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Abstract

Nickel ferrite nanoparticles have several possible applications as cathode materials for rechargeable batteries, named ‘lithium-ion”
batteries. In this study, NiFe,O4 was prepared by microwave induced thermohydrolysis. The obtained nanoparticles were characterized
by scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD), BET method,
transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS). All the results show that the microwave one-step
flash synthesis leads in a very short time to NiFe,O4 nanoparticles with elementary particles size close to 4-5nm, and high specific
surfaces (close to 240 m?/g). Thus, microwave heating appears as an efficient source of energy to produce quickly nanoparticles with

complex composition as ferrite.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

In 1990, Sony [1] surprised the “battery world” by
abandoning rechargeable lithium-metal battery develop-
ment to introduce a new concept, which they named “Li
ion”. The lithium-metal anode was replaced by a lithium-
storage material while the cathode is a lithium-containing
compound [2-5]. Compounds with spinel structure are
investigated as possible host materials for the insertion of
small electron-donor atoms [6-8]. These solids present a
framework lattice that provides a three-dimensional inter-
stitial space for accommodating the inserted elements.

The unit formula of spinel compound is commonly
written as AB>X,. The space group is Fd3m. The unit cell
consists in a cubic close-packed array of X anions with one-
eighth of the tetrahedral sites (7d, 87% unoccupied) and
one-half of the octahedral ones (Oh, 50% unoccupied)
filled by cations. In a normal spinel, the A cations are placed
on Td sites, and B cations on the Oh ones. In the inverse
spinel, the A cations are now randomly placed on the Oh
sites, half of B cations are on the 7d sites and the rest of B
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cations are on the Oh sites [9]. Then, spinel structures
exhibit a high proportion of unoccupied crystallographic
sites available for lithium ions. Moreover, it is crucial that
the insertion process do not modify the structure of host
material. Some experimental results show that spinel
materials seem interesting candidates as electrodes in
lithium-ion batteries due to their reversible lithium inser-
tion properties [10,11].

The nickel ferrite oxide NiFe,O4 named trevorite has
been chosen because of its numerous applications in
battery eclectrodes, but also for others properties as anti-
corrosion protection or magnetic characteristics [12]. It is
an inverse spinel structure with O atoms on (32¢) positions,
Ni>" ions on (16d) octahedral sites, and Fe’" ions
distributed on (8a) tetrahedral sites and (16d) octahedral
sites [13], as shown in the following formula:

(Fei Mg [NiT Fei 6,05 5.

Furthermore, much attention has recently been devoted
to the controlled preparation of nanometer-size materials
because of their potential applications in high microelec-
tronic devices [14,15], ceramic research and medicine
[16,17]. Thus, the development of new materials leads to
new methods for their preparation. Conventional synthesis


www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.01.009
mailto:christelle.bousquet@u-bourgogne.fr
mailto:christelle.bousquet@u-bourgogne.fr

C. Bousquet-Berthelin et al. | Journal of Solid State Chemistry 181 (2008) 616622 617

methods as solid-state reaction, sintering reaction, decom-
position of carbonates or nitrates and coprecipitation,
required high temperature and very long processing to
obtain oxides particles.

Microwave heating is an emerging technology that
uses the ability of liquids and solids to transform
electromagnetic energy into heat. Since the mid-90s,
more than 90 papers dealing with inorganic compounds
synthesis have been published. Among these works,
NiFe,0, ferrite has been firstly produced by microwave
route [18,19]. More informations about microwave—mater-
ial interactions, dielectric properties, key ingredients for
mastery of chemical microwave process and laboratory or
pilot-scale reactors should be found in Refs. [20] and [21],
respectively.

Specific properties of microwave heating are core
heating and high energy density close to several kW/cm®.
Microwave treatment of solutions has been carried out
by means of an original device designed by the authors,
the RAMO system (French acronym of Réacteur Auto-
clave MicroOnde [21]). This experimental device is
constituted by a microwave applicator associated with an
autoclave. The microwave oven and the reactor are
specially designed by the authors. Compared to domestic
ovens or laboratory digesters (CEM, Millestone), our
device allows higher electric field strengths for heated
sample. The induced core heating allows faster heating of
reactants and higher temperature than conductive heating
systems. The plunger control the resonant frequency of the
cavity and the effective cavity power would be increase by
three orders of magnitude. Heating rates close to several
degrees per second can be reached with this laboratory
device [22]. Our device allowed preparation of several kinds
of nanomaterials as iron oxides [23], zirconia [24,25]
titanium oxide [26], nanocomposites [27,28] and manganese
oxide [29].

