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An electrochemical method for the preparation of magnetic nanoparticles of new Sr—Fe
oxides is presented in this work. It consists of the electrolysis of nitrate or chloride solutions
with Sr2* and Fe3* salts using commercial Fe electrodes. Magnetic materials are collected
as precipitates from nitrate media in the pH range 1—3 and from chloride media within the
pH range 1—12. The presence of 100—300 ppm aniline in acidic nitrate media yields a
decrease in energy cost and particle size. Inductively coupled plasma analysis of materials
and energy-dispersive X-ray spectrometry of single particles confirm that they are composed
of mixed oxides of Sr and Fe. All synthesized materials crystallize as inverse cubic spinels,
usually with intermediate structures between magnetite and maghemite. They are formed
by nanoparticles with average sizes from 2 nm to ~50 nm, as observed by scanning electron
microscopy. The electrogenerated mixed oxides have higher saturation magnetization, but
lower remanent magnetization and coercive field, than commercial strontium hexaferrite
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with micrometric particle size.

I. Introduction

There is great interest in the synthesis and charac-
terization of nanostructured materials with particle
sizes from 1 to 100 nm for technological application.t~15
The fascinating electronic, optical, and magnetic proper-
ties of these materials are attractive prospects for
information storage, bioprocessing, color imaging, mag-

* Corresponding author. Telephone: (34) 93 402 12 23. Fax: (34)
93 402 12 31. E-mail: e.brillas@qf.ub.es.
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netic refrigeration, ferrofluids, and gas sensors. In these
fields of application, metal oxide nanoparticles are
important. While the chemical synthesis of these ma-
terials has been well-established for different methods
involving oxidation in micellar media or in polymer or
mineral matrixes,'® oxyhydrogen flame pyrolysis,'” and
sol—gel processes,'® less is known about their possible
preparation from electrochemical routes. Recently, Pas-
cal et al.’® have developed an electrochemical method
to synthesize magnetic nanoparticles of maghemite (y-
Fe,O3) with average sizes varying from 3 to 8 nm from
a sacrificial iron anode in an organic medium with
cationic surfactants as stabilizer. The authors have
shown that the particle size can be controlled by the
imposed current density, although the resulting par-
ticles have amorphous character. Other electrolytic
procedures have been proposed for the preparation of
magnetite (Fe3O4) from different aqueous media,?0—23
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but no information about the size of the particles formed
is given.

Mixed-metal oxides, such as strontium hexaferrite
(SrFe12019) and barium hexaferrite (BaFe1,019), are also
magnetic materials widely used in television, telephone,
and automobile industries, and for the production of
electromechanical devices, magnetic recording, elec-
tronic toys, door holders, etc.2* The commercial demand
of strontium hexaferrite increases continuously, because
it is the Sr—Fe oxide with most significant magnetic
properties and has higher coercitivity than that of
barium hexaferrite. However, no nanostructured Sr—
Fe oxides have been previously reported in the litera-
ture. Strontium hexaferrite, as well as more than 20
Sr—Fe oxides known, are usually prepared at high
temperature (1100—1200 °C) by an expensive method
involving powder preparation, shaping, firing, and
finishing.?242% The procedure is accompanied by homo-
genization on a local scale, and for the shaping stage
the material has to be milled down to particles of
micrometic size.

In this paper, we present an alternative and cheap
electrochemical method for the preparation of new
magnetic Sr—Fe oxides with nanometric particle sizes.
Since our purpose is to design a process which can be
scaled and industrialized, commercial iron has been
employed for both the sacrificial anode and the cathode.
The mixed oxides have been obtained as precipitates
from aqueous solutions containing mixtures of Fe3* and
Sr2+ salts in the form either of nitrates or chlorides
using a one-compartment cell of 100-mL capacity. Some
experiments with a stirring batch tank of 700-mL
capacity are also reported. Different salt compositions,
solution pH’s, temperatures, and current densities have
been tested. We have also estimated the energy cost for
the materials obtained. In nitrate medium, the effect
of an organic additive, such as aniline, on particle size
has been studied. The composition, microstructure, and
magnetic properties for the materials produced have
been determined by inductively coupled plasma (ICP),
energy-dispersive X-ray spectrometry (EDX), scanning
electron microscopy (SEM), X-ray diffraction (XRD), and
SQUID magnetometry.

