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We succeeded in the efficient preparation of well-dispersed
Fe—Co nanoalloys (NAs) using the arc plasma deposition
method. Synchronous shots of dual arc plasma guns were
applied to a carbon support to prepare the solid-solution type
Fe—Co NAs having an approximately 1:1 atomic ratio. The
alloy structures with and without a reductive thermal
treatment under hydrogen atmosphere were examined using
X-ray powder diffraction, scanning transmission electron
microscopy (STEM) combined with energy-dispersive X-ray
analysis, high resolution STEM, and magnetic measurements,
suggesting that highly crystalline spherical particles of
ordered B2-type Fe—Co NAs form by the thermal treatment
of the deposited grains.

Development of an efficient preparation of designed nanoalloys
(NAs) is an important challenge in materials science because of their
useful applications, such as catalysts,!’ magnets,”> and optical
materials.® So far, metallic NAs immobilized on a support have been
prepared using various methods, such as co-impregnation,’
microemulsion,’ simultaneous reduction,’ and so on. Recently, an
arc plasma deposition (APD) method’ has been used for large-scale
(>1 g) and solvent-free synthesis of well-dispersed metal
nanoparticles on a support. Some metals or metal oxides deposited
on supports have been prepared using the APD method (e.g.,
Pt/TiO,).* However, there are few reports on the preparation of
metallic NAs using the APD method.” In this study, we focus
especially on an application of the APD method for the preparation
of Fe~Co NAs, which have potential interest not only as catalysts'
but also as magnetic materials.'" Iron group NAs, including Fe-Co
easily aggregate, which prevents the preparation of well-dispersed
nanoparticles less than a few tens of nanometres in diameter.'® We
employed synchronous deposition of Fe and Co with an APD
instrument equipped with dual arc plasma guns, as illustrated in
Figure 1. In this experimental set-up, metal compositions and alloy
structures are potentially variable by changing the number of shots
or the shot sequence. In simultaneous shooting, Fe and Co plasma
species are synchronously showered on a support from both metal
targets. However, it is not possible to tell the structure, morphology,
and size of the surface species. Here, we report the first successful
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preparation of well-dispersed Fe—Co NAs using the ADP method
without any protecting agent and present detailed structures and
elemental distributions of Fe—Co products formed on active carbon
for the production of favourable NA using the APD method.
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Fig. 1 Schematic view of the preparation method for Fe—Co NAs
deposited on a support using synchronous shots of dual arc plasma
guns equipping Fe and Co sources.

Fe—Co NAs were prepared using synchronous shots of dual arc
plasma guns (ULVAC ADP-3P-N2) equipping Fe and Co metals
onto carbon supports. The carbon support (Vulcan XC-72R, 1.07 g)
was placed in a pot inside the vacuum chamber of the equipment and
was continuously stirred by rotation of the pot at 30 rpm with a
stirrer bar during the deposition process. Quantities of 1000
(abbreviated to FeCo'"""), 5000 (FeC0*""), and 30000 (FeCo3"""?)
synchronous plasma shots (500, 2500, and 15000 shots for each
metal) were discharged from the arc plasma guns at a frequency of
10 Hz under vacuum conditions to obtain various samples having
different metal amounts. The pot was maintained at 18 °C using a
water-cooling apparatus. After the discharges, black powders were
obtained for each sample.

Metal loadings and atomic ratios of the deposited Fe and Co
atoms were examined using inductively coupled plasma—atomic
emission spectrometry (ICP-AES, Thermo iCAP6300). The
amounts of metals in FeCo'"", FeCo™, and FeCo>™ were
estimated to be 0.086, 0.350, and 1.81 wt%, respectively. As shown
in Figure S1, the deposited weights of each Fe or Co metal were
proportional to the number of shots from each arc plasma gun.
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Irradiation rates of Fe and Co sources were represented with similar
proportional constants, resulting in almost 50:50 atomic ratios of Fe
and Co in the prepared specimens; i.e., the atomic ratios of Fe and
Co in FeCo' FeCo™®, and FeCo’"" were determined to be
53:47, 48:52, and 54:46, respectively, as shown in Figure S2. These
results are probably attributable to analogous kinetic phenomena
involved in plasma formations of the two metals due to their similar
fundamental parameters of the two metals—e.g., molar masses
(M(Fe) = 55.8, M(Co) = 58.9 g mol™) and boiling points of Fe and
Co (3134 and 3200 K, respectively)—and ensure favourable
controllability for Fe and Co compositions on the support in
applying the ADP method.
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Fig. 2 STEM images of (a) FeCo™" and (b) FeCo*™®. Particle size
distributions of (c) FeCo™" and (d) FeCo**. HAADF-STEM
images of (¢) FeC0>®" and (f) FeCo>"".

