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The Characterization of Nanosized Nickel-Zinc Ferrites Synthesized
within Reverse Micelles of CTAB/1-Hexanol/Water Microemulsion

Vuk Uskokovié, Miha Drofenik , Irena Ban”

. »Jozef Stefan« Institute, Jamova 38, 1000 Ljubljana, Slovenia
Faculty of Chemistry and Chemical Engineering, Smetanova 17, 2000 Maribor, Slovenia

Abstract

Stoichiometric nanocrystalline nickel-zinc ferrites were synthesized by a reverse
micelle method following a multi-microemulsion approach. Different pH values were
chosen for the alkali precipitating reaction during the synthesis of different powders.
Synthesized, as-dried and subsequently calcined powders were characterized in terms of
their magnetic properties. XRD analyses and specific-surface area measurements were
used to determine the average particle sizes of the synthesized samples. DCS and TGA
measurements were performed to reveal the phase transitions within the samples at
elevated temperatures, whereas TEM was used to view and record the microstructure of
the nanosized ferrite samples. A possible mechanism of the formation of the synthesized
NiZn-ferrite was also discussed.

1. Introduction

Reverse micelles, which are essentially nanosized aqueous droplets that exist in
microemulsions with certain compositions, are known to represent an excellent medium
for the synthesis of nanoparticles with uniform morphologies'™. By varying different
parameters within a given microemulsion system, such as the concentrations or the molar
ratios of constitutive components, it is said to be possible to design the structure, the
properties and therefore the application of a synthesized product.

Nickel-zinc ferrites are magnetic materials that are much used by the modern
electronics industry. This is primarily due to their high electrical resistivities, which
implies low eddy-current losses that become significant at higher frequencies of
electromagnetic fields. Nickel-zinc ferrites also exhibit high values of saturation
magnetization, magnetic permeability, Curie temperature and dielectric constant, together
with high mechanical strength, good chemical stability, low coercivities and low
dielectric losses. The study presented here focused on the properties of nanocrystalline
NigsZngsFe,04 synthesized within reverse micelles of CTAB/1-hexanol/water
microemulsion.

2. Experimental
2.1. Chemical Reagents

The following chemicals were used in the synthesizing procedure: CTAB (>99%,
Alfa Aesar) as the surfactant; 1-hexanol (>98%, Merck-Schuchardt) as the oil phase;
deionized water as the aqueous phase of the microemulsion; FeSO4 x 7H,0 (>99%, Alfa



Aesar), NiSO4 x 7H,0 (99.7%, Podnart) and ZnSO,4 x 7H,0 (>99%, Alfa Aesar) as the
precursor salts; H,SO, (99.8 %, Carlo Erba) as the acidifying agent;
tetramethylammonium hydroxide ((CH3)s;NOH) (25 wt %, 99.5% purity, Alfa Aesar) as
the precipitating agent; H,O, (30 wt%, Carlo Erba) as an oxidizing agent; and absolute
ethanol (99.8 %, Carlo Erba) as the washing agent.

2.2. Synthesis route

The synthesizing procedure followed the multi-microemulsion approach. Three
reverse micellar CTAB/1-hexanol/water microemulsions with identical weight ratios of
their three basic constitutive components (CTAB : 1-hexanol : water = 30.5 : 57 : 12.5)
were prepared; one comprising an acidic (pH = 1.6) stoichiometric aqueous 0.237-M
solution of sulphate salts of divalent precursor cations, the second comprising a 0.5-M
solution of (CH3)4sNOH, which served as the precipitating agent; and the third comprising
30 wt% aqueous solution of H,O,. The first two microemulsions were mixed and stirred
for one hour in air at room temperature. In the midst of an 1 hour aging time, the third
microemulsion was added. The colloidal precipitate that formed was then sedimented by
centrifuging and washing with ethanol and water.

2.3. Characterization

The as-dried and subsequently calcined powders were analyzed by using TEM (JEOL
JEM-2000FX), DSC and TGA measurements (Mettler-Toledo STAR System), specific-
surface area measurements (Micromeritics Gemini 1), magnetic measurements (Manics
DSM10 magnetometer) and X-ray diffraction analysis (D4 Endeavor diffractometer).
Average particle sizes were estimated by using Debye-Scherrer's equation on the (311)
diffraction peak of the spinel products, and specific-surface area measurements yielded
another estimation of average particle sizes based on an assumption of spherical particles.
The samples for TEM analysis were dispersed in ethanol with the aid of ultrasound, and
then applied to a copper grid, where they were allowed to dry and later viewed on the
TEM. DSC and TGA measurements were performed in air up to 500 °C, with heating and
cooling rates of 10 °C/min.