1. Experimental Section

The Sr—Fe oxides were synthesized from the following
electrolytes: (a) Sr(NOs),, Fe(NO3)s*9H,0, and concentrated
HNOj3; (b) Sr(NO3s), and KOH; (c) SrCl,+6 H,0, FeClz-6 H,0,
and concentrated HCI; (d) SrCl,+6 H,0, FeCls-6 H,O, and KOH
in neutral and alkaline medium. These chemicals were ana-
lytical or puriss. grade from Panreac and Merck. Aniline
(Probus) was distilled at 178—180 °C under atmospheric
pressure before use. All solutions were prepared with twice
distilled water. The composition in weight of the commercial
iron used as electrode was analyzed by ICP-MS using a Perkin-
Elmer Elan 6000 spectroscope, yielding Fe, 99.5%; Mn, 0.4%;
Cu, 0.1%.

Electrolyses were performed with a Hewlett-Packard 6554A
dc power supply. The solution pH was measured with a Crison
2002 pH meter. The morphology of precipitates was examined
by SEM with a JEOL JSM840 scanning electron microscopy.

(24) Kirk-Othmer. Encyclopedia of Chemical Technology, 4 th ed.;
John Wiley & Sons: NewYork, 1993; Vol. 10, p 398. Kirk-Othmer.
Encyclopedia of Chemical Technology, 4 th ed.; John Wiley & Sons:
NewYork, 1995; Vol. 15, p 756.

(25) Cavanagh, P. E. European Patent, 301,564, 1986.
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This instrument was also used to study the composition of the
single particles by EDX (energy-dispersive X-ray microanaly-
sis). The Sr and Fe content in the mixed oxides was obtained
by ICP using a Jobin Yvon JY38VHR inductively coupled
argon plasma spectroscope. The XRD spectra were recorded
on a Siemens D-500 Bragg—Brentano 6/20 geometry powder
diffractometer for 1 = 1.5418 & (the wavelength of the Ko
band for Cu).The remanent magnetization M, saturation
magnetization M, and coercive field H. for each material were
determined at room temperature from the hysteresis cycles
by using a Quantum Design MPMS5.5 SQUID magnetometer.

Electrochemical experiments were conducted in two differ-
ent cells. In nitrate medium, the anode was a commercial iron
and the cathode was a porous graphite from Sofacell; while in
chloride medium, electrodes of commercial iron were used as
both the anode and the cathode. Iron electrodes were polished
before use to eliminate surface oxides. Most of trials were
carried out with a one-compartment cell consisting of a
cylindrical vessel of 100-mL capacity with a jacket to be
thermostated with an external circuit of water. For this cell,
the electrodes were sheets or foils of 50 x 40 x 3 mm in
dimension with 20 cm? of area immersed in the solution
andseparated a distance of ~4 cm, and the electrolytic solution
was stirred with a magnetic bar. Some electrolyses were
performed with a batch tank of 120 x 120 x 80 mm in
dimension and 700 mL capacity, which was immersed in a
thermostated water bath. The electrodes for this batch tank
were plates of 110 x 100 x 3 mm in dimension, which were
suspended in parallel into the reactor at a gap of ~2 cm,
yielding 110 cm? of area immersed in the solution. The
electrolyte bulk was mechanically stirred with a PTFE-coated
steel shaft coupled to a Heidolph RZR1 stirrer.

