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Microemulsion-based synthesis of Fe—Co alloy nanoparticles has been reported for the first time. Spherical,
uniform, and highly monodisperse nanoparticles of Fe;5Co,s, Feg7C0s3, FesoCosg, and Fes;;Cog; with an average
size of 20, 25, 10, and 40 nm, respectively, were synthesized. These nanoparticles crystallize in a body-
centered cubic cell. A higher cobalt content led to the formation of biphasic mixtures. Energy-dispersive
X-ray spectroscopy studies confirmed the Fe/Co ratios. Nanoparticles of the Fe;;Coq; alloy show higher
hydrogen and oxygen evolution efficiencies (over 100 times) compared with other Fe—Co alloys of
nanocrystalline or bulk form. The Fe—Co alloy nanoparticles also show ferromagnetism.

1. Introduction

Fe—Co alloys exhibit a variety of structural,! > mechanical,* ©
optical,” electronic,”® magnetic,”*%"% and electrocatalytic’
properties. The crystal structure of the Fe,y—, Co, alloy depends
on the temperature and relative ratio of Co and Fe. For x < 70
Co, the Fe—Co alloys have a body-centered cubic structure
below ~730 °C and a face-centered cubic structure at higher
temperature.® Nanosized alloy particles exhibit drastically dif-
ferent properties compared with bulk materials.'” Fe—Co alloy
nanoparticles are ferromagnetic!' with excellent soft magnetic
properties equivalent or superior to those of conventional
materials, which are being used in perpendicular magnetic
recording media, highly sensitive magnetic sensors, toners,
imaging reagents, and magnetic carriers.>%!°~!3 Nanostructured
particles of Fe—Co alloys have earlier been fabricated from
chemical®">~!7 and physical routes.'$72! Other techniques, such
as electrodeposition,? mechanical alloying,'™*!! sonochemical,?
polyol processes,? decomposition of organometallic precur-
sors,? and chemical vapor condensation,’ are also known. Here,
we introduce a microemulsion method for obtaining Fe—Co
alloy nanoparticles with varying stoichiometries.

The microemulsion method has earlier been employed to
obtain a number of metallic (Pt, Pb, Fe, Cd, Ag, Au, Cu, Ni,
and Co)*’3° and bimetallic nanoparticles (Co—Ni, Cu—Ni,
Au—Ag, Au—Pd, and Au—Pt).?3'73% However, Fe—Co alloy
nanoparticles have not been reported so far by the microemul-
sion method (reverse micelles). Reverse micelles are appropriate
reactors for the synthesis of monodisperse nanoparticles with a
narrow size distribution.’® In this paper, we report the synthesis
of Fe—Co alloy nanoparticles using the microemulsion method
for the first time. We have characterized the alloy nanoparticles

using powder X-ray diffraction (PXRD) studies, high-resolution
transmission electron microscopy (HRTEM), electron diffrac-
tion, and energy-dispersive X-ray spectroscopy (EDS) studies.
Magnetic and electrocatalytic properties (both hydrogen and
oxygen evolution reaction studies) have been investigated in
detail.

2. Experimental Section

FeCl; (Qualigens, 96%), (CH;COO),Co+4H,0 (CDH, 99%),
NaBHy, (Spectrochem, 98%), cetyl trimethylammonium bromide
(CTAB) (Spectrochem, AR, 99%), 1-butanol (Qualigens, 99.5%),
and isooctane (Spectrochem, 99%) were used in the synthesis
of the Fe—Co alloy nanoparticles. CTAB was the surfactant,
1-butanol the cosurfactant, and isooctane the oil phase. Three
microemulsions with different aqueous phases containing 0.1
M FeCl;+3H,0, 0.1 M cobalt acetate, and 1.0 M NaBH, were
prepared. The weight fractions of various constituents in these
microemulsions were as follows: 16.76% CTAB, 13.90%
1-butanol, 59.29% isooctane, and the remaining 10.05% aqueous
phase. These microemulsions were mixed slowly on a magnetic
stirrer, and a brown-colored precipitate was obtained. The
precipitate (precursor) was washed with a 1:1 chloroform/
methanol mixture and dried in air. The above precursor, when
annealed in a hydrogen atmosphere at 700 °C for 6 h, led to
the formation of a monophasic bimetallic x = 50 alloy. We
have also synthesized nanoparticles with x = 25, 33, and 67
using the same method as given above by varying the molar
ratio (starting with appropriate stoichiometries of Fe and Co
solutions). All alloy nanopowders were black in color. At higher
cobalt concentrations (x > 70), mixed phases were obtained.

