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Abstract This paper describes the production of alloy
nanoparticles of Co:Fe ratio 65:35 from Aotani solutions in
the presence of high power ultrasound (20 kHz). The
production of this new type of alloy nanoparticles was
performed potentiostatically and galvanostatically at
(298 £+ 1) K using a newly designed experimental set-up
i.e. a ‘sonoelectrode’ producing short applied current pul-
ses triggered and followed immediately by ultrasonic
pulses. It was shown that cathode efficiencies decreased
with increasing current densities and high nanoparticle
yields were obtained at low current densities. Morpholog-
ical and structural studies of the produced nanoparticles
were performed by TEM, SEM, XRD, and SAED, and
showed that the strongly aggregated CogsFess alloy nano-
particles were predominantly formed, with prevalent body-
centered cubic bcc crystalline structure; no redissolution of
the nanoaggregates was observed and no separate Fe and
Co metallic nanoparticles were produced sonoelectro-
chemically. The experimental value of the lattice parameter
for bcc Co-Fe alloy was 2.85 A and was in excellent
agreement with literature values.
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1 Introduction

The effect of high power ultrasound on electrochemical
systems or Sonoelectrochemistry is an active and exciting
research area. It was shown that the effects of high inten-
sity ultrasonic irradiation on electrochemical processes
lead to both chemical and physical effects, for example,
mass-transport enhancement, surface cleaning and radical
formation. Many workers [1-4] have also investigated the
distribution of ultrasonic waves or energy in various elec-
trochemical reactors operating in the lower ultrasonic
frequency range (20-55 kHz) and at high ultrasonic pow-
ers. Several methods for such determination have been
proposed e.g. aluminum foil erosion, sonoluminescence,
calorimetric methods, chemical dosimetry and laser-sheet
visualization [1-4].

Many of the observed effects in Sonoelectrochemistry
may be explained by the enhancement of mass-transport in
diffusion-controlled processes [4]. Low-frequency high
power ultrasound is known to decrease the diffusion layer
thickness (J) thereby giving substantial increase in limiting
current ([};,) attributed due to effects of cavitation and/or
micro and macro-streaming [3, 4]. The experimental
decrease in the diffusion layer thickness is also known to be
due to asymmetrical collapse of cavitation bubbles at the
electrode surface leading to the formation of high velocity
jets of liquid being directed toward its surface. This jetting,
together with acoustic streaming, is thought to lead to ran-
dom punctuation and disruption of the mass transfer
boundary layer at the electrode surface at close electrode-to-
horn separations. More recently, Pollet et al. [5] showed,
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with aid of mathematical models based on mass-balance
equations, that a Levich-like equation relating the limiting
current density, the square root of ultrasonic intensity and the
inverse square root of the electrode-horn distance, may be
generated for ultrasonic frequencies of 20 and 40 kHz
allowing the generation of an ‘equivalent’ flow velocity
under sonication, an important and useful parameter in
chemical engineering.

Due to the numerous advantages of Sonoelectrochem-
istry, recently, an upsurge of interests has been observed in
the synthesis of metallic nanoparticles [6-9].

In the last decade, the production of metallic cobalt—iron
alloys nanoparticles has been investigated as they offer high
surface-to-volume ratios and have considerable potential for
usage in various areas e.g. magnetic recording, catalysis, and
medicine [10-16]. There are arange of methods of producing
metallic nano-sized materials including thermal decompo-
sition [17, 18], physical and thermal evaporation [6, 17],
laser ablation [19], laser-assisted catalytic growth (LCG)
[11, 12], vapor—liquid—solid growth (VLS) [11], chemical
oxidation [12] and sol-gel methods [13]. However most of
these techniques tend to be expensive and time-consuming.
An alternative method, which is both simple and cost-
effective, is the use of Sonoelectrochemistry. For example,
Reisse et al. [14] produced micro sized metallic particles
such as copper by a unique sonoelectrochemical method, in
which the ultrasonic horn was used as the working electrode.
This ‘sonotrode’ or ‘sonoelectrode’ was subjected to short
applied current pulses which were each followed by ultra-
sonic pulses. They showed that, during cavitation, a jet of
liquid penetrates inside the cavitation bubble perpendicular
to the ‘sonoelectrode’ surface [16] and the resulting impact
was responsible for dislodging any nanopowder material
which had been electrochemically deposited on the surface.
This new sonoelectrochemical method has since been
employed to produce several pure metallic, alloy [14, 20-22]
and semiconductor nanoparticles [23-26].

