samples are potential candidates for

applications as ferrofluid or contrast medium in the magnetic resonance tomography.
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Table 1

BET surface area, particle-/crystallite size and root-mean-
square-strain (€) of MgFe,O4 powders

Sample Calcination SBET dBET dcryst €
procedure (m%g) (m)” mm)? (x10%

1a 550 °C/ 2h 60.6 22 9 5.5
1b 600 °C/ 2h 39.6 34 11 39
1c 700 °C/ 2h 19.1 70 13 34
1d 800 °C/ 2h 6.0 223 32 1.3
le 900 °C/ 2h 32 418 57 0.8
1f 1000 °C/2h 2.6 514 86 0.8
1g 1100 °C/2h 2.3 573 129 0.8
2 1250°C/24h 1.1 1215 - -

1) calculated from the specific surface area

2) volume-weighted average crystallite size (Scherrer equation)

Table 2

Saturation magnetization (M;), coercivity (H.) and remanence (M;) of

synthesized MgFe,O4 powders at 300 K and 10 K

Sample

M; (emu/g)

H. (Oe)

AH, (Oe)?

M; (emu/g)

I0OK 300K

10KV

10K

300K 10KV

16



la
1b
1c
1d
le
1f

1g

20.0
23.0
28.3
35.5
37.7
36.9
33.9

28.3
31.8
38.4
47.4
50.4
49.5
48.6

~0

~0

15.2
67.2
56.6
63.4
10.5

950
671
390
220
146
143
62

81

67

33

11

3.5
3

1

~0
~0
0.4
3.0
2.8
29
0.6

6.6
7.5
9.7
9.5
7.9
7.5
5.2

D"'H,_ and M, (absolute values) were determined from the decreasing field
? calculated from AH, = |0.5(Hp + Hegp) |

Table 3

Saturation magnetization (M) of ceramic bodies from

powder 1a at 300 K and 10 K

Sintering condition Grain-size range (um) M; (emu/g)
300K 10K
1450 °C/ 1h 3-15 28.2 359
1500 °C/ 1h 3.5-15 265 335
1550 °C/ 1h 6-18 259 327
1600 °C/ 1h 6-25 26.6 334
1450 °C/ 10h 4-28 273 345
1500 °C/ 10h 5-42 253  31.8
1550 °C/ 10h 16-50 26.0 327

17
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Fig. 2 Room temperature XRD patterns of the (MgFe)-gel (a) and
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Fig. 3 TEM image of powder 1a
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