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Abstract Ultrafine magnetite particles are prepared
through an electrochemical process, at room tempera-
ture, from an iron-based electrode immersed in an
alkaline aqueous medium containing complexing com-
pounds. XRD and chemical analysis indicate that the
product is pure magnetite, Fe;O4. The size and mor-
phology of the particles are studied by SEM. The mag-
netite nanoparticles present a magnetoresistance of
almost 3%, at 300 K, under a magnetic field of 1 T. A
reactive mechanism for the electrochemical process is
proposed.

Keywords Inorganic electrosynthesis - Iron oxide -
Iron(IIT) oxyhydroxide - Magnetite - Nanoparticles

Introduction

Magnetite (Fe;O4) has natural magnetic properties that
provide a multitude of uses in industry. The quality of
magnetite used has been particularly important to the
magnetic recording industry. With the demand for
smaller and lighter-weight magnetic recording devices,
there has been an increasing need for recording media
(such as magnetic recording tape and magnetic disks, for
example) to have a higher recording density and sensi-
tivity. In order to meet these demands, the magnetite
particles produced would desirably have a smaller par-
ticle size with a higher coercive force.

Currently, chemical processes are employed to pro-
duce magnetite: coprecipitation of both iron(Il) and ir-
on(III) salts in alkaline aqueous solution [1, 2, 3, 4, 5, 6,
7], oxidation of iron(II) hydroxide with an alkaline
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nitrate or oxygen [7, 8], or reduction, at high tempera-
ture, of y-Fe,O; by means of a CO/CO, or a hydrogen
gas flow [9, 10]. We can also cite recent investigations
towards hydrothermal processes in different aqueous or
non-aqueous solvents [7, 11, 12, 13, 14, 15, 16]. Al-
though these chemical routes are known to produce
magnetite, such processes typically produce relatively
large-sized particles having a low coercive force. In
addition, the aforementioned chemical techniques tend
to produce magnetite with a relatively high impurity
content. Accordingly, the optimal characteristics of
magnetite recording materials are not fully realized as a
result of the undesirable characteristics encountered by
these current practices.

The electrochemical synthesis presented here pro-
duces pure, homogeneous, nano-sized particles of mag-
netite. Different physicochemical parameters are studied
in order to first understand the mechanism of the reac-
tion and then to optimize the conditions of the electro-
synthesis.

Experimental

Preparation of the magnetite nanoparticles

Electrochemical studies were carried out in classical three-elec-
trodes cells. The working electrode (WE) consisted of a stainless
steel pellet (Y45, free of nickel or chromium) with a geometric area
of 4 cm®. The counter electrode (CE) was a platinum wire and the
reference was a saturated calomel electrode, SCE (E=0.24 V/
SHE).

Different aqueous electrolytes were studied for the electrosyn-
thesis of magnetite: 0.04 mol L™" (Na™, CI7), 0.02 mol L' (2Na*,
SO,*7), 0.02 mol L™! (Na™, SCN™), 0.02 mol L' 2Na™, S,0,7)
and 0.003 mol L™! (3Na™, Cit’"), where {Cit>"} represents struc-
ture 1. The different salts (obtained from Fluka) were dissolved in
deionized water and the pH was then fixed at 10 with concentrated
sodium hydroxide solution.

Galvanostatic measurements (performed at 50 mA) were made
with a Heathkit L.V. Power Supply (model IP-27). A.c. impedance
measurements were made, in the frequency range 3x10* to 5 Hz,
with an HP 4192A apparatus driven by an IBM computer. The
excitation signal was 15 mV peak-to-peak with a voltage bias fixed
at 5V between working and counter electrodes. The equivalent
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circuits were modelled by a series of resistance and constant phase
element (CPE) loops [17, 18], whose values were obtained by the
software Zplot (Scribner Associates).