This paper presents a study on the synthesis of cobalt—
iron alloys nanoparticles using the new method combining
metallic electrodeposition with power ultrasound (20 kHz).
The cobalt—iron alloys nanopowders produced were char-
acterized both morphologically and chemically.

2 Experimental

The experiments were carried out in two stages:

(i) Potentiostatic and galvanodynamic characterization of
the electrochemical behaviour of the Aotani solution
in the absence and presence of ultrasound, and

(ii) Synthesis by electrolysis and characterization of
produced cobalt-iron alloys nanoparticles were
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performed by using the pulsed sonoelectrochemical
method [14].

For the first stage of this investigation, all electrochemical
experiments were performed either potentiostatically or
galvanostatically using either a Radiometer PGP201
potentiostat or a AMEL 7060 potentiostat respectively
connected to a PC for data acquisition. Electrochemical
experiments were performed using either a cell similar
design to that of Pollet et al. [27] (Fig. la) or in a
cylindrical vessel (200 ml) (Fig. 1b). Electrochemical cells
were placed in a Faraday cage. Temperature was regulated
by a glass cooling coil (C) placed inside the electrochem-
ical cell and linked to a thermostatted bath operating at
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Fig. 1 (a) The Pollet arrangement [27] with the exception of the
ultrasonic source (20 kHz Vibra-Cell VC600 probe) at the bottom; (b)
Schematic of the sonoelectrochemical nanoparticle production setup
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preset temperatures. The temperature of the electro-analyte
was measured with a Fluke 51 digital thermometer fitted to
a K-type thermocouple. The working electrodes were either
a titanium disc (r = 0.066 cm, area = 0.0136 cm? deter-
mined coulometrically) for the ‘face-on’ mode [27]
(Fig. 1a) or a titanium alloy sonoelectrode (r = 0.625 cm,
area = 1.227 cm?) (Fig. 1b).

Platinum flags and meshes were used as counter elec-
trodes. For potentiostatic studies, the distance between the
ultrasonic probe and the working electrode was (2 £ 0.1)
mm (d, Fig. 1a) and for galvanostatic studies, the ultrasonic
horn was used as the working electrode (Fig. 1b). All
electrodes were electrochemically cleaned by cycling in
sulphuric acid (1.0 mol dm™) for 10 min prior to the
experiments. They were then washed with high quality
MilliQ water and all Ti electrodes were polished to a mirror
finish first with grinding paper (Buelher-Met, P600) and
then sequentially with 25 microns down to 0.3 micron
alumina oxide paste. For potentiostatic studies, a saturated
calomel electrode (sce) was employed as reference
electrode.

For the second stage of this study, the apparatus
employed for the production of cobalt—iron alloy nanosized
materials was similar to that employed by Reisse et al. [14].
The system consisted of a two-electrode set-up, namely (i)
a titanium alloy horn (Sonics & Materials) acting both as
the cathode and the ultrasonic emitter (described therein as
the ‘sonoelectrode’) linked to a AMEL 7060 potentiostat
operating in galvanostatic mode and a 20 kHz Ultrasonic
VC-600 Sonics & Materials generator and (ii) a platinum
mesh acting as the anode linked to the potentiostat. A heat-
shrinkable sleeve surrounded the side walls of the extreme
part of the sonoelectrode, leaving only a flat active surface
for the electrodeposition equal to 1.227 cm? (ultrasonic
horn tip area determined coulometrically) (Fig. 1b). A
constant galvanostatic current was applied to the sono-
electrode and the maximum ultrasonic power ultrasound
employed was 76 W. A trigger acted like a switch with the
role of closing alternatively the circuits in which the
potentiostat and the piezoelectric power supply operated.
The pulse drivers allowed applied galvanic current and
ultrasonic pulsing.

For the production of nanopowders, the time manage-
ment sequence employed was as follows:

(1) A short current pulse was sent to the sonoelectrode,
and here the titanium horn acts as an electrode only
(tfon); the time of this phase typically ranged between
0.3 and 0.5 s.