3. Results and discussion

The amount of precipitating agent used was shown to play a crucial role in the
process of synthesizing the nanosized NiZn-ferrite particles. If the amount of
precipitating agent was less than the stoichiometric amount needed to precipitate the
precursor cations in the form of divalent hydroxides, the resulting powder was primarily
made up of goethite (a-FeOOH). In other words, if the pH value of the precipitation was
below 8, goethite was formed, whereas if the pH of the precipitation larger was higher
than 8, a spinel phase with better crystallinity was obtained (Fig. 1). Debye-Scherrer's
equation was used to evaluate the average particle sizes, and the powders synthesized
between precipitating pH values of 8 and 10 were found to have average particle sizes at
the order of 2-3 nm, whereas powders synthesized at pH values higher than 10 had
average particle sizes of ~ 4 nm (Table 1). This size of the produced particles is



consistent with the estimated diameters of the reverse micelles' »water pools« in herein
used microemulsion system for the given water content®, used in these experiments.
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Fig.1. X-ray diffractograms of Nizn-ferrite powders synthesized within reverse micelles at different
precipitating pH values. The diffraction peaks denoted with S are spinel-derived, whereas G denotes
goethite-derived peaks.

Table 1

Average particle sizes of powders synthesized at different precipitating pH values, as deduced from XRD
(r,) and specific-surface area (r;) measurements, and the room-temperature magnetization measured at the
magnetic field of 12kOe (M).

pH ry (nm) rs (nm) M, (emu/qg)
8 2 6 1.2

9 3 4 0.9

10 2 4 1.1

11 4 4 4.2

12 4 5 4.6

13 4 4 4.6

13.5 4 4 5.4

The average particle sizes deduced from the specific-surface area measurements were
slightly higher than the values of the same quantity derived from the X-ray-diffraction
lines-broadening analysis. This is probably a result of the agglomeration of nanosized
particles, which occurs not during the chemical synthesizing procedure, but during the
isolation of the particles from their parent microemulsion. The low values of
magnetization at almost saturating field are consistent with the average particle sizes of
the synthesized powders. This is because for particles of 3 nm in size, about half of all the
constituent atoms are positioned on the surface of the particles, where magnetic
interactions are known to be weaker than in the cores of more crystalline particles.
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Fig. 2. Typical dependence of magnetization on the magnetic field for the as-dried powder

The hysteresis loop of the sample synthesized at pH = 13.5 (the shape of which is
typical for the other samples as well) is shown in Fig. 2. The measured magnetization of
the as-dried powders at the maximum magnetic field of 12 kOe was found to vary with
the pH value of the precipitation reaction (Fig.3): the higher the pH of the precipitation,
the higher the magnetization of the powders. An increase in the measured magnetization
between pH values of 10 and 11 can be correlated with the dependence of the average
particle size on the pH of the precipitation (Table 1). The higher average particle sizes of
the powders synthesized above pH values of 10 induce a higher magnetization, as a result
of the improved crystallinity, which implies a better superexchange interaction. This
increase in the average particle size with the increase in the precipitating pH value was
already noticed for other types of wet approaches to the synthesis of ferrites®, and
changes in the kinetic stability induced by increased pH values of the solution, which
leads to the flocculation of smaller particles into larger aggregates, was attributed to this
phenomenon®. An increase in the average particle size has also been observed for the
preparation of other non-ferrite, but oxide, materials® within the same reverse micellar
microemulsion system that was used in this work.
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Fig 3. Magnetization of the synthesized samples measued at magnetic field of 12 kOe versus precipitating
pH value.

The Nizn-ferrites with particle sizes of less than approximately 20 nm are supposed
to show superparamagnetic behaviour’. However, this is not the case with our
synthesized samples, and we can ascribe this non-superparamagnetic behaviour to the
agglomeration of nanosized particles, which is obvious from the TEM images.