This work presents the first attempt to adapt and
improve the microwave one-step flash synthesis for the
production of NiFe,O4 ferrite. Conventional operating
conditions are generally based on salts aqueous solutions
using precipitation of hydroxide in KOH. The aim of this
work is to adapt and improve our microwave operating
conditions using alcoholic solution with sodium ethoxide
(EtONa) as a base. Obviously, the products will be
compared with those prepared with the others microwave
conditions [18,19,30,31].

Operating conditions: Our simplest method for the
generation of uniform colloidal metal oxides is based on
microwave thermohydrolysis of metal salt solutions
[23-29]. It is well known that most polyvalent cations
readily hydrolyze, and that deprotonation of coordinated
water molecules is greatly accelerated with increasing
temperature. Since hydrolysis products are intermediates
to precipitation of metal oxides, these species can be
generated at the proper rate to eventually yield nanopar-
ticles by the adjustment of heating rate, temperature and

pH. The mechanism of hydroxylation or olation reaction
involves a scheme given by Eq. (1),

[M(OHy)yF 4+ hH,0 — [M(OH),(OH,)y_, 1“7 + hH;0"
(M
whereas the oxolation reaction involves a scheme given by
Eq. (2),
n[M(OH),(OH,) y_, 17"+ 4+ gH,O
= [My(OH) . (OHa), vy ("7 797 + qH;0". (2)

Obviously, theses complexes act as precursors to
nucleation and they affect the particle growth. The
composition and the rate of generation of these solutes,
controlled by heating rate, will determine the chemical and
physical natures of the resulting precipitate.

However, microwave thermohydrolysis of nickel salts is
impossible. The authors have defined operating conditions
able to facilitate concomitant olation and oxolation
reactions for iron and nickel precursors. They used ethanol
and sodium ethoxide as associated base. The general
balance of the reactional scheme is given by Eq. (3),

NiCl, + 3FeCl; 4+ 8NaOEt + 4H,O — NiFe, Oy
+ 8NaCl + 8EtOH. 3)

According to this reaction scheme, side product is
sodium chloride. This side product elimination will involve
several aqueous washing steps.

2. Experimental section
2.1. Preparation

Nickel(IT) chloride (NiCl,-6H50), iron(III) chloride
(FeCls - 6H,0) and a base (sodium ethoxide, EtONa) were
dissolved into ethanol in order to obtain 0.15, 0.30 and
1.2M solutions, respectively. The reactants were thus
placed in equal volumes in a teflon flask inserted within a
polyetherimide flask. The final solution (with a volume
close to 20 cm?®) was submitted to a microwave irradiation
with the help of an autoclave microwave heating device
named RAMO presented in Fig. 1 [21], and designed by the
authors. The microwave generator was operated at
2.45 GHz. Solutions were heated under argon atmosphere
to avoid sparking risk with flammable solvents. A fiber-
optic thermometry system, a pressure transducer and a
manometer allow to measure simultaneously the tempera-
ture and the pressure within the reactor. The system is
controlled by pressure because this parameter reaches
steady state more quickly than temperature, and the
microwave power is adjusted to keep a constant pressure
within the vessel. This experimental device is able to raise
the temperature from ambient to 200 °C in less than 20s
according to the microwave power selected (between 1 and
2kW). In our operating conditions, the microwave power
was equal to 1 kW, the pressure reached 11 bar correspon-
ding to a temperature close to 160 °C, and the irradiation
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Fig. 1. Presentation of microwave autoclave reactor RAMO.

time was Smin. After the treatment, the samples were
cooled at room temperature, then washed about 10 times
with distilled water and with alcohol after. After drying
at room temperature, a brownish powder was obtained.
A test with a magnet revealed that the powder obtained
was magnetic, as confirmed in literature [12].