All electrolyses were carried out by applying a constant
current density j. The cell voltage V was directly read on the
power supply. The solution pH was adjusted each 15 min by
adding small volumes of concentrated (a) KOH or HNO; for
nitrate medium and (b) KOH or HCI for chloride medium. The
temperature was maintained in the range between 25 and 80
°C. In each trial, large amounts of magnetic mixed oxides were
produced, precipitating the major part of them in the solution.
Smaller amounts of mixed oxides were also collected at the
electrodes, mainly at the cathode and, in much lower propor-
tion, at the anode. Each magnetic material was extracted with
the help of a permanent Nd;Fe;sB magnet, rinsed with
bidistilled water, diluted hydrochloric acid, and bidistilled
water again, and finally, dried in an oven at 80 °C before its
analysis. The energy cost for each process was determined as
the consumed kilowatt hour per kilogram (kW h kg?) of total
collected magnetic material.

I11. Results and Discussion

The proposed electrochemical procedure for the syn-
thesis of Sr—Fe oxides is based on the coprecipitation
of oxides of Sr2*, Fe3*, and Fe?" in the solution and
electrodes under the action of the applied electrical field.
Sr2t and Fe®" ions are initially present in the medium,
while soluble Fe2* ion is continuously supplied to it from
the two-electron oxidation of the Fe anode:26

Fe — Fe*" + 2e~ 1)

In the cathode, the main reaction corresponds to water
reduction to H; gas

2H,0 + 2e” — H, + 20H" )

although a partial reduction of Fe3* to Fe?Tand Fe?" to

(26) Brillas, E.; Sauleda, R.; Casado, J. J. Electrochem. Soc. 1997,
144, 2374; 1998, 145, 759.
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Table 1. Weights of Magnetic Sr—Fe Oxides and Energy Costs Obtained after 6 h of Electrolysis from Nitrate Medium
with x M Sr(NO3), + y M Fe(NO3); under Different Experimental Conditions

medium, M

[aniline], applied density, cell voltage, weight lost by total Sr—Fe energy cost,
exp. X y ppm pH2 T,°C mA cm—2 \Y the anode, g oxide weight, gP kwh kgt
Cell of 100 mL
1 0.1 0.1 1.2 80 25 1.9 6.397 2.076 2.7
2 0.1 0.15 200 15 80 35 1.9 5.986 0.318 24.4
3 0.2 0.1 300 3.0 65 25 4.5 5.148 1.423 9.5
4 0.5 0.1 100 15 30 25 21 3.035 1.865 3.4
5 0.5 0.1 100 15 60 5 0.9 1.054 0.149 3.6
6 0.5 0.1 100 15 60 25 18 4.243 3.594 15
7 15 0.1 300 3.0 60 25 2.6 1.299 0.158 49.4
Batch tank of 700 mL
8 0.3 0.1 15 40 50 5.5 46.56 6.138 26.9
9 0.1 0.1 300 15 40 30 3.2 21.91 18.74 3.1

aThe solution pH was regulated each 15 min. P Total magnetic material weight collected from the solution, cathode, and anode.

Table 2. Weights of Magnetic Sr—Fe Oxides and Energy Costs Obtained from Chloride Medium with x M SrCl, +y M
FeClz under Different Experimental Conditions

medium, M

applied density, cell voltage, electrolysis weight lost by total Sr—Fe energy cost,
exp. X y pHa T,°C mMA cm—2 time,h the anode,g oxide weight,g®  kwWh kg
Cell of 100 mL
10 0.3 0.1 1.0 40 25 1.1 6 3.733 0.263 12.5
11 0.3 0.1 1.5 40 25 1.3 6 3.124 0.553 7.6
12 0.3 0.1 1.9 40 25 14 6 3.208 1.469 2.8
13 0.3 0.1 1.9 40 50 2.4 6 5.928 4.718 3.0
14 0.3 0.1 3.0 40 50 3.3 6 5.671 4.783 4.1
15 0.3 0.1 7.0 40 150 9.1 4 12.87 18.38 5.9
16 0.3 0.1 12.0 40 50 3.7 6 6.235 13.15 1.7
17 0.6 0.2 5.0 80 50 1.2 6 6.687 5.461 1.4
18 0.6 0.3 4.0 80 50 1.2 6 6.401 4.576 1.4
Batch tank of 700 mL
19 0.3 0.1 1.5 40 50 4.3 3.5 20.34 4.027 18.7
20 0.3 0.1 4.0 40 50 35 35 19.46 14.33 4.3