Fig. 4 shows typical TEM micrographs of two synthesized powders: one at a
precipitating pH value of 9 and the other at a pH value of 13. Whereas in the first case,
nanosized acicular particles are obvious within particle agglomerates, in the second, the
higher precipitating pH value case, agglomerates comprising uniform spherical particles
can be seen. The higher shape anisotropy of the particles synthesized at medium pH
values (9-11) is reflected in very high coercivity values (1100 Oe) for a soft ferrite
material. Since the spinel crystal structure, a characteristic of NiZn-ferrite, was detected
in each synthesizing procedure of precipitating pH > 8, it is possible that the lower pH
values induce the formation of CTAB reverse micelles of worm-like shapes, whose
existence was already described in the literature®®*°, so that the acicular shape of the
produced particles at lower pH values reflects the shape of the templating aqueous cores
of the reverse micelles. It is already known that in the case of CTAB reversed or
uninverted micelles, an alkali substance™, salts® or co-surfactant'**3, might induce a
spherical-to-worm-like transition, depending on the shape of the micelles. 1-hexanol is
also known to play a role in CTAB microemulsions similar to that of the co-surfactant,
because it is able to incorporate within an interface monolayer of surfactant molecules
where it leads to the reduction of the repulsion of charged surfactant »heads« and induces
the transition of spherical micelles into more elongated, elliptical ones'*. The co-
existence of spherical and worm-like micelles of CTAB molecules was also decribed in
the literature™*®, and the fact that this phenomenon is possible might explain the co-
existence of spherical and acicular ferrite particles in the case of medium precipitating pH
value syntheses.

It is known that goethite, the dominant phase when the amount of precipitating agent
used is less than the stoichiometric amount, often precipitates in the form of very long,
acicular particles. Therefore, it is also possible that acicular particles within the samples
synthesized at medium pH values might comprise ferri oxyhidroxide, which is known to
be an intermediate compound'® within the formation of ferrite by a co-precipitation
chemical procedure, which was used in this work as well. It was also noted'’ that a
strongly alkaline aqueous phase favors the formation of ferrite, whereas a low alkalinity
favors the formation of a-FeOOH. Initial spherical Fe(OH), particles were observed to be
gradually replaced by acicular o-FeOOH particles®®, so that the transition ratio was about
0.35 after 1 h, and 0.96 after 6.5 h. The transition ratio after 1 h, which is equal to the
aging time of NiZn-ferrite particles in our experiments, is approximately in accordance
with the TEM images of the samples synthesized at the medium pH values (Fig. 3a).
Thus, acicular particles present at the samples synthesized at medium pH values, might
have amorphous poly-oxyhydroxide structure, which remain in the sample due to the
long reaction times, and it is well-known that an increase in pH values leads to the
increase in reaction times of the phase transformations'®. Ferrihydrate (Fe,O3 - XH,0) is
known to appear as the primary ferri-comprising intermediate compound in the formation



of a ferrite only when the precipitating pH is below 9. On the other hand, when pH > 9, &-
FeEOOH — a-FeOOH — Fe30, is suggested mechanism of the formation of ferrous
ferrite?. Since the hexagonal form of FeOOH (5-FeOOH) has major diffraction peaks
very close to the ones that are spinel-derived, within the samples of low crystallinity,
considering high background noise, it is not possible to use ordinary X-ray diffraction
analysis to make a qualitative distinction between these two phases. Therefore, we
propose a possible model of chemical reactions that lead to the formation of ferrite by the
precipitation of precursor constitutive-cation salts by alkali agent:

Stage I:

Fe?* + 1/40, + H* — Fe*" + 1/2H,0 1)

Fe?* + 20H — Fe(OH), 2)

Ni** + Zn** + 40H — Ni(OH), + Zn(OH), ®3)
Stage II:

Fe** +3H,0+H" — Fe(OH); + 4H" (4)
sum of (1) and (4): Fe** + 1/40,+ 5/2H,0 — Fe(OH); + 2H"

4Fe(OH), + O, — 4FeOOH + 2H,0 (5)
Stage IlI:

Fe(OH); —» FeOOH + H)0 (6)
Stage IV:

Only if pH > 8,
2FeOOH + 1/2Ni(OH); + 1/2Zn(OH); — NigsZngsFe;,04 + 2H,0 @)

where the reaction (7) is completed only if the pH > 11.