2.2. Characterization

X-ray powder diffraction (XRD) pattern was firstly used
and recorded on a Siemens D-5000 diffractometer using
CuKu radiation (4 = 1.5406 A). Fixed graphite monochro-
mator guarantee an optimum signal/background ratio
with maximum stability. A calculation with the Scherrer
formula allowed to reach the particles size.

A scanning electron microscope (SEM) equipped with
energy dispersive X-ray spectroscopy (EDX) was firstly
used to characterize the synthesized material. The SEM is a
Jeol 6400 S device working at 20 keV; the energy dispersive
spectrometer is an OXFORD INSTRUMENTS—INCA
ENERGY apparatus recording quantum energies between
1 and 10keV. The characteristic X-ray spectra provide
qualitative elemental composition of the studied sample.
The NiFe,O4 powder was dispersed on self-adhesive
carbon-coated grids. As the trevorite was isolant, a thin
film of carbon was deposited above.

The BET (Brunauer—-Emmett-Teller) method was used
to calculate the specific area of oxide particles. It consists
of studying a gas absorption or desorption (nitrogen in
our case) by the considered material with an AUTOSORBI
device.

The morphology of the particles was examined by
transmission electron microscopy (TEM) in a HITACHI
H600 model. The particles were dispersed into ethanol.
After ultrasonic treatment, the suspension was deposited
on carbon-coated grids and further evaporated.

Finally, small angle X-ray scattering (SAXS) analysis
was used to investigate the structure and the size of
produced particles. The SAXS analysis was performed at

the Laboratorio Nacional de Luz Sincroton (LNLS) at
Campinas (Brazil). A /= 1.608 A wavelength was used.
The samples were placed on a 1 mm thick cell with parallel
thin Kapton windows. The X-ray beam went through the
sample and the scattering intensity, after the cell, was
recorded on a linear detector (I/(¢) vs. ¢ where g was
the scattering vector ¢ = 2nsin /4 and 6, the scattering
angle measured from the direct beam). The sample to
detector distance was 666.9 mm. The parasitic scattering
produced by collimating slits, Kapton windows, and
air was substracted from the total measured scattering
intensity.

3. Results and discussion
3.1. Structural analysis

The results of microwave heating experiments showed
that the dissolution of the precursors NiCl,-6H,0,
FeCl;-6H,O and base (sodium ethoxide, EtONa) into
ethanol could absorb microwave radiation efficiently.

X-ray diffraction was first lead on raw material. XRD
lines are very broadened due to nanometric size of
particles. Hence, XRD indexation and phase identification
are both very difficult. Consequently, powder annealing at
850 °C during 1 h was also realized. Figs. 2 and 3a describe
XRD patterns obtained before and after thermal treat-
ment, respectively; typical XRD pattern of NiFe,O4 is
obtained in Fig. 3a. All the diffraction lines can be indexed
on a face-centered cubic unit cell, except a peak at 33° (20
scale). This one is assigned to the principal peak (/ = 100)
of NaCl phase. In fact, the reactional mechanism showed
that NaCl occurs during the reaction (see Eq. (3)).
Consequently, we can suppose that the protocole initially
expressed by the authors and applied here for NiFe,O4
does not plan enough washings, if we take into account the
important quantity of generated NaCl during reaction.
Thus, recrystallized material was washing again several
times, and studied by XRD. The obtained diffractogramm
(Fig. 3b) shows a typical pattern of spinel structure, exempt
of NaCl traces. The parameter cell could be thus easily
calculated, with (311) and (400) lines. Applying Eqgs. (4)
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Fig. 2. XRD pattern (using CuKa) of NiFe,04 synthetized by microwave
heating.
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Fig. 3. XRD pattern (using CuKa) of NiFe,O, after calcination: (a) initial crystallized material; (b) crystallized material after additional washings.