a The solution pH was regulated each 15 min. ® Overall magnetic material weight collected from the solution, cathode and anode.

metallic Fe can also occur
Fe*'+ e — Fe?" ©)
Fe’"+2e” —Fe 4)

Equation 4 can then explain the presence of Fe particles
in some of precipitates formed.

To regulate the entrance flow of Fe2" in the medium,
different current densities were applied. The effect of
solution pH upon the process was studied as it does play
an important role in the production of magnetic materi-
als. Preliminary results showed that only at pH > 1,
Sr—Fe precipitates were obtained. Since insoluble hy-
drated Fe oxides are formed from pH 1.9,%7 it can be
concluded that coprecipitation of iron ions with Sr2* to
yield Sr—Fe oxides occurs at more acidic media. How-
ever, a surprising effect was found using different
electrolyte compositions. While magnetic materials
always precipitated from chloride media within the pH
range 1—12, nonmagnetic mixed oxides were collected
from nitrate media at pH > 3, even in the presence of
an organic additive, such as aniline. For this reason,
the study of this last media was limited to pH between
1 and 3. The influence of temperature on the above
processes was also investigated.

The following experiment (exp. 1 in Table 1) il-
lustrates the proposed electrochemical procedure. An

(27) Bockris, J. O'M., Conway, B. E., Yeager, E., White, R. E., Eds.
Comprehensive Treatise of Electrochemistry; Plenum Press: New York,
1981; Vol. 4, pp 12—-18.

aqueous solution (100 mL) of 0.1 M Sr(NO3); + 0.1 M
Fe(NO3)3:9H,0, was prepared and heated to 80 °C and
its pH was adjusted to 1.2 with a small volume of
concentrated HNOs. The solution was then introduced
in the one-compartment cell thermostated at 80 °C, and
it was stirred with a magnetic bar at 1000 rpm. An iron
foil as the anode and a porous graphite foil as the
cathode, both with an working area of 20 cm?, were
immersed in the solution, and a constant current
density of 25 mA cm~2 was applied through them for 6
h. The average cell voltage was 1.9 V. During electroly-
sis, a black precipitate was continuously formed in the
solution while its pH gradually increased, reason for
which it was adjusted to initial pH 1.2 each 15 min by
addition of HNOs. The final solution volume was ~110
mL. After electrolysis, the magnetic precipitate sus-
pended in the solution was extracted with a permanent
magnet. The precipitates retained at the anode and
cathode were separated by washing with bidistilled
water and further, their magnetic components were
extracted with the permanent magnet. Each collected
magnetic material was rinsed several times with bid-
istilled water, hydrochloric acid, and bidistilled water
again to eliminate all soluble salts, being finally dried
in an oven at 80 °C. The total magnetic material weight
thus obtained was 2.076 g with an energy cost of 2.7
kW h kg=1.The weight lost by the iron anode was 6.397
g.