PXRD studies were carried out on a Bruker D8 Advance
diffractometer with Ni-filtered Co—Ka radiation with a scan
speed of 0.5 s and scan step of 0.02°. The cell parameters were
determined from a least-squares fitting of all observed reflections
with quartz as the external standard. TEM studies were carried
out with a Technai G? 20 electron microscope operating at 200
kV. The specimens for TEM were prepared by dispersing the
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Figure 1. Powder X-ray diffraction patterns of nanocrystalline
bimetallic alloys of (a) Fe;5sCoas, (b) Fes;Coss, (c) FesyCosg, and (d)
FC33C067.

nanoparticles in acetone by ultrasonic treatment, dropping onto
a porous carbon film supported on a copper grid, and then drying
in air. X-ray photoelectron spectroscopy was performed in an
ultra-high-vacuum chamber (P H1257) with a base pressure of
4 x 107'% Torr. The XPS spectrometer was equipped with a
high-resolution hemispherical electron energy analyzer (279.4
mm diameter) with a resolution of 25 meV and a dual anode
Mg/Al Ko X-ray source. An Al (Ka) source with an excitation
energy of 1486.6 eV was employed in this study. The general
scan showed very small C and O impurities.

Cyclic voltammetry (CV) was carried out with a computer-
controlled electrochemical workstation (Autolab 302N/FRA)
with the Ohmic drop 98% compensated. The reference electrode
was Ag/AgCl while Pt wire was used as the counter electrode
(Bioanalytical Systems Inc.). Glassy carbon was used as the
working electrode (0.07 ¢cm?), which was first polished with 1
um diamond polishing paste, then ultrasonicated in distilled
water for 1 min before immobilizing the different nanomaterials
for either hydrogen or oxygen evolution reactions. A 5 mg
portion of Fe—Co alloy nanoparticles was mixed with 2 uLL of
polyvinylidene fluoride. The mixture was placed on the glassy
carbon electrode and air-dried for about 1 h. The glassy carbon
electrode was then placed in the cell containing about 5 mL of
0.5 M KOH solution. For each experiment, freshly prepared
electrodes and solutions were used. The experiments were
carried out at room temperature (22—23 °C). Cyclic voltammetry
was carried out at a scan rate of 40 mV/s with a peak window
between 0 and —1.5 V versus a Ag/AgCl electrode for the
hydrogen evolution reaction and from 0 to 0.8 V versus Ag/
AgCl for the oxygen evolution reaction. Amperometry was
carried out for 200 s for each electrode with the potential fixed
at —1.4 V versus Ag/AgCl for hydrogen evolution and at 0.8
V for the oxygen evolution reaction.

The magnetization studies were carried out at temperatures
ranging from 10 to 300 K, in applied fields of up to 10 kOe
with a Quantum Design Physical Properties Measurement
System.

3. Results and Discussion

Powder X-ray diffraction studies (Figure 1) showed that pure
crystalline nanoparticles of varying stoichiometries were syn-
thesized. All the reflections of each pattern could be indexed
on the basis of a body-centered cubic (bcc) unit cell. The refined

Figure 2. (a) TEM micrographs of FesoCoso. (b) Electron diffraction
pattern of FesoCosy nanoparticles. (¢) TEM micrograph of Fes;;Cog;.
(d) TEM micrograph of Fes;Coss. () TEM micrograph of Fe;5Coos
alloy nanoparticles. The insets of panels (a)—(e) show the high-
magnification TEM image of FesoCosg and electron diffraction patterns
of Fe33Coq7, Feg;Cos3, and FessCo,s alloy nanoparticles, respectively.

lattice parameters of the nanoparticles were found to be
2.8450(1), 2.8481(9), 2.8567(3), and 2.8620(1) A for Fe;5Coos,
Feg;Cos3, FespCosp, and Fes;3Cogr, respectively, which is similar
to the lattice parameters reported earlier.!® The increase in lattice
parameter with x is in accordance with the larger size of Co.
Note that the lattice parameter of bec iron is 2.840 A, whereas
that of fcc cobalt is 3.560 A. A mixed phase of Co and Fe—Co
alloy nanoparticles was obtained when the composition was
loaded in the ratio of 1:3 of Fe/Co systems. Note that Co forms
a solid solution with Fe when x < 70.'