(2) Immediately after the electrochemical pulse was turned
off, an ultrasonic pulse was sent to the sonoelectrode
and here it acted only as a vibrating ultrasonic horn
(tus); this second phase lasts no more than 0.5 s

(3) A rest time, t,, followed the two previous phases (this
was useful to restore the initial electrolyte conditions
close to the sonoelectrode).

A characteristic time management parameter of the
process, y, was employed according to Eq. 1 [14]:

fon
* IoN + foFF M)
where torr = tys + tp.

By controlling the varying process parameter, y, and the
applied current, it was possible to produce sonoelectro-
chemically high purity and high surface/volume ratio
suspended nanoparticles which were filtered with 0.05 um
Millipore filters under vacuum.

The filters were then washed with pure ethanol, dried for
48 h in a silica-gel drier and stored under vacuum. Each
filter was weighted after dehydration and the efficiency of
the process was calculated as the ratio of the produced
mass of powder to the faradic yield according to Eq. 2 [28]:

_XI[Zl(XIPA,)
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where y is fon/(fon + torr), I is the applied current in A,
t is the total time in s, F is the Faraday constant
(96,500 C mol_l), x; is the molar fraction, PA; is the
atomic weight in g mol™" and n; is the number of electron
transferred.

For each run, the cathode efficiency, n in % was deter-
mined using Eq. 3 [29]:

mg

n="""100% (3)

where my is the faradaic yield in g and m, is the actual
metallic mass produced during the sonoelectrochemical
tests in g.

The formed powders were analyzed by X-ray fluores-
cence (Kevex Analyst 770) in views of identifying their
exact chemical composition. Morphological studies of the
nanopowders were performed on both a scanning electron
microscope, SEM (Stereoscan 440 SEM, Cambridge,
equipped with a Philips EDAX PV9800) and a transmis-
sion electron microscope, TEM (JEOL 3010 operating at
300 kV). X-ray diffractometer (Siemens D500 XRD) with
CuK, radiation [A(Cu) = 1.54060 A] was used for the
identification of the phases and the measurement of grain
size in the powders.

Finally, for all experiments, chemical reagents were of
AnalaR grade or equivalent. All CogsFess nanopowders
were synthesized from a sulphate bath based on Aotani’s
formulation [30] and its composition is shown in Table 1.
The pH was adjusted to ca. 3 with a 6.0 mol dm ™ solution
of HCI and the solution was exposed to air [31]. Citric acid
(weak organic acid) was used as a buffer to increase
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Table 1 Composition of CogsFess Aotani’s bath

-3

Chemicals for Aotani’s bath Concentration/mol dm

FeSO,4-7H,O 0.0945
CoS0O47H,0 0.1755
NH,Cl1 0.48
H;BO; 0.48
CsHsO7 0.01
NaOH 0.017

‘solubility’. Aqueous Aotani’s solutions were prepared
using high quality MilliQ water (R = 12 MQ). Ultrasonic
powers were determined calorimetrically using the method
of Margulis et al. [32, 33] and ultrasonic powers are quoted
as W or otherwise stated.

3 Results and discussion

3.1 Potentiostatic studies in the absence and presence
of Ultrasound (20 kHz)

Potentiostatic experiments were performed using a tita-
nium rotating disc electrode in the absence and presence of
ultrasound in order to understand the electro-reduction
processes involved in the cobalt and iron in solutions. The
experimental set-up used is shown in Fig. la.

3.1.1 Silent conditions

The electrochemical behavior of the Co-Fe in Aotani’s
solution was first investigated using cyclic voltammetry on
a static Ti disc electrode at 200 mV s~ ' and at (298 £ 1)
K. The scan potential range was run from open circuit
potential and always initiated in the negative direction.

Figure 2 shows a typical cyclic voltammogram
obtained under silent conditions in the potential range
[+1.0 V; —1.5 V vs. sce]. A current loop in the cathodic
branch of the voltammogram is obtained, indicating the
three-dimensional (3D) nucleation of Co-Fe and sub-
sequent grain growth [34]. In the cathodic part of the
voltammogram the electro-reduction of Co-Fe, i.e. the
formation of the binary Co-Fe alloy on Ti, starts at a
discharge potential of —0.9 V vs. sce. This observation is
in good agreement with literature [34]. In the anodic part
of the voltammogram and in the potential range of
[—0.5 V; +0.5 V vs. sce], the anodic peak potential on Ti,
corresponding to the stripping of Co-Fe, is Ep,1i = +80
mV vs. sce can be seen. Furthermore, in the potential
range studied, the separate discharge of Co and Fe ions
were observed.
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Fig. 2 Cyclic voltammogram of Aotani solution on Ti electrode at
200 mV s~ ! and at (298 % 1) K in the absence of ultrasound