Tables 1 and 2 summarize results for several elec-
trochemical synthesis performed from nitrate and chlo-
ride media, respectively, in both, the cell of 100 mL and
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Table 3. Magnetic Properties at 25 °C, Average Particle Size, and Formula Determined by ICP for Several Sr—Fe Oxides
Obtained from Nitrate Medium (see experimental conditions in Table 1)

collected M, Ms, He, dp formula SrFewO, OlFe

exp. material? emu gt emu gt Oe nm w z ratio
1 S 11 57 111 28.2 not determined
6 A 0.8 14 12 16.5 not determined

6 C 6.3 33 67 27.7 269 405 151

6 S 8.0 34 56 20.9 89 134 151
7 S 2.6 17 76 17.5 not determined

8 C 4.0 23 56 23.4 386 580 1.50
9 A 2.6 35 60 15.9 not determined
9 C 5.1 28 61 19.8 not determined
9 S 0.5 21 9 12.3 not determined

SrFe;201¢° 30 47 1122 49.4 12 19 1.58

a Sr—Fe oxide collected from the solution (S), anode (A), or cathode (C) ? Estimated by applying the Scherrer equation to the maximum
peak of the corresponding XRD spectrum related to an inverse cubic spinel structure ¢ Sample supplied by Galvarplast. Its XRD spectrum

corresponds to the hexagonal structure

the batch tank reactor. As can be seen, electrolytes with
different [Sr2*])/[Fe3*] (x/ly ) composition were tested.
Note that most of precipitates were collected from the
solution (~60—65%), and lower proportions were ob-
tained from the cathode (30—35%) and anode (<5%). For
chloride media, the weight lost by the anode in all trials
agrees with the value calculated if only reaction 1 takes
place. For example, a loss of 3.125 g of Fe is theoretically
expected after 6 h of electrolysis at 25 mA cm~2 in the
cell of 100 mL, in agreement with data of Table 2. In
contrast, more Fe is usually dissolved using a nitrate
medium (see Table 1), suggesting that other anodic
reactions different from eq 1 with lower number of
electrons are also involved. This anomalous behavior in
nitrate medium, along with the formation of nonmag-
netic materials at pH > 3, are possibly related to the
existence of complex equilibria between the electrolyte
cations and their oxide precipitates. In this way, it
seems plausible to consider that the higher complexant
power of CI~ with metallic cations seems to favor the
synthesis of magnetic Sr—Fe oxides in the pH range
between 1 and 12 from chloride medium, as experimen-
tally found. In some cases (see exp. 7, Table 1), less Fe
than the theoretically predicted from reaction 1 was
dissolved, due to the presence of O, evolution from water
oxidation.

The existence of complex equilibria in nitrate medium
is also reflected in the total weight of magnetic Sr—Fe
oxides reported in Table 1. The presence of aniline in
the cell of 100 mL at 25 mA cm™2 increases the
production of magnetic materials when the temperature
decreases from 80 °C (exp. 1) to 60 °C (exp. 6). At the
same j value, similar Sr—Fe oxide weights were found
operating at a x/y ratio between 5 and 1 (exps. 3 and 4
). For x/y < 1 (exp. 2) and x/y = 15 (exp. 7), much smaller
amounts of material were collected, reason for which
their energy costs were very high (see last column in
Table 1). The use of low j values (e. g., 5 mA cm~2 in
exp. 5) also causes the formation of smaller proportions
of magnetic materials. These findings allow us to
conclude that magnetic Sr—Fe oxides can be adequately
produced from nitrate medium in the pH range 1—3,
operating with a x/y ratio between 5 and 1 at 25 mA
cm~2, independent of temperature. Under these condi-
tions, an energy cost as low as 1.5 kW h kg™ is found
in the presence of 100 ppm aniline (exp. 6). Several trials
were then carried out in similar conditions using the

batch tank reactor at pH 1.5 and 40 °C. Comparison of
results of exps. 8 and 9 allows us to conclude that the
presence of 300 ppm aniline favors the formation of
more mixed oxides, along with the reduction of their-
energy cost to 3.1 kW h kg=! at 30 mA cm~2.