Characterization of the samples

The mean oxidation state of iron was determined by double
chemical titration. Actually, two powder samples were dissolved in
an aqueous solution containing 50% (v/v) concentrated H,SO,.
The first sample was directly titrated with an acidic solution of
K,Cr,07 in the presence of sodium diphenylaminesulfonate as an
indicator [19]. This experiment leads to the amount of Fe*™ ions.
The second sample was completely reduced with an excess of alu-
minium metal powder [20]. When all iron(I11) ions have vanished (a
rapid control test with KSCN can easily be performed to ensure
that the entire reduction was done), the solution was filtered and
titrated as previously reported [19], which gives the total amount of
iron. The accuracy of this chemical titration method is +2%.

XRD experiments were performed with a Philips PW 3020
diffractometer using Cu K radiation (1= 1.54056 A). Particle size
information was obtained from X-ray diffraction line broadening
and electron microscopy (SEM). Electron micrographs confirmed
that the particles were roughly spherical and allowed us to deter-
mine the mean coherence length distribution using the Scherrer
equation [21]:

0.894
d= 1
pcost M
where / is the wavelength of radiation, f is the line broadening (in

radians), 0 is the angle of diffraction and d is the mean coherence
length.

The thermogravimetric analysis (TGA) was made with a Seta-
ram 92-16.18 analyzer. The magnetoresistance (MR) at grain
boundaries was measured by the four-probe d.c. conductivity
method [22] with a SQUID magnetometer (Quantum Design
MPMS-5), at room temperature (300 K), under magnetic fields
< 1 T. The tested sample consisted of Fe;O4 powder, used as syn-
thesized, just pressed at 4x10° kg cm™> during 10 min, without any
thermal treatment.

Results and discussion

The open circuit voltage (OCV) of the stainless steel
electrodes in the different alkaline electrolytes was re-
corded during 5 min to check the stability and reliability
of the initial surface state of the iron samples. Mea-
surements in solutions each containing complexing
entities were quite reproducible. The obtained values are
reported in Table 1.

The experimental conditions, a narrow range of
potentials around the OCV, are such that the elementary
anodic electrochemical process should be:

Fe+30H™ = y—FeOOH + 3e” (2)

whose standard thermodynamic potential is [23]:
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Table 1 Open circuit voltage of stainless steel electrodes in different
aqueous electrolytes (pH 10)

Complexing agent in electrolyte OCV (V/SCE)

CI -0.790
S04~ -0.770
S,05%" -0.785

SCN~ -0.780

Cit*~ -0.770

E geoonre = 00420059 pH  V/SHE (3)
ie.:

ES geoonre = —0.788/SCE at pH = 10 (4)

The potentials obtained are very close to the theoretical
value. The small differences could be assigned to kinetic
parameters involved in the corrosion process.

As soon as a constant current (50 mA) is applied
between the counter and working electrodes, the WE
potential increases due to solid formation of small yel-
low-brown particles at the iron metal surface (except
when the electrolyte used was citrate, where no solid
formation was noticed). This reaction occurs parallel to
the production of dihydrogen gas on platinum. Chemi-
cal analysis of these fine and homogeneous particles was
made and confirmed, unsurprisingly, the formation of
iron(III) oxyhydroxide (lepidocrocite).

The formation of magnetite seems not to be pre-
dominant in our experimental conditions. However, after
several minutes of anodic polarization of the iron-based
working electrode and the stabilization of its potential
due to coalescence of the particles onto the WE, a
quantitative amount of Fe;O4 is observed (except in
citrate electrolyte) (Fig. 1) and the colloidal solution
turns from yellow-brown to black more or less rapidly
(depending on the complexing salts employed, Fig. 2).
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Fig. 1 An example of XRD patterns obtained when the first black
particles of magnetite begin to appear
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Fig. 2 Influence of the nature of the complexing agent on the time
to observe the first black particles of magnetite
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Fig. 3 (a) XRD patterns of magnetite as a function of the nature of
the complexing agent; (b) a view between 28° and 38° (26), with the
calculated mean coherence length

After 30 min, the analysis of the electrosynthesized par-
ticles always confirmed the formation of pure magnetite.

All XRD patterns can be indexed in the cubic system
(Fd3m) and we do not observe any parasitic peaks due to
impurities (Fig. 3a). The line broadening indicates that
the particles are very small. Depending on the electrolyte
used, the mean coherence length is between 45 and

80 nm (calculated with Eq. 1 from XRD diagrams,
Fig. 3b and Table 2).