The investigation then turned to the effect of forced
convection in the absence of ultrasound by using a rotating
Ti disc electrode. Figure 3 shows cyclic voltammograms of
Ti in Aotani solution at various rotation speeds (up to
1,000 rpm), at 200 mV s~ ! and at 298 + 1) K.

The figure shows typical irreversible cyclic voltammo-
grams. In the potential range [+1.0 V; —1.5 V vs. sce], all
voltammograms performed at several rotation speeds
showed current loops (in the cathodic branches), again,
indicating the three-dimensional (3D) nucleation of Co—Fe
and subsequent grain growth [34]. In the cathodic part of
the voltammograms no limiting currents were observed,
indicating that the electro-reduction process of the binary
Co-Fe alloy is not only diffusion-controlled but also
kinetically-controlled. In the anodic part of the voltam-
mograms, as the rotation speed increased, an increase in
anodic peak currents was observed. Furthermore, a nega-
tive shift of peak potentials compared to no rotation was
observed. For example, a AE of —75 mV was obtained at
all rotation speeds employed compared with no rotation.
This is an interesting observation which could be due to
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Fig. 3 Series of cyclic voltammograms of Aotani solution on Ti RDE
at various rotation speeds (a) 1,000 rpm, (b) 500 rpm, (c¢) 250 rpm
(d) O rpm, +1.0 V vs. sce to —1.5 V vs. sce, at 200 mV s_l, at
(298 £ 1) K in the absence of ultrasound
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concentration overpotentials, i.e., as the rate of the electro-
reduction reaction is proportional to the surface concen-
tration of the electro-active species, the cathodic reaction
rate is limited by a drop in the surface concentration.

3.1.2 Ultrasonic conditions

Figure 4 shows typical cyclic voltammograms obtained in
the optimized Aotani solution in the absence (dotted line)
and presence of ultrasound at 20 kHz and at 118 W cm ™2
(solid line). For both conditions and in the potential range
[+1.0 V; —1.5 V vs. sce], there still exist current loops in the
cathodic branch of the voltammograms, indicating nucle-
ation of Fe—Co and grain growth. Also, in this potential
range, in the presence of ultrasound, the electro-reduction
process for the binary Co-Fe (or discharge potential) starts
earlier compared with silent conditions. In other words, there
is a potential shift to more positive values (AE = +60 mV), a
finding that has been observed previously by Pollet et al.
[27]. In the potential range [—0.5 V; +0.2 V vs. sce], the
anodic response corresponds to the stripping of Co—Fe in the
absence and presence of ultrasound. Interestingly, the oxi-
dation (anodic) peak potential is shifted to more negative
values (AE = —155 mV) in the presence of ultrasound
compared to silent conditions.

It is possible to explain this shift in potential as follows:

(a) It is known that when ultrasound is transmitted
through a liquid, efficient stirring and cavitation occur
in the bulk solution and near the electrode surface
[1-4]. This leads to an increase in the movement of
ions across the diffusion layer and their subsequent
discharge and hence a decrease in concentration
overpotential. This also leads to a decrease in
nucleation overpotential. It has been shown that
ultrasound affects the surface morphology of many

300

200 ——US 20kHz (118 W.cm2)

15 A 25 0 05 1
E/V vs. SCE

Fig. 4 Cyclic voltammograms of Aotani solution on Ti RDE in the
absence (dotted line) and presence of ultrasound (solid line) [20 kHz
and 118 W cm™2], at 200 mV s~ ' and at (298 + 1) K

metal electrodeposits due to highly efficient stirring
caused by acoustic streaming, and also that this
decrease in overpotential is due to formation of
nucleation sites at the electrode surface caused by the
implosion of cavitation bubbles [27].

(b) It is also known that increasing the effective area of
an electrode surface causes a decrease in overpoten-
tial as is shown by a comparison of typical values for
smooth platinum and finely divided platinum black
electrodes. Since ultrasound is known to cause pitting
of metal surfaces, this is a possible explanation for the
decrease in overpotential [27].