On the other hand, results of Table 2 for chloride
media with 0.3 M SrCl, + 0.1 M FeCls in the cell of 100
mL (exps. 13—16) show an increasing total Sr—Fe oxide
weight with increasing pH from 1.9 to 12 at 50 mA cm—2
and at 40 °C. The lowest energy cost is 1.7 kW h kg
after 6 h of electrolysis at pH 12. Similar costs were
obtained by applying 50 and 25 mA c¢cm~2, as can be
deduced by comparing exps. 12 and 13 at pH 1.9.
However, much higher costs were found either at lower
pH’s (exps. 10 and 11) or increasing the current density
until 150 mA cm=2 (exp. 15). The positive effect of
increasing temperature to 80 °C on this parameter was
confirmed by working at 50 mA cm~2 in acidic media of
pH 5 (exp. 17) and pH 4 (exp. 18) with different x/y ratios
of 3and 2, respectively. In both cases, a low cell voltage
was applied due to the decrease in ohmic drop (current
X resistance product) of solution, giving rise to energy
costs as low as 1.4 kWh kg~*. A similar behavior was
observed using the batch tank reactor. The exp. 20 at
pH 4.0 performed under the same conditions as exp. 19
at pH 1.5 yielded more magnetic materials with a cost
of 4.3 kW h kg~*. All these findings indicate that large
amounts of magnetic Sr—Fe oxides can be synthesized
from chloride media, especially in alkaline solutions and
at high temperatures. Acceptable energy costs lower
than 4.3 kW h kg=! can then be achieved operating
between 25 and 50 mA cm~2 within the pH range 1.9—
12 at 40—80 °C.

The electrochemical synthesis of Sr—Fe oxides was
confirmed by ICP analysis of precipitates. The resulting
formula expressed in the form SrFe,O, for several
selected samples is given in Tables 3 and 4. In acidic
nitrate media, mixed oxides with poor Sr contents were
generated. In contrast, magnetic materials from chloride
media showed higher proportions of Sr, especially those
obtained in alkaline medium with formulas even richer
in Sr than the proper strontium hexaferrite (see exp.
16 in Table 4). Thus, the anodic sample has a large
proportion of Sr with an average formula SrFeg 2801 43
and an O/Fe ratio of 5.11. This experimental fact is
difficult to explain, because Sr was not found in the
cathodic precipitate where it could be generated from a
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Table 4. Magnetic Properties at 25 °C, Average Particle Size, and Formula Determined by ICP for Several Fe—Sr Oxides
Obtained from Chloride Medium (see experimental conditions in Table 2)

collected My, M, He, d,p formula as SrFew0O, OlFe
exp material? emug?! emug?! Oe nm w z ratio
11 C 1.9 140 23 20.5 117 176 1.50
12 A 1.9 13 107 17.4 not determined
12 C 2.7 103 25 29.7 1305 1960 1.50
16 A 0.8 8.0 70 25.6 0.28 1.43 511
16 C 5.1 23 94 25.5 39 61 1.56
16 S 5.7 24 119 29.0 10 16 1.60
19 A 3.0 33 86 28.6 not determined
19 C 4.0 170 30 28.2 not determined
19 S 5.0 75 66 31.6 not determined
20 A 6.0 38 124 25.7 839 1260 1.50
20 C 2.9 98 23 24.9 56 85 1.52
20 S 12 74 99 30.7 1691 2537 1.50

a Sr—Fe oxide collected from the solution (S), anode (A), or cathode (C). ® Estimated value by applying the Scherrer equation to the
maximum peak of the corresponding XRD spectrum related to an inverse cubic spinel structure.

a
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Figure 1. XRD spectra corresponding to the magnetic materials collected from the solution in nitrate medium: (a) exp. 6 and

(b) exp. 8.

two-electron reduction of Sr2*. Further co-deposition of
this metal with Sr—Fe oxides yields the stable precipi-
tate collected at the anode.

Typical XRD spectra determined for several Sr—Fe
oxides generated from nitrate and chloride media are
shown in Figures 1 and 2, respectively. These materials
have an inverse cubic spinel structure, very different
from the hexagonal crystalline structure of SrFe;2019.
The binary oxides obtained from nitrate medium own
structures similar to magnetite or intermediates be-
tween magnetite and maghemite (Figure 1a), and
magnetite with a fraction of goethite (Figure 1b).

