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A liquid-assisted one-step sintering method was proposed for the synthesis of Llp-FePt superfine
nanoparticles. The liquid assisted Fe and Pt precursors were homogeneously deposited on NaCl media,
which facilitated the nucleation rates, obviously reduced the particle size and promoted the orderly
transformation. Through optimizing the sintering parameters, superfine L1g-FePt nanoparticles (about
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Introduction

FePt nanoparticles (NPs) with fct (L1,) structures have received
considerable attention for their potential applications in
permanent magnets, high-density magnetic recording media,
and high-efficiency catalysts.’ These application performances
are closely related to the morphology, size, and crystal struc-
tures of the particles. The FePt NPs with small size, uniform
morphology and high structural ordering are in high demand.
Since the initial report by Sun et al.,* chemical synthesis has
become an extensive route for the fabrication of FePt NPs.>”
Normally, the FePt NPs directly synthesized by chemical
methods are of the fcc structure. In order to obtain good
performance, the particles should be transformed from the fcc
to the fct structure by post-annealing. However, the particles
would grow and aggregate during this treatment, which seri-
ously worsens the performance of the NPs and limits their
application; many efforts have been made toward solving this
bottleneck problem. Some materials such as SiO,, MgO, and
NaCl have been employed as the protective inert layer or matrix
to restrict grain growth and aggregation;'*™ however, the
effects have been limited and abnormally large particles and
aggregation were still not avoided.

Some previous works have shown that the direct synthesis of
L1,-FePt nanomaterials in high-boiling-temperature solvents
results in limited structural ordering.'*** To achieve a higher-
ordered structure, a third element doping method, with
elements such as Cu, Ag, Au and Bi, has been employed to
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synthesizing L1o-FePt nanoparticles with superfine sizes and ultra-high coercivity.

accelerate the L1, ordering or promote crystallographic orien-
tation.'*™® However, to date, the FePt NPs prepared by the direct
wet chemical synthesis route show a partial structural ordering
that is not high enough for further applications.

Recently, a simple one-step solid-phase approach to the
preparation of L1,-FePt NPs has been reported.™ In this method,
Fe and Pt precursors are used in the absence of an organic solvent
and surfactant, NaCl particles are employed as the substrate for
nanoparticle nucleation and growth, as well as an insulation
medium preventing nanoparticle coalescence during high-
temperature sintering. The chemically ordered L1,-FePt NPs
with coercivity of more than 2 T can be obtained. Although this
method is a promising route, the as-prepared particles are hard
to control, and it is difficult to synthesize superfine NPs. The
synthesis of the superfine NPs with high degree of order is
anticipated for the application of L1,-FePt NPs.

In this work, we report a modified one-step sintering method
in which a liquid-assistant process is employed. The precursors
were dissolved in the solvent and then the solution was mixed
with fine NaCl powder. The mixture was heated under strong
stirring until the liquid evaporated; thus, the precursors could
uniformly precipitate on the surface of the NaCl particles. The
solid mixture was then sintered to obtain L1,-FePt NPs directly.
The relationships among synthesis process, particle size, and
ordering degree are discussed herein, and the optimal process
for preparing FePt NPs with a superfine size and good perfor-
mance is studied. This liquid-assisted method offers a good
solution to the uniformity problem of solid-solid mixing in
previous reports and is a promising facile method for synthe-
sizing superfine L1,-FePt NPs.

Experimental methods

Pt(acac), and Fe(acac); were employed as precursors. Hexane
was used as a liquid solvent to dissolve the precursors. NaCl as

This journal is © The Royal Society of Chemistry 2019
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an insulator was milled into a micro-scale powder with particle
size smaller than 10 pm. These reagents were obtained from
commercial sources and used without further purification.

For preparing L1,-FePt NPs, the metal precursors Fe(acac)s
(0.25 mmol, about 0.088 g) and Pt(acac), (0.25 mmol, about
0.100 g) were dissolved in 50 mL of hexane, and then sodium
chloride (NaCl 75 g, the mass ratio of precursors to insulator
was set as 1/400) was added to the solution. The mixture was
heated to 80 °C under strong stirring. After evaporation of the
solvent, the mixture was moved to a quartz boat. The quartz
boat was heated in a tube furnace at the rate of 10 °C min"
under a reducing atmosphere (5%H, + Ar). For the controllable
synthesis of L1,-FePt NPs, the sintering temperature was tuned
from 300 to 750 °C and the mass ratio of the precursors to
insulator was increased from 1/400 to 1/100. The L1,-FePt NPs
were collected by centrifugal washing, repeatedly with water
and alcohol, and stored in alcohol at —20 °C.

The NPs specimens for transmission electron microscopy
(TEM, JEM-2100F, 200 kV) analysis were prepared by drying
a dispersion of the NPs on amorphous carbon-coated copper
grids. Grain sizes of the NPs were determined by counting more
than 100 particles in the TEM images by using Win Roof soft-
ware. The crystal structure and lattice parameters of the NPs
were measured by a standard powder X-ray diffraction method
(XRD, Ultima 1V, Cu K,). Magnetic properties of the NPs were
characterized through the superconducting quantum interfer-
ence device (Quantum Design, MPMS3).