To identify distributions of the deposited Fe and Co atoms on the
support, we performed scanning transmission electron microscope
(STEM, JEOL JEM-ARM 200F) observations. On FeCo'", clear
images of metal species were not obtained because of sparseness of
the metal atoms, suggesting that metal loadings less than 0.1 wt%
are insufficient to attain a metal density for grain formation among
Fe and Co species. In contrast, we could see particle formation on
FeCo™ and FeCo*" " samples as deposited (Figure 2) although
some parts of supports remain bare surfaces (Figure S3—-S4). Two
reasons for this inhomogeneous distribution of metal species are
considerable. The first reason is that an excess amount of support
volume for the amount of sprayed plasma species is required in the
mechanically stirring system for its stable operation. As the second
one, we think that agglomerations of the carbon supports are not
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sufficiently disaggregated by the mechanical stirring and plasma
species are sprayed only on the surface of the agglomerations, i.e.,
the inside of the agglomerations remain non-contact with the plasma,
resulting in relatively high content of the metal species showed in
the STEM images compared with those determined by ICP
measurements which reflect loading amounts of metal species in the
whole sample including unmodified support portions. Nevertheless,
observed images rightly reflect a growth process of the irradiated
metal species. The mean diameters of the particles on FeCo™" and
FeCo®"" were estimated to be 3.3 and 5.3 nm, respectively,
(Figures 2c—d) by counting over 200 particles on the STEM images.
This result indicates that the size of the particles composed of metal
elements increases with the number of shots.

Crystallinities of the particles were examined using a high
resolution STEM (HR-STEM) technique. We could only see
amorphous grains in FeCo™" but not find crystalline ones as shown
in Figure SS5a. In contrast, some crystalline parts with lattice fringes
existed in FeCo™™® (Figure S5b), while most of parts were
amorphous. The distance between the fringes in the Figure S5b was
estimated to be 0.20 nm, corresponding to 0.202 nm of the interlayer
distance of (110) planes of the bec or B2 structure which is the most
stable phase of Fe—Co alloy having an atomic ratio around 1:1 at
ambient temperature.'”> This observation represents that metallic
particles are prepared by the APD method. We think that the
amorphous part is attributable to mixed oxide for the reason
discussed later. To confirm the crystal structure of the whole
particles, we conducted X-ray powder diffraction (XRPD)
measurements (RIKEN Materials Science Beamline BL44B2 at
SPring-8,"> 4 = 0.5004 A). Figure S6 shows XRPD patterns of
FeCo'", FeCo®™, and FeCo®®™. As seen in the HR-STEM
images, FeCo> (and FeCo'"™) did not show any obvious
diffraction patterns from metallic phases, such as Fe, Co, nor Fe—Co
alloy, due to the amorphous nature of the samples. In the case of
FeCo®”" there was only a small peak around 14.2°, which is
attributable to the diffraction from the (110) plane of bec or B2
phase. These results imply that Fe-group metallic particles with
diameters less than approximately 5 nm do not remain in the air due
to their high surface reactivity with oxygen, even if metallic particles
are formed in the vacuum chamber.
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Fig. 3 (a) HAADF-STEM image of a grain of FeCo*"". STEM—
EDX map of (b) Fe-K and (c) Co-K signals. (d) Overlap image of
Fe-K and Co-K signals. Green and red correspond to Fe-K and Co-K
signals, respectively.