Materials collected from chloride medium show struc-
tures intermediates between magnetite and maghemite.
In these acidic solutions the samples from the cathode
and solution contain a proportion of metallic Fe due to
the existence of reaction 4 (Figure 2a). The percentage
in weight of Fe determined by the method of Chung?®
was always lower than 5%. In contrast, the oxides with
larger content of Sr formed at pH 12 did not show the
presence of metallic Fe (Figure 2b). The lattice constants
(a) were calculated from the XRD results. For example,

(28) Chung, F. J. Appl. Crystallogr. 1974, 7, 519.
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Figure 2. XRD spectra related to the magnetic Sr—Fe oxide produced in chloride medium: (a) exp. 11, cathodic precipitate; (b)

exp. 16, precipitate collected from the solution.

values of a = 8.363 & 0.002 A and a = 8.378 + 0.002 A.
were found for the materials collected from the solution
in exps. 6 (Figure 1a) and 16 (Figure 2b), respectively.
These are intermediate values to those of magnetite (a
= 8. 396 A) and maghemite (a = 8.351 A).

The last column of Tables 3 and 4 shows the O/Fe
ratio for the Sr—Fe compounds obtained. This value
usually oscillates between 1.50 and 1.60, close to that
of the maghemite (1.50) or hexaferrite (1.58), but very
far from that of magnetite (1.33). By taking into account
the low Sr content found in oxides, it can be established
that they are mainly composed by Fe3*, with a very low
presence of Fe?*.

These results allow us to propose that the magnetic
materials obtained are solid solutions of Sr—Fe oxides.
Probably, the coprecipitation of the materials starts with
the formation of a solid solution of maghemite with a
small proportion of magnetite near to the electrodes
during the electrolysis. Under the action of the applied
electrical field, this compound is then doped by Sr?* in
more or less extension. The overall reaction for the
formation of maghemite can be written as

2Fe*" + 60H™ — y-Fe,0, + 3H,0 (5)
whereas magnetite is generated from the coprecipitation
of Fe?™ formed by eq 1 and Fe3" present in solution:

Fe’" + 2Fe®* + 80OH™ — Fe,0, + 4H,0  (6)
The further doping of the mixture of these oxides is due
to the partial substitution of Fe>" of magnetite by Sr?*.
This process can be expressed as follows:

Sr¥t+ [ (7-Fe,05):(Fes0,) ] —
[(v-Fe,05)(Fe;0,).-1(SrFe,0,)] + Fe?" (7)

where &/ represents the proportion of maghemite/
magnetite mixture doped by one Sr2* ion. In accordance
with the O/Fe ratio near to 1.50, &/¢ >1, that means
that the major part of the mixture is maghemite. The
final product formula may be written also as SrFe,O;,
as reported in Tables 3 and 4. Therefore, the following
equations can be written:

W=26+3E—1

z=35+4¢ (8)
Itis clear that if £/ >1, the O/Fe ratio (= z/w) is 1.50.
To corroborate if Sr—Fe oxides are formed during

electrolysis, the composition of single particles was

analyzed by EDX. Two examples are shown in parts a

and b of Figure 3 for samples obtained from nitrate and

chloride media, respectively. From these spectra, it is
clear that the particles are composed of binary oxides
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Figure 3. EDX spectra of a single particle of the magnetic
material synthesized in (a) exp. 7, precipitate collected from
the solution; and (b) exp. 16, anodic precipitate.

of Sr and Fe. These materials are, therefore, new
magnetic Sr—Fe oxides, not described previously in the
literature. Note that all the samples collected were
rinsed with bidistilled water, further with hydrochloric
acid solution, and finally, with bidistilled water in excess
to eliminate all soluble compounds of Sr. Following this
method, compounds such as SrCl; or Sr(NOs), were not
detected in the XRD spectra.