Oxygen necessary for the oxidation of precursor ferrous ions derives from the air
dissolved in water used in the experiments, but on the other hand, oxidation of ferrous
ions and subsequent formation of the ferrite based on decomposition of water molecules
was also proved to be an energetically favorable process?’. The mechanism of
crystallization of ferrite particles usuallz/ assumes oxidation of ferrous into ferri ions,
which then serve as crystallization nuclei 2,

a) ~ b)
Fig.4a,b. TEM images of the samples synthesized at precipitating pH = 9 (a) and pH = 13 (b).



Analytical measurements were performed in order to determine stoichiometry of the
synthesized product. The stoichiometry obtained for the samples synthesized at the
precipitating pH = 9.7 and 12 were Nig49ZNngesFe18304 and Nig4gZng 73Fe17904,
respectively, which suggest us that besides XRD-diffraction-determined structure, there
were no significant differences in elemental composition of the samples synthesized at
medium and higher precipitating pH values as well, in spite of the difference in
morphologies.

The as-dried powder synthesized at a precipitating pH = 10 was heated at different
temperatures and the crystallinity of its spinel phase was found to improve with thermal
treatment (Fig.5). Only the spinel phase is detected in all the heated powders as well as in
all the as-dried powders. Increases in the average particle size, calculated from the XRD
measurements, and the saturation magnetization with annealing temperature are shown in
Fig.6a. Annealing at temperatures higher than 400 °C induces larger grain growth, and
the increase in the average particle size is especially significant when the annealing is
performed at 800 °C. The growth of larger particles accompanied by the disappearance of
smaller ones at temperatures higher than 400 °C is the main reason for the increase in the
average particle size with the temperature of annealing, whereas the improved crystalline
structure with a smaller S/V ratio resulting from thermal treatment leads to increasing
values of saturation magnetization with annealing temperature. Both the saturation
magnetization and the remanence were found to increase with increasing annealing
temperatures up to 800 °C (Fig. 6b). The saturation magnetization of the sample annealed
for 2 hours at 800 °C was 68 emu/g, which is about % of the saturation magnetization of
stoichiometric NiZn-ferrites synthesized using a traditional high-temperature processing
route.
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Fig. 5. X-ray diffractograms of the as-dried powder synthesized at precipitating pH = 10, and of the same
powder annealed in air at temperatures of 200 °C, 400 °C, 600 °C and 800 °C, in a bottom-up direction, for
2 hours each. S stands for spinel-phase-derived peaks.
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Fig. 6. Dependence of XRD-estimated average particle size (a), saturation magnetization (b, left Y-axis)
and remanence (b, right Y-axis) on the temperature of annealing.

TEM images of the sample annealed at 800°C are shown in Fig. 7. Coral-like
agglomerates consist of particles, with sizes consistent with the average particle size
determined from the X-ray diffraction-lines-broadening. There were no acicular particles
present in the heated sample, which suggests us that the acicular particles were probably
an intermediate phase during the formation of NiZn-ferrite.

Fig. 7. TEM image of the NiZn-ferrite powder synthesized at the precipitating pH = 10 and annealed at 800
°Cin air for 2 h.

The heating thermogram with DSC diagrams in both heating and cooling regimes (10
°C/min in air) of the sample synthesized at pH = 13 are shown in Fig.8. 25% of the
sample evaporated while heating to 500 °C, which is partly due to evaporated water and
partly due to oxidised remains of hydrocarbon surfactant, whose molecules were, to a
certain extent, attached to the surface of the ferrite particles, and could not be dettached
even after multiple rinsing procedures. The largest weight loss occurs up to about 75 °C,



due to the evaporation of adsorbed water. If there were intermediate hydroxides present
in the as-dried sample, a sharp weight-loss peak would have been evident at about 280
°C, since hydroxides would be turned to oxides at about this temperature®®. As this weight
loss is missing in the recorded thermogram (Fig. 8a), the intermediate hydroxide of the
spinel ferrite constitutive cations were turned into oxides, that is ferrite, in the
microemulsion.
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Fig. 8. Thermogram (a) and DSC diagrams in heating (b) and cooling regimes (c) of the sample
synthesized at pH = 13.