We examined elemental distributions on FeCo™" and FeCo*"""
using STEM combined with energy-dispersive X-ray analyses
(STEM-EDX, JEOL JEM-ARM 200F). Figures 3 and S7 show
STEM-EDX maps for grains of FeC0**®® and FeCo™" as deposited,
respectively. EDX signals of both Fe-K and Co-K lines were
homogeneously distributed in a grain, indicating that the atoms
deposited by the synchronous shots of the dual arc plasma guns
automatically formed alloy grains on the carbon support. Figures 3d
and S7d describe the overlap intensity of these Fe-K and Co-K
signals. On both specimens, Fe and Co atoms form neither a phase
separation nor a core—shell-type alloy but a solid-solution-type alloy
on the active carbon; even the shape of the grains is not spherical. As
shown in Figure S8, other grains in FeCo®™" also include both Fe
and Co atoms.

Then, we treated all specimens at 800 °C for 1 minute under 5%
H,/Ar mixed gas flow, namely, hydrogen treatment for the formation
of crystalline particles. XRPD patterns of FeCo'" before and after
hydrogen treatment, as shown in Figure S9, seem to be almost
identical to that of the carbon support. However, in the cases of
FeCo™" and FeCo®™", we could recognize the existence of
crystalline Fe—Co alloys after the hydrogen treatment (Figures S10—
S11). Figure S11 provides the XRPD patterns of the FeCo®""
before and after hydrogen treatment. As mentioned above, the bulk
Fe—Co alloy with the atomic ratio of 1:1 is known to show bcc or B2
structure below 700 °C.'"> The hydrogen-treated FeCo®"" showed
clear diffraction peaks around 14.2° (110), 20.2° (200), and 24.8°
(211) derived from the bee or B2 structure, implying that hydrogen
treatment induced rearrangement of Fe and Co atoms to form
crystalline metal nanoparticles. We cannot assign the crystal
structure to whether a bee or B2 type because the characteristic peak
of the 100 plane was not recognized because of the weakness of the
peak. However, the hydrogen-treated samples formed an ordered B2
structure, which was confirmed by HR-STEM observations as
discussed below. As shown in Figure S10, the hydrogen-treated
FeCo™ also showed a very weak peak around 14.2°, while no peak
was observed before the hydrogen treatment, implying that the
rearrangement of Fe and Co atoms or particle growth also occurred
as in the case with FeCo**",

Figure S12 shows STEM and HAADF-STEM images of the
hydrogen-treated samples of FeCo™" and FeCo*™". In both cases,
odd-shaped particles observable on the pristine samples were clearly
changed to spherical form with relatively smooth surfaces, indicating
that rearrangement of Fe and Co atoms on the carbon support occurs
during the hydrogen treatment. The mean diameters of the whole
particle including both oxide and metallic parts were also changed
by hydrogen treatment and were determined to be 8.3 and 8.8 nm for
FeCo™ and FeCo", respectively, as shown in Figure S12c—d.
This result indicates that particle growth also occurred during the
hydrogen treatment. However, the similarity in the particle sizes of
both samples gives us a good opportunity to prepare catalysts having
various or optimal amounts of metals on supports without drastic
changes in the diameter of the metal species. Note that the particles
after hydrogen treatment had core—shell-like structures (Figures
S12e-f), where the shell is amorphous. More-detailed observations
were conducted using a HR-STEM technique as shown in Figures
4a-b. Both the hydrogen-treated FeCo™® and FeCo*™" provide
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similar lattice images consisting of a crystalline core and an
amorphous shell. We could see clear lattice planes such as (110) and
(200) planes of the B2-type crystal structure, indicating that the
highly crystalline metallic particles were formed by the hydrogen
treatment. This result suggests that the surface of the nanoparticles
was oxidized during experimental manipulations due to a high
reactivity of the FeCo alloy with oxygen. We also think that the
amorphous part of as-deposited FeCo* and FeCo®"" was
obtained through oxidation of the deposited FeCo alloys. In fast
Fourier transform (FFT) images of the HR-STEM images (Figures
S13-S14), we could recognize the characteristics peaks of an ordered
B2 structure, e.g. (100) plane, confirming that the ordered B2-type
NAs were efficiently prepared through the APD operation and the
additional hydrogen treatment.
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Fig. 4 HR-STEM images of the hydrogen-treated (a) FeCo™" and
(b) FeCo®™®. The insets in (a) and (b) show the B2 crystal structure
of FeCo alloy viewed along [011] and [001] directions
(corresponding to the direction along the incident electron beam),
respectively. Room-temperature magnetizations of (c) FeCo™ and
(d) FeCo™"" before (red) and after (blue) the hydrogen treatment.