Figure 2 shows the TEM micrographs of Fe—Co nanopar-
ticles. The microscopic studies showed the formation of FesoCosg
alloy nanowires (Figure 2a). On closer inspection (shown by a
HRTEM image), these nanowires appeared to be assembled
from spherical nanoparticles (inset of Figure 2a). The average
size of these spherical nanoparticles was found to be ~10 nm.
Self-assembly of Fes,Cosy nanoparticles may be due to their
magnetic interaction. Electron diffraction patterns showed the
formation of pure bee FesoCosg nanoparticles (Figure 2b). TEM
micrographs of Fe;3Cogr, Fes;Cos3, and Fe;sCo,s showed highly
uniform and monodisperse spherical-shaped nanoparticles with
the average sizes of 40, 25, and 20 nm, respectively (Figure
2c—e), and the corresponding electron diffraction patterns
(insets, Figure 2c—e, respectively) clearly indicated the presence
of only a bcc structure, the low-temperature bulk phase.® EDS
(Figure 3) confirmed the compositions of the nanoparticles to
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Figure 3. EDAX analysis of (a) Fe;5C0ys, (b) Feg;Coas, (¢) FesoCosp, and (d) Fe;3Cosg; alloy nanoparticles.

be Fe7,Coss, Fes;Cos3, Fes,Coys, and FesgCogq, (Figure 3a—d),
in accord with the initial loaded stoichiometries (Fe;5Co,s,
Feg;Coas,. FesyCosg, and Fes3Cogr, respectively). The EDS studies
suggested that the surface of these nanoparticles was oxidized
to a small extent.

Figure 4 shows the XPS spectra of Fe—Co alloy nanoparticles
where core level spectra of Fe 2p and Co 2p versus binding
energy are presented. Figure 4a shows the photoemission peak
with Fe 2ps, at a binding energy of 706.8 €V,* which indicates
the presence of elemental iron, Fe(0). A little bump is observed
at 709.8 eV, due to Fe*",%¢ suggesting slight oxidation of Fe on
the surface of the sample. A photoemission peak of Co 2p;, is
shown at 778.2 eV (Figure 4b), which indicates the presence
of pure Co metal.>> However, there is also a shoulder at about
781 eV corresponding to the Co?' oxidation state,* evidence
of a minor surface oxidation of Co as well.

From the depth profile curve obtained from XPS studies, we
can observe the variation of Fe and Co XPS signals by removal
of the surface layers of the nanoparticles by 4 keV Ar" ion
bombardment. The percentage composition of Fe and Co in
Fe—Co nanoparticles with Ar™ ion depth profiling is shown in
Figure 5. Knowing that the average particle size is about 10
nm (for the FesoCosy nanoparticles) from the TEM data, we
calibrate the ion dose in terms of particle size along the beam
axis. The composition (relative %) of each metal is calculated
from the corresponding atomic scattering factors. Using geo-
metrical consideration and ignoring preferential sputtering and
the inelastic mean free path of the core electrons, we quanti-
tatively estimate the composition by assuming a radial depen-
dence of the density of each element.?! From the above studies,
we observe that the average stoichiometry of the nanoparticle
was found to be 1:1 for the FesoCos, alloy nanoparticles (Figure
5) as expected. The compositions of FessCoss, Fes7Coss, and

Fes3Coq7 alloy nanoparticles are also in accordance with the
initial loaded stoichiometry.

Electrochemical characterization of these nanoparticles was
studied using cyclic voltammetry and amperometry. Figure 6
shows cyclic voltammograms of various alloy nanoparticles with
different compositions. The electrode containing Fe;3Cog; nano-
particles showed an increased oxidation current at around 0.57
V, whereas the oxidation current for Fes;Cos3 and Fe;5Co,s alloy
nanoparticles occurred at about 0.75 V versus a Ag/AgCl
reference electrode. The current increase at these potentials is
due to the following reaction at the electrode surface.

40H — 2H,0 + O, + 4e"

At the electrode surface, Fes;3Cog; nanoparticles generated
more current and at a lower potential than both Fes;Cos; and
Fe;5Co,s alloy nanoparticles. The peak current is proportional
to the amount of oxygen generated during the chemical reaction.
The peak current generated using Fe;sCo,s nanoparticles was
much higher than for Feg;Coys alloy nanoparticles at 0.75 V.
The currents obtained are a function of both the surface area
and the composition of the bimetallic alloy nanoparticles.

Figure 7 shows the chronoamperometric experiments of three
electrodes with various alloy nanoparticles of different composi-
tions. Again, the Fe;;Cog; alloy nanoparticles showed a much
larger current than both the Fes;Cos; and the Fe;5Co,s nano-
particles. Less energy is required for OER at the electrode with
Fes3Cog7 alloy nanoparticles than with the electrode containing
Feg;Cos; or Fes5Co,s nanoparticles. Less energy is also required
to generate oxygen from the electrode with Feg;Cos; than
Fe;5Co,s alloy nanoparticles. For the oxygen evolution reaction,
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Figure 4. XPS spectra of Fe—Co alloy nanoparticles in binding energy
of (a) Fe 2p and (b) Co 2p.
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Figure 5. Depth profile curve obtained from X-ray photoelectron
spectroscopy of FesoCosg alloy nanoparticles.

the Fe33Cog; alloy nanoparticles would be the best choice as
the evolution reaction occurs at the lowest potential.