(c) Temperature has an obvious influence on electrode
kinetics and the potential E is known to be temper-
ature-dependent. Since ultrasonic irradiation can lead
to a temperature increase in a medium, it is important
to establish whether any observed decrease in
potential under sonication is simply due to an increase
in bulk temperature. However, in these experiments
the temperature of the bulk solution was controlled
and never rose above (298 = 1) K during the
sonoelectrochemical runs.

3.2 Galvanodynamic studies under silent conditions

The main focus of this study was to determine a value of a
‘limiting current’ for the system in order to operate under
pure “diffusion control” conditions. Under these condi-
tions the overall rate of the reaction is controlled by the rate
of the diffusion of the reactants to the electrode surface
rather than the rate of the reaction itself. The galvano-
dynamic experiments were performed with a view to
identifying the electrochemical features of the electrolytic
solution and to determine the value of the ‘limiting
current’. A current scan from 0 to —20 mA (scan rate =
0.1 mA s~') was performed and the cell voltage was
monitored. A two electrode configuration was used and the
potentiostat was operated in galvanostatic mode.

Figure 5 shows the dependence of cell voltage with the
applied current on three electrolytic solutions, containing
Fe, Co and CogsFess. The discharge of 100% Fe and
100% Co start at discharge cell voltages of 1.2 V (Fe) and
2 V (Co). However, the Co:Fe ratio 65:35 curve exhibits
two voltage drops (1.5 V and 2 V) which are though to be
directly related to the various electro-reduction processes
involved. One explanation for this observation is that
each voltage drop corresponds to the diffusional pro-
cesses of Fe** and Co®*. If the process is performed with
lower values of applied current, secondary reactions are
inhibited as the process conditions are near the ‘limiting
current’ conditions for the reduction of Fe®* and Co**.

@ Springer



400

J Appl Electrochem (2008) 38:395-402

Fig. 5 Galvanodynamic
polarisation curves of Fess,
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Under such conditions, the highest rate for the charge-
transfer reaction compatible with the rate of the diffusion
of the cations to the electrode surface is obtained. If
however, the applied current is increased the reaction
becomes affected by side-reactions as the diffusional
process itself is unable to supply the reactants fast enough
at the cathode surface.

3.3 Cobalt—iron alloy nanoparticle production

In order to study the system behaviour and to optimize the
sonoelectrochemical process, the Co-Fe nanoparticles
syntheses were conducted by varying (a) the time duration
of fon and fys between 0.3 and 0.5 s and (b) the applied
current from —10 to —500 mA with ton and fyg fixed to
0.3 s as shown in Table 2. The total time of the sono-
electrochemical runs was set to 90 min. In these
experiments the pH did not significantly vary from the
initial value of 3 and no titanium particles arising from
cavitational erosion from the ultrasonic horn surface were
detected on the filters.

The experimental conditions for the sonoelectrochemi-
cal investigations, the process time management parameter,
y and the cathode efficiency, 1 are summarised in Table 2
from which the following comments can be made:

(a) The cathode efficiency was high and remained over
50% for applied currents lower than —20 mA but as
the applied current increased by 50-fold, the cathode
efficiency decreased 10-fold. This can be explained as
being due to hydrogen evolution which occurs at
higher applied currents and therefore cathodic poten-
tials. The electro-reduction of water, as evidenced by
hydrogen evolution, is a well-known and undesirable

@ Springer

Table 2 Cathode efficiencies (1) showing variation of foy, fys and
applied currents (/)

Tests I/'mA  ton/s tusls tfs mJmg mJ/mg 1 (%)

1 —-10 03 0.3 04 033 47 4.2 89.0
2 —-10 0.5 0.3 04 047 6.7 542 810
3 -10 0.3 0.5 04 025 3.86 2.0 52.0
4 -20 03 0.3 04 033 95 5.1 537
5 =50 0.3 0.3 04 033 234 2.5 11.0
6 -500 0.3 0.3 04 033 233 19.8 8.5

1 is the applied current (mA); 7oy is the applied current pulse time (s);
tys is the applied ultrasonic pulse time (s); £, is the rest time (s); x is
the varying process parameter; m; is the faradic yield (mg); m, is the
actual yield (mg); n is the cathode efficiency (%)

secondary reaction in the metal electrodeposition
industry and is the main cause of low cathode
efficiencies [29]. From galvanodynamic studies
(Fig. 5) and XRF results (not shown here), the
optimum applied current window was found to be
between —10 and —50 mA.