To confirm the elemental composition of these particles, we also
performed STEM-EDX analyses for the hydrogen-treated samples
of FeCo*" and FeCo*". Figures S15 and S16 show STEM—-EDX
maps for particles of hydrogen-treated FeCo™" and FeCo®"",
respectively. In both cases, EDX signals from both Fe-K and Co-K
lines were homogeneously distributed in a particle. This result is
consistent with the fact that Fe and Co atoms are alternatively
arranged, i.e., B2-type structure forms in the particles. Figures S17
and S18 show line profiles of EDX signals for FeCo™ and
FeCo®™" respectively. Both signals from Fe and Co atoms showed
a similar distribution because of their B2-type arrangement.
However, distributions of O-K signals in these samples were
different from those of the Fe-K and Co-K signals. The profile of the
O-K signals clearly showed that peaks were located around the
surface region of the particle, confirming that the centre of the
particle consisted of Fe—-Co metallic NAs and that the outside was
amorphous oxide, which accords with the above discussion
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regarding STEM images of FeCo™™ and FeCo*™" after hydrogen
treatment. To estimate the metallic part of FoCo alloys, we also
performed magnetic measurements as shown in Figures 4c—d.
Saturated magnetizations of FeCo alloys in FeCo™™ and FeCo*""
as prepared and FeCo™" and FeCo*"" with hydrogen treatments
were estimated to be 17, 45, 91, and 131 emu g, respectively.
These magnetization values are considerably smaller than 233 emu
g™ of the FesyCos, metallic nanocrystal,'*'*> suggesting that samples
do not purely consist of the metallic FeCo alloys. If we hypothesize
that the grains in FeCo®" before the hydrogen treatment, which
exhibits 17 emu g of saturated magnetization, are purely composed
of mixed oxide, the amounts of metallic part in FeCo* and
FeCo™" after the H, treatments are estimated to be approximately
35 and 54 wt% from the calculation based on the weight of the
included Fe and Co atoms, confirming that the existence of both
metallic and oxide parts in these samples. From these results, we
could conclude that well-dispersed ordered B2-type Fe—Co alloy
nanoparticles having a mean diameter of less than 10 nm were
successfully prepared through synchronous shots from the dual arc
plasma guns and the hydrogen treatment without any chemical
reagents and solvents, and the surface of the Fe—Co alloys tends to
be coated with a thin oxide layer. Note that this is the first example
of ordered NAs synthesis through APD method and detailed
observation for NAs formation through the ADP method although an
example of preparation of a Pd—Fe catalyst has been reported.’

In summary, we have demonstrated that the APD method is a new
method for efficient preparation of well-dispersed Fe—-Co NAs on a
support without protecting agent, solvents, or any reagents. We have
prepared an Fe-Co NA supported on carbon using the APD method
with synchronous shots of the arc plasma guns. Small NAs having
mean diameters of less than 10 nm were successfully dispersed on
the support without any protecting agent. We found that the Fe and
Co atoms deposited using arc plasma guns aggregate with each other
to form non-spherical Fe—Co alloy grains with low crystallinity on
the carbon support and that hydrogen treatment at 800 °C caused
rearrangements of the atoms and particle growth to form spherical
Fe—Co metal NAs with ordered B2 structure. These results are a
useful example of the efficient preparation of iron-group NAs and
will provide a new methodology to prepare bimetallic catalysts with
various supports.
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