SEM micrography performed on a sample of mag-
netite confirmed the nanometer scale of the particles
(Fig. 4) and the size observed (J~82 nm) is consistent
with the precedent mean coherence length calculated
from corresponding XRD patterns (Table 2).

TGA experiments (Fig. 5) were carried out, under
air, between room temperature and 300 °C. The weight
loss between ambient to 100 °C can be ascribed to water
desorption, following the reaction:

Fe;04 - xH,O —  Fe304 +xH,O
(Am)_ . = —2.5%

exp

(5)

We can then calculate the amount of water mole-
cules adsorbed onto the surface of the particles. The
result gives the following general molecular formula:
Fe304.0.33H,0. Such an amount of non-stoichiometric
water molecules is frequent in materials synthesized in
aqueous media [24]. The hypothesis of adsorption is
made regarding the XRD patterns (Fig. 3a). As no
peak shift towards higher angles is observed in our
samples compared to theoretical patterns, it means that
the water cannot be intercalated into the structure like
for layered transition metal oxides (6-MnO,, for
example) [25, 26].

Between 100 °C and 300 °C, the weight gain is as-
cribed to the oxidation of the compound as follows:

2FC304 + 1/202 — 3)) — F6203
(Am)y, = 1.7% (Am), = 1.4%

exp

()

This phase transition is well described in the literature
[27, 28] and corresponds to the transformation of mag-
netite into maghemite, which can also be seen by an X-
ray diffraction experiment (Fig. 6).

The molecular formula being defined, a chemical
titration can be performed on each compound (Table 2).
The ratio iron(Il)/iron(I1I) is respected for all samples
whatever the electrolyte used (except for citrate, which
does not allow the synthesis of Fe;0y).

In order to understand the mechanism of magnetite
formation in these different media, we then performed
several complementary experiments. First, we changed
the place of the cathode (the platinum wire) in the
electrochemical cell. The conclusion is that the synthesis
of Fe;0,4 is very dependent of the place of the counter
electrode, since the farther away it is, the longer is the
time to observe the first black particles of magnetite; at
extremum, when the platinum wire is in a separate ves-
sel, no Fe30y4 is produced (Fig. 7).

The dihydrogen present at the counter electrode
should have an important role in the formation of
magnetite. Indeed, its diffusion through the solution
allows us to reduce partially the iron(III) oxyhydroxide
particles formed at the working electrode.

The EC mechanism can be described by the following
elementary reactions:
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Table 2 Ratio of iron(II)/iron(I11) (determined by chemical titration), lattice parameter of the cubic Fe;0, structure and mean coherence
length of the crystallites (calculated using XRD patterns and Eq. 1) as a function of the electrolytes used

Complexing agent in electrolyte Ratio Fe(II)/Fe(11I)

Lattice parameter, Mean coherence

a(A) length (nm)
ClI~ 0.49 8.39 ~80
S0, 0.50 8.40 ~65
$,057" 0.50 8.38 ~45
SCN™ 0.49 8.39 ~70
Cit*~ No Fe;0,4 formation No Fe;04 formation No Fe;0,4 formation

s

L

Fig. 4 SEM micrograph obtained with electrosynthesized magne-
tite (in NaCl electrolyte); 74 nm < Ggpserveqd < 88 nm
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Fig. 5 TGA experiment performed on electrosynthesized magne-
tite, under air, with a flow rate of 3 °C min™"

Anode: Fe+30H = y—FeOOH + H,0 + 3¢~
Cathode: H,O+e = 1/2H2 +OH™

Solution : 37y — FeOOH + 1/2H2 — Fe304 +2H,0
(7)
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Fig. 7 Influence of the platinum wire position in the cell

The global reaction is then:

6Fe + 8H,O — 2Fe;04+ 8H, (8)

The role of the complexing entities in the electrolytes
is purely kinetic. Actually, the charge transfer of the
elementary process:
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Fig. 8 (a) EIS spectra as a function of the complexing species in the
electrolyte; (b) equivalent electrical circuit modelled to fit the
experimental curves

Fe = Fe*' +3e” (9)

at an iron electrode is known to be very slow
(o=10"% A cm™?) [29, 30]. A way to enhance this elec-
trochemical step is to add complexing agents to the
electrolytes in order to decrease the overpotential.
Electrochemical impedance spectroscopy (EIS) experi-
ments performed in the different electrolytes are pre-
sented in Fig. 8a.