(b) Variations of fon and fyg influenced the cathode
efficiency, particularly for longer ultrasonic and
current pulses. For example, at an applied current of
—10 mA with toy = 0.3 s and fyg = 0.3 and 0.5 s, it
was found that the cathode efficiency decreased from
89% to 52% suggesting that longer ultrasonic pulses
were detrimental to the formation of Co-Fe in the
bulk electrolyte.

The primary role of ultrasound in these processes is to
induce cavitation in the electrolytic solution which will
then ablate the metallic nuclei formed during the short
electrodeposition period from the cathodic surface [14, 16,
21-26].
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The characterization and analyses of nanometallic
powders in the filters proved interesting and revealed that
their chemical composition was similar to that of the
Aotani’s solution when the sonoelectrochemical system
operated under ‘diffusion control’, as showed from EDAX
(Fig. 6a) and XRF analyses. Furthermore, compositional
analysis performed on all filters gave similar results
(Table 3); and confirmed that the preferential deposition of
the less noble cobalt [35, 36] was not observed, since the
electrochemical deposition operated under ‘diffusion con-
trol’. In fact, the charge of iron and cobalt ions and
respective masses were quite similar and so their transport
numbers was the same for both species. For this reason the
composition of nanoparticles was approximately similar to
that of the solution. This is in agreement with the galva-
nodynamic studies performed previously.

Morphological and structural studies on filters performed
by TEM, SEM, XRD, and SAED showed that nanoparticles
had prevalent bcc crystalline structure and were strongly
aggregated (Fig. 6b). TEM images shown in Fig. 6b made
possible to observe the smallest particles synthesized with
the method, with a minimum size of about 5 nm. However
the particles presented a wide size distribution and it was
therefore difficult to determine their average size. Further-
more, the nanoparticles produced in this process were
agglomerated in clusters and formed three-dimensional
structures with mean sizes of about 300 nm with a round
shape and which in turn, aggregated and built complex
structures, as shown in SEM images (Fig. 6¢).

From our findings, it appears that it is not straight-forward
to separate individual Co—Fe alloy nanoparticles due to both
their magnetic properties [34] and their physical nature, i.e.
the high surface energy that leads to aggregation (in order to

Fig. 6 (a) EDAX pattern—Al
and Cu peaks originate from the
sample holder (made of Al-Cu
alloy); Si peak is due to the
grinding paper employed to
smooth the sample holder; O
peak is due to the solvent (the
sample holders were thoroughly

Table 3 Results of XRF analyses [Fe(K) and Co(K) lines] showing
composition of Fe and Co on all nanometallic powders (filters) using
a bath composition of 35% Fe and 65% Co

Tests %Fe %Co
1 34.9 65.1
2 43.34 56.66
3 38.82 61.18
4 37.07 62.93
5 35.51 64.49
6 32.78 67.22
Bath composition 35 65

Peak integral method was used

minimize system energy). The results obtained suggested
that the sonoelectrochemical synthesis generated an alloy.
Thus, XRD measurements were carried out as shown in
Fig. 7 with a view to investigating the microstructure of
Co—Fe nanoparticles. The grain size was calculated from the
peak broadening using the Rietveld method [37]. The pat-
terns revealed that ca. 93% of Co—Fe nanoparticles produced
had a bcc structure with lattice parameter of 2.849 A and an
average grain size of ca.12 nm. This is in excellent agree-
ment with the Fe—Co phase diagram according to which the
bcc phase is thermodynamically stable at temperatures
below 1,273 K and the calculated lattice parameter is 2.85 A
[38]. This finding suggests that high pressures and temper-
atures induced by cavitation, did not appear to influence the
crystalline structure of the nanoparticles. Also, no iron
oxides were observed in the X-ray diffraction patterns;
probably due to the limitation of the technique (i.e. below the
detection limit).

washed in ethanol and then

sonicated); (b) TEM images;
(c) SEM images [specimens
prepared by drop-(c.1) casting
and (c.2) gilding techniques]
of Co-Fe nanopowders
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