Table 1
Cell parameters of NiFe,O4
a(A)
In Fig. 2 In Fig. 3b
(311) line 8.8 (with 20 = 33°) 8.335
8.1 (with 20 = 37°)
(400) line 8.6 (with 20 = 61°) 8.340
8.1 (with 20 = 63°)
Averaged a (A) 8.4+0.4 8.337

and (5), the calculated averaged value was a=8.337 A,
which is in good agreement with the JCPDS card number
10-325 (¢=28.339 A). In a second time, we tried to evaluate
in the same way the cell parameter using Fig. 2 pattern,
taking into account peak broadening. It is an approximate
calculation and not a precise one, considering that we can
be sure that the desired material has been obtained (see
Fig. 3). So, a parameter range was calculated and found
close to 8.44+0.4 A. Table 1 summarizes found values of
cell parameter.

2d sin 0 = Acuky 4)

and

dcubic = #
\ (B + i+ 1)

We can consider that our results are in good agreement
with the theory if we take into account the difficulty
to calculate precisely this value with the broadened
diffraction lines. In fact, these peaks are expanded and
not well defined because of the probable nanometric size
of the trevorite particles. In order to confirm this
hypothesis, the Scherrer formula [32] was applied to find
the diameter of the particles. After calculation from
several peaks of Fig. 2, the found coherent field size was
close to 4-5nm. Moreover, the same value of crystallite
size was obtained in all directions (i.e. for several reticular

®)

planes), indicating a spherical form of the particles. More-
over, thermal treatment (Fig. 3) induced recrystallization
and so growth of nanoparticles with average size close
to 137 nm.

Moreover, the same reactants have been heated with
conventional heating modes as electric hotplate in order to
compare with microwave treatment. The heating time was
1 h at boiling temperature of ethanol (78 °C). Precipitation
reaction has not been observed for samples with and
without conventional treatment. The authors have to
induce precipitation by adding sodium hydroxide to
samples with and without conventional thermal treatment.
Several washings have been necessary to climinate side
products as sodium chloride and hydroxide. Reaction rate
is very slight and the red obtained powder is amorphous
according to X-ray powder diffraction. Powder annealing
at 850 °C during 1h was done. In fact, NiFe,0, is widely
minority. XRD experiment shows that sample is consti-
tuted of NiO and the whole filiation of iron(I) and iron(II)
oxides as -FeOOH, Fe;0,4, y-Fe,O5 and finally «-Fe,Os.
These compounds are produced during annealing of
amorphous powder.

According to these comparative experiments, conven-
tional heating does not allow to synthesize trevorite
particles. The boiling temperature under atmospheric
pressure of ethanol (78°C) is not sufficient to induce
olation and oxolation reactions. Our microwave operating
conditions with temperature close to 160°C can induce
inorganic condensations within initial solution. This fact
has been already observed by the authors: they have
induced one-step synthesis of a-Fe,O3 without intermediate
products as oxyhydroxides («, f or §-FeOOH) in opposi-
tion to conventional heating conditions where they are
frequently observed [23]. In conventional heating condi-
tions, o-Fe,O3 is obtained by solid transformation of
FeOOH.

Results of powder EDX analysis are summarized in
Table 2. They revealed higher contents of O atoms, and
inferior ones of Fe and Ni. Moreover, small amounts or
traces of Na and Cl were detected. They are produced from
reaction between metal chlorides and sodium ethoxide,
leading to sodium chloride and metal ethoxides. Atomic
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percentages of main elements are close to theoretical ones
(see Table 2). Moreover, after synthesis, an averaged Fe/Ni
ratio close 2.1 was found, which is a good agreement with
the theory (Fe/Ni = 2). Several results are given in Table 2
in order to evidence homogeneous characteristics of the
synthesized powder (the Fe/Ni ratio being constant for
each spectrum). Furthermore, the O atoms content was
more than the theoretical one because of the classical over-
estimation concerning weak elements analysis (pollution,
oxidation, etc.). However, we could interpret this Fe/Ni
ratio value (2.1) as a deficit of Ni cations or an excess of Fe
cations. More clearly, the synthesized trevorite contained
certainly Fe’' cations instead of Ni*" ones, with a
reduction of Fe®" cations. Thus, the theoretical formula
Ni} " Fe3 ™03~ can be rewritten as following [33]:

NiZt Fe2*Fe3t02~  with x = 0.03.

Moreover, an EDX analysis on trevorite particles (the
ones obtained after additional washings) was performed
and no revealed presence of others elements.