The impedance diagrams show a semi-circle centred
on the real axis and characteristic of the electrochemical
process at the working electrode: electrolyte resistivity
(symbolized by Rg=constant=0.5 Q) in series with
charge transfer (symbolized by R.) and double layer
capacity (symbolized by Cy;), both associated in parallel
(the equivalent electrical circuit is presented in Fig. 8b).
Then, the following equations can be written:

1
Cyj=— 10
"= 22/ Ra 1)
where f* is the frequency at —(Z|)max, and:
RT
o = 11
Jo = FSRa (11)

where RT/F=26 mV at 25 °C, n is the number of elec-
trons and S is the electroactive surface. Thiosulfate ions
seem to be very interesting since they allow us to make
the charge transfer faster (R.~5 Q, i.e. jo=107* A cm™>)
than the other complexing species tested (R.~10 Q, i.c.
Jor5%x107° A ecm ™).

It is to be noted that the faster the Kkinetics, the
smaller are the magnetite particles produced (Fig. 3b).
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Fig. 9 (a) EIS spectra in NaCl electrolyte as a function of the
temperature of the cell; (b) XRD patterns of the corresponding
magnetite particles

8800 ]
L - i
[ %> 300 K ]
8750 <><>8 ]
[ 08
L 000% ]
L o959 1
_ 8700 <§>§ %% 7]
) L & %
L fod
3 L 8 %
S 8650 [ o 0 -
» [ ° ]
.g : g Oo ]
14 r o
8600 3 2 .
[ g S
L 8 8
[ ° N ]
8550 r o PS ]
L o <
8500 L v v Ll e b e
1.510° -110* -5000 0 5000 110* 1.5 10"

Magnetic field (Oe)

Fig. 10 Magnetoresistance measurements, at 300 K, of pressed
magnetite powder, using the four-probe method

However, to be efficient, the complexing species
must have a lower affinity for iron(III) ions than
hydroxide entities (i.e. p Kg<11), otherwise the



formation of iron oxides in aqueous solution is not
possible (because of competitive reactions; this is the
case with citrate, whose complexing constant is much
too high, p Kq=25).

Another solution to enhance the Kkinetics is to
increase the temperature of the cell. The same EIS
experiments have been performed in NaCl electrolyte at
0, 30 and 70 °C (Fig. 9a). The results obtained are quite
in line with those expected. The charge transfer is more
rapid at higher temperatures, but XRD patterns corre-
sponding to these materials show unambiguously that
the higher the temperature of the cell, the larger are the
particles produced (Fig. 9b).

There is no interest to increase the heating of the cell
if the goal is to keep a small grain size. That is why the
research for a good complexing agent is so important.
Thiosulfates are very promising compounds for the
synthesis of pure nanoscale magnetite particles
(O=~45 nm).

These results prompted us to evaluate the mag-
netic behaviour of our small particles. We have
measured the magnetoresistance of our Fe;O4 mate-
rial, at room temperature (300 K), under low mag-
netic fields ( < 1 T). The curves obtained are presented
in Fig. 10. A magnetoresistance of almost 3% is
observed in these conditions, which is very promising
compared to other experiments that report similar
results under more severe conditions (very low temper-
ature, <120 K, and/or very high magnetic fields, >5 T)
[31, 32, 33].

Conclusions

Details of magnetite electrosynthesis have been devel-
oped in this work. The benefit of using complexing
agents in the aqueous electrolyte has been demonstrated
for both the enhancement of the charge transfer kinetics
and the decrease of the grain size to the nanometer level.
Indeed, the anodic polarization of a stainless steel elec-
trode, during 30 min under a constant current of 50 mA,
allowed us to prepare pure, fine (~45 nm) and homo-
geneous magnetite particles, provided the alkaline elec-
trolyte  contained complexing thiosulfate ions
(0.02 mol L™h.
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