The average particle size d for synthesized materials
was estimated from their XRD spectra by applying the
Scherrer equation to the maximum peaks, usually at a
2 A angle ~33° (see Figures 1 and 2). Several data
obtained are listed in Tables 3 and 4. The mixed oxides
collected from acidic nitrate media undergo a decrease
in d when aniline is present in solution. This beneficial
effect for the preparation of more nanostructured ma-
terials can be easily deduced if d values found for exps.
6, 7, and 9 with aniline are compared with those of exps.
1 and 8 without aniline (see Table 3). For chloride
media, similar d values were found for each kind of
magnetic material (see Table 4). It is noteworthy that
all Sr—Fe oxides have much lower average particle sizes
than 49.4 nm determined for commercial hexaferrite
with the same method, suggesting that they contain a
much higher number of nanoparticles. In general,
nanoparticles with an average size from 2—3 nm to ~50
nm were detected by SEM, depending on the experi-
mental conditions. A decrease in average particle size
with increasing current density and decreasing tem-
perature was observed in all media. The presence of
aniline for nitrate media results in the same effect.

The above results indicate that the proposed electro-
lytic method allows the preparation of nanostructured
Sr—Fe oxides with potential application in different
technological fields. The specific applicability will be
determined by their magnetic properties, which are
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reported in Tables 3 and 4 for several selected samples.
The saturation magnetization for these materials can
achieve values as high as 140 or 170 emu g~* (see Table
4). These values are much higher than those corre-
sponding to magnetite (65 emu g ~1), maghemite (72
emu g ~1), and commercial hexaferrite (72 emu g ~1) 2.
On the other hand, results of Tables 3 and 4 show
that synthesized mixed oxides have low remanent
magnetizations (until 11 emu g=1) and coercive fields
(until 124 Oe), in comparison with commercial SrFe;,019
with M, = 30 emu g~ and H, = 1122 Oe, respectively.
This behavior may be easily associated with the exist-
ence of particles with a broad range of volumes.29:30

1V. Conclusions

It is demonstrated that magnetic nanoparticles of new
Sr—Fe oxides can be electrochemically synthesized in a
cell of 100 mL and a batch tank of 700 mL using
commercial Fe electrodes and nitrate and chloride
media with Sr2*+ and Fe®" salts. These materials can
be adequately obtained as precipitates from nitrate
media in the pH range 1—3 with a [Sr2*]/ [Fe3*] ratio
between 5 and 1, yielding a minimum energy cost of 1.5
kW h kg™t at 25 mA cm~2. The presence of 100—300
ppm aniline in this medium, as additive organic, causes
a decrease in energy cost and particle size. In contrast,
magnetic Sr—Fe oxides are always collected from chlo-
ride media within the pH range 1-12, although at pH
> 1.9 acceptable energy costs lower than 4.3 kW h kg™
are achieved working between 25 and 50 mA cm~2 and
at 40—80 °C. ICP analysis shows poor Sr contents in
mixed oxides produced from acidic nitrate media, and
higher contents of this element in materials collected
from chloride media, especially at pH 12 where a large
proportion of Sr is detected in the anodic precipitate.
For acidic chloride media, less than 5% of metallic Fe
is found in the materials produced at the cathode and
in the solution. EDX analysis of single particles confirms
that materials are solid solutions of oxides of Fe and
Sr. All compounds crystallize in the form of inverse cubic
spinels, usually with intermediate structures between
magnetite and maghemite. This structure differs from
the hexagonal one found for SrFe;,019. A large fraction
of nanoparticles with an average size from 2—3 nm to
~50 nm are observed by SEM, decreasing the size when
increasing the current density and decreasing temper-
ature. The saturation magnetization for these oxides is
higher than that of commercial strontium hexaferrite.
They have, however, lower remanent magnetizations
and coercitive fields.
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