The endothermic DSC peak at 75 °C is attributed to water and ethanol evaporation,
two exothermic peaks, one at 260 °C and the other at 310 °C, are separately attributed to
an amorphous-to-crystalline phase transition and the oxidation of the remaining
surfactant molecules. A thermal analysis of nanocrystalline ferrite powders is known to
exhibit one or more exothermic peaks* in the temperature range of 200-350 °C, which is
exactly the range where two exothermic peaks are visible in the heating regime. Both
thermal processes are irreversibile, since no analogous changes were observed in the
cooling regime. This could confirm the assumption that at least one of these exothermic
peaks is derived from rearranging the spinel crystal structure by thermal activation®, that
is from amorphous-to-crystalline phase transition®. Since NiFe,O, and Fe;O, both
possess inverse spinel crystal structures, it was suggested that the transition between the
inverted and regular spinel crystal structure should leave a trace on a DSC diagram®’.
However, it was shown that the inverted-to-regular spinel structure transition might occur
only at temperatures higher than 300 °C, since the time needed to equlibrate the
distribution is very large® (10* hours or more) at temperatures lower than 300 °C. If
either a- or y- forms of FeOOH (which are known to be needle-shaped) were present in



the sample, a strong endothermic effect of the dehydration of FeOOH into Fe,O3 should
have been present at the temperature range® of 220 — 320 °C.
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Fig. 9. Dependence of saturation magnetization versus temperature for the sample synthesized at pH = 13.

Bulk-synthesized NiZn-ferrites possess Curie transitions at around 490 °C, but with
decreasing particle size, it is known that the temperature of this phase transition decreases
as well®®. Generally, a Curie transition in NiZn-ferrites, with no respect to average
particle size is expected® at temperatures of between 300 °C and 500 °C. The
endothermic peak that occurs within the heating regime at 396 °C has its corresponding
exothermic peak in the cooling regime at 388 °C, and both are attributed to the Curie
transition. The temperature of ~ 380 °C was obtained for Curie transition by following
dependence of saturation magnetization of both as-dried and calcined samples versus
temperature (Fig. 9). The exothermic Curie transition—derived peak during the cooling
regime is much sharper in comparison with the respective endothermic peak within the
heating regime. During the heat treatment, the nanosized grains are subjected to a
coarsening processes, and thus during the cooling of the magnetically symmetrical and
coarsened powder, the Curie transition is revealed as a sharper DSC peak. It is also
possible that the Curie transition-derived endothermic DSC peak overlaps possibly
present, in our case, only irreversible exothermic peaks. Enthalpy changes for the Curie
transitions, derived from the calculated peaks' surface areas, have values of — 608.69 mJ
for the endothermic transition and 806.24 mJ for the respective, exothermic phase
transition. Improved crystallinity of the powder heated up to 500 °C, and thus better
restored superexchange interaction between neighbouring ions, might be the reason for
the larger value of enthalpy change for the Curie transition in the cooling regime,
comparing to the Curie-transition-derived enthalpy change in the heating regime.

4. Conclusions

The reverse micelle synthesis of nanocrystalline nickel-zinc ferrites can be
successfully performed by following a multi-microemulsion approach at pH > 8 with an



acidic solution of sulphate salts of precursor cations in one, and an aqueous 0.5-M
solution of (CH3);NOH in the other, precipitating microemulsion. The average particle
size was found to increase with the pH of the precipitation, with a particularly noticable
increase between pH values of 10 and 11. The magnetization measured at magnetic field
of 12 kOe was also found to increase with the increase in the precipitating pH values
from 9 to 13.5, with a pronounced increase also between pH = 10 and pH = 11. The TEM
images revealed the partly acicular nature of the synthesized particles at lower pH values,
close to pH = 10. On the other hand, particles synthesized at higher pH values, close to
13, were spherical and of uniform size. This was explained by the existence of worm-like
reverse micelles, together with the spherical micelles, so that the former gave rise to
acicular particles, while the latter micelles induced the formation of spherical particles.
The non-completion of the chemical route, which eventually leads to the formation of
ferrite particles at higher pH values, might be taken into account to occur within the
powder preparations performed at medium pH values. Thermal analysis and Mg = f(T)
measurements revealed Curie transition at around 390 °C and two exothermic peaks at
260 °C and 310 °C, which were attributed to an amorphous-to-crystalline phase transition.
The crystallinity of the spinel samples was found to improve with the heat treatment, with
the largest increase in XRD-determined average particle size for the samples annealed at
600 °C and 800 °C. The saturation magnetization and remanence were also found to
increase with annealing. TEM investigation of the sample annealed at 800 °C revealed a
coral-like structure of larger and relatively uniform-sized rounded particles.
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