The nanoparticles were also evaluated for the hydrogen
evolution reaction by applying a negative potential on the
electrodes containing the nanoparticles. Figure 8 shows the
cyclic voltammograms of various alloy nanoparticles of different
compositions scanned from 0 to —1.4 V versus a Ag/AgCl
electrode. Two redox peaks were observed for each of the three
alloys, which occurred at different potentials. For Fe;3Cog;
nanoparticles, the peaks were around —0.4 and —1.0 V, whereas
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Figure 6. Cyclic voltammograms of Fe—Co alloy nanoparticles on a
glassy carbon electrode in 0.1 M KOH.
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Figure 7. Chronoamperometric voltammograms of Fe—Co alloy
nanoparticles on a glassy carbon electrode and at 0.8 V vs a Ag/AgCl
electrode.

for Fes;Coas, the redox potential occurred at about —0.4 and
—0.9 V versus a Ag/AgCl electrode. For Fe;sCo,s alloy
nanoparticles, redox peaks occurred at about —0.4 and —0.8
V. From the peak currents generated (above —1.4 V), we
observe that Fe;3Cog; alloy nanoparticles would be much better
for hydrogen generation than Feg;Cos; or Fe;sCops alloy
nanoparticles according to the reaction below.

2H,0,, + 2¢~ — 20H,, + H,

Figure 9 shows the amperometric voltammograms for these
alloy nanoparticles. As observed from cyclic voltammetry, the
magnitude of the peak current is as follows: Fes3Cog7 > Feg;Cos3
> Fe;5Co,s. All the three alloy nanoparticles showed excellent
stability determined from the 10 cycles with each cycle lasting
approximately 20 s. The cobalt-rich alloy nanoparticles
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Figure 9. Chronoamperometric voltammograms of Fe—Co alloy
nanoparticles on a glassy carbon electrode and at —1.4 V.

(Fes3Cog7) showed superior electrocatalytic behavior compared
with amorphous bulk Fe—Co particles.’” The current density
(~40 mA/cm?) for nanocrystalline Fe33Cog; alloy particles was
found to be much higher (130 times) than the current generated
(~0.3 mA/cm?) for amorphous bulk Fe—Co alloy powder.”’
Thus, nanosized particles of the Fe—Co alloy would be a better
choice as hydrogen and oxygen evolution electrocatalysts
compared with bulk alloys. The electrocatalytic activity of alloys
with respect to the hydrogen and oxygen evolution reactions
(HER and OER) is critically dependent on the surface morphol-
ogy and composition of the alloy.” In the present study, we
have investigated the effect of composition of alloy nanoparticles
on electrocatalytic behavior (for HER and OER). Note that
cobalt is a better electrode material than iron for use in HER
and OER.*~*! Hence, cobalt-rich Fe—Co alloy nanoparticles
show superior electrocatalytic behavior.

The field dependence of magnetization of Fe—Co alloy
nanoparticles has been investigated from 10 to 300 K. The room-
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Figure 10. M vs H plots of Fe—Co alloy nanoparticles at 300 K.

temperature hysteresis loops showed ferromagnetic behavior of
Fe—Co nanoparticles, and the saturation magnetization values
(My) at 300 K are calculated to be 50, 52, and 43 emu/g for
nanoparticles with x = 67, 50, and 33, respectively (Figure 10).
Similar magnetic behavior was also observed at 10 K. The M
values of Fe—Co nanoparticles are smaller than that reported
for the corresponding bulk FeCo alloy (~225 emu/g).*?> M,
values of 205 and 150 emu/g have been reported for spherical
particles with an average size of 45 and 40 nm (at 300 K),
whereas a value of M of 212 emu/g was earlier reported for
cube-shaped nanoparticles (~70 nm).!>%3 One possibility is
that the particles oxidized during the prolonged time between
synthesis and measurement. Such oxides are ferri- or antifer-
romagnetic, leading to a decrease in measured magnetization.
Although only minor oxygen was detected by XPS and EDS,
both studies were done under ultrahigh vacuum and not long
after synthesis.

4. Conclusions

We have used a microemulsion method for the synthesis of
Fe;5Co,s, Feq;Coss, FesgCosp, and Fes;3Cog; nanoparticles. The
diameter of the particles lies in the range of 10—40 nm.
Electrocatalytic studies showed that Fe;3Cos; nanoparticles are
much superior hydrogen and oxygen evolution electrocatalysts
compared with Feg;Cos3 and Fe;5Co,s nanoparticles. Nanocrys-
talline Fe;;Coq; alloy particles also showed a much higher
current density (~40 mA/cm?) than the current generated for
bulk Fe—Co alloy powder. These nanoparticles are ferromag-
netic, although there is indication of oxidation, leading to
reduced magnetization.
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