In consequence, it can be concluded that our microwave
operating conditions allowed production of well-crystal-
lized nanoparticles of NiFe,Oy,.

Table 2
Elemental compositions (at%) of NiFe,O, material obtained by EDX
analysis and theoretical contents

Element (%)

o Fe Ni Na Cl Total Ratio Fe/Ni

Spectrum 1 654 234 107 02 0.3 1000 22
Spectrum 2 57.8  28.5 133 0 04 100.0 2.1
Spectrum 3 660 222 11.6 0 0.2 1000 1.9
Spectrum 4 619 246 124 0.6 0.5 100.0 2.0
Spectrum 5 68.7 20.4 9.8 0.6 0.5 100.0 2.1
Average 64.0 238 11.6 0.3 04 1000 2.1
Theory 571 286 143 0 0 100.0 2.0
Difference (%) +12.0 —-16.8 —-188 - - - -

3.2. Morphological analysis

In order to calculate the specific area of the obtained
nanoparticles, the BET method was used [34]. The
determinate specific area value was about 234m?/g and
the particle size was found equal to 4.7 nm, which is very
close to the Scherrer formula one.

Trevorite particles were also studied by transmission
electron microscopy. The morphology of NiFe,O4 can be
examined in Fig. 4. Pictures showed spherical and
monodispersed particles. The measured diameter was
about 5nm as found by DRX and BET method.

SAXS provide an averaged description of the system.
Fig. 5 shows for the trevorite sample, the scattering
intensity I vs. the scattering vector ¢, in a double
logarithmic plot. This double logarithmic plot evidenced
three regions with different slopes. The first part (for
¢<0.079 A‘l) was attributed to particles with a diameter
bigger than 16 nm (in first approximation, maximum size is
bigger than 2/¢min;). The slope value equal to —2.2 could be
interpreted using the fractal theory and indicate that the
particles are not dense. These particles have been observed
by TEM. In the second part (for 0.079 A_l<q<
0.290 A_l), the scattering is probably due to scattering

1000
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Fig. 5. SAXS intensity vs. g (scattering vector) in double logarithmic plot
for NiFe,Oy.

Fig. 4. TEM patterns of NiFe,O4 with different enlarging.
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Aggregates of nanoparticles (& 9 — 15nm)
= SAXS.

Spherical nanoparticles (& 3 — 5nm)
= XRD ; BET ; TEM ; SAXS

Fig. 6. Aggregation scheme.

elements (pores or particles) with mean size around 2 nm
(deduced from the cross-point ¢, size ~2/qcroos-point) bUt
with a large polydispersity. They were initially identified
by BET method and the XRD experiments showed
monocrystalline particles with a diameter close to 4-5nm.
Finally, the scattering intensity in the last region (for
g>0.290A"") could be attributed to high electronic
densities of the trevorite cell.

The scheme described by Fig. 6 summarizes the results
obtained with the different characterization techniques.

4. Conclusions

In conclusion, microwave heating of alcoholic solutions
of nickel and iron salts leads in a very short time (a few
minutes) to NiFe,O4 nanoparticles with elementary parti-
cles size close to 4-5nm. Powders with high specific
surfaces are produced at low temperature (160 °C). Grain
size and crystallinity could be increased by further thermal
annealing. Our operating conditions using ethanol, nickel
and iron chloride salts are cheaper and more rustic
comparing to classical sol-gel operating conditions using
others alkoxides. The RAMO system associates advantages
solution nucleation processes with microwave heating (core
heating and heating rate). Microwave heating appears as
an efficient source of energy to produce nanoparticles with
complex composition as ferrite.

The main difference between similar ferrites produced
using aqueous solutions and microwave oven [19,30] is a
consequent time saving (several minutes). Moreover,
averaged size is slightly small. The authors have shown
that sodium ethoxide used instead of potassium hydroxide
enhance crystallization and surface area [24-27]. Due to
value of surface area, our powder could have catalytic
properties enhanced compared to conventional powder;
this point should be tested in the future. Despite
nanocrystals, powders are systematically composed of
several aggregation levels overlapped and typical size of
lumps is close to micrometer (Fig. 6). Further work is

required to give a better understanding of this agglomera-
tion process.
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