Results and discussion

The XRD patterns of the FePt NPs sintered from 300 to 750 °C
are shown in Fig. 1. At 300 °C and 500 °C, the FePt NPs were in
the disordered fcc-phase, and the diffraction peaks from the
(111), (200) and (220) faces could be detected. Some diffraction
peaks from NaCl were also found when the sintering tempera-
ture was lower. Above 600 °C, all the diffraction peaks can be
indexed as the L1,-phase with the fct structure (CIF. 1540807),
which means the orderly fcc—fct transformation occurred at
600 °C in the liquid-assisted sintering process. The trans-
formation temperature in this work is higher than that in
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Fig. 1 XRD patterns of FePt NPs sintered at various temperatures.
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previous reports without liquid-assistance (350 °C).* The
diffraction peaks of (200) and (002) become more obvious when
increasing the sintering temperature, indicating an increase in
the order degree of the NPs.

The JADE software was used to calculate the lattice param-
eters. The lattice parameter a of the fcc-FePt phase was calcu-
lated from the diffraction angles of the (111) and (200) peaks.
The lattice parameter c of the fct-FePt phase was calculated from
the diffraction angles of the (001) and (002) peaks, and another
lattice parameter a was calculated from the diffraction angles of
the (110) and (200) peaks. The calculated lattice parameter
values are shown in Fig. 2(a). The a of fcc-FePt is between that of
fcc-Fe (PDF. 89-4185, 0.3649 nm) and fcc-Pt (PDF. 88-2343,
0.3970 nm), it decreases on increasing the sintering tempera-
ture from 300 °C to 500 °C, which means a composition
evolution is induced and the Fe content in fcc-FePt NPs is
increased to generate a Fe-rich fcc-phase.”® These results also
agree with the composition evolution of FePt NPs, as shown in
Fig. 2(c). Both a and c of fct-FePt decreased and became, close to
the standard values (ass = 0.3849 nm, ¢ = 0.3700 nm, CIF.
1540807) on further increasing the sintering temperature from
650 °C to 750 °C. The order degree s was calculated by the
formula s> = [1 — (c/a)]/[1 — (c/a)s]- As shown in Fig. 2(b), s
increased with the sintering temperature. The results prove that
the order degree of the L1,-FePt phase can be enhanced by
increasing the temperature because higher temperatures
benefit the orderly transformation. Fig. 2(c) shows the compo-
sition evolution of sintered FePt NPs; less Fe alloys with Pt when
sintered with liquid-assistance at 300 °C and 500 °C. The Fe and
Pt contents in the FePt NPs are close when the temperature
increases to above 600 °C. Considering that the fct-FePt phase is
also generated at above 600 °C, it can be deduced that the
composition also has a significant influence on the orderly
transformation, besides the sintering temperature.

TEM images of the L1,-FePt NPs sintered from 600 °C to
750 °C are shown in Fig. 3(a)—-(d). At various sintering temper-
atures, almost all the L1y,-FePt particles are sphere-like and
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Fig. 2 Lattice parameters (a), order degree (b), and composition (c) of
FePt NPs sintered at various temperatures.
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monodisperse; the aggregation of a few of the NPs might be
related to the magnetic interaction and surfactant-free
surfaces.'”** Fig. 3(e) shows the SAED image of the L1,-FePt
particles sintered at 600 °C; the diffraction rings are indexed as
the faces of the L1,-FePt phases and they agreed well with the
XRD results. The as-prepared NPs were single crystals, as
confirmed by the HRTEM images from Fig. 3(f). The uniform
fringes were distributed throughout the particles and the
interplanar spacing was indexed as the (110) face of the L1,-
FePt.

The grain size distributions of the L1,-FePt NPs sintered at
different temperatures are shown in Fig. 4(a). The distributions
were well fitted with the Gauss function, which indicates that
the growth model of the L1,-FePt NPs is a typical ripening
process® because the NaCl insulator restricts the attachment of
the surfactant-free magnetic NPs. The mean grain sizes of the
L1,-FePt NPs calculated from the Scherrer formula (XRD
patterns) and Gauss functions (TEM images) are shown in
Fig. 4(b) and listed in Table 1. The errors in grain sizes (TEM)
originated from the standard deviation of the Gaussian func-
tion. The sizes determined by the Scherrer formula are larger as
compared to the Gauss function, which might be caused by the
aggregation while preparing the samples for XRD. Nevertheless,
the grain sizes of the L1,-FePt NPs calculated by both methods
presented similar trends, and the sizes increased with the
increasing sintering temperature because the temperature
accelerated the element diffusion in ripening growth.”” It
should be noted that the L1,-FePt nanoparticles obtained from
the liquid-assisted method were smaller than the NPs prepared
in the absence of liquid, which might be attributed to the
modification of the growth process. The uniform distribution of
precursors on the NaCl insulator enhanced the nucleation rate
and regulated the growth rate of the L1,-FePt nanoparticles. The
quantity of nanoparticles with a size smaller than 3 nm, which
are over-fine and present a superparamagnetic performance, is
reduced as the sintering temperature increases (Fig. 4(c)). The
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Fig. 4 Grain size distributions (a), grain sizes (b), and over-fine NPs
contents (c) of the L1p-FePt NPs synthesized at various temperatures.

number of over-fine particles decreases to nearly zero when the
sintering temperature increases to above 700 °C. In addition,
the quantity of abnormally grown L1,-FePt NPs (the particles
with sizes twice that of the main particle size) increased with
increasing sintering temperature. Although increasing the sin-
tering temperature can reduce the superparamagnetic fcc-FePt
NPs (size below 3 nm) and guarantee the consistency of the
phases in the products, it will increase the size range and
destroy the size uniformity. Therefore, more sintering parame-
ters need to be optimized to ensure the size uniformity of the
L1,-FePt NPs.

The room temperature magnetic hysteresis loops of the L1,-
FePt NPs are shown in Fig. 5(a). The coercivity (Fig. 5(b)) of the
L1,-FePt NPs obtained at 600 °C, 650 °C, 700 °C and 750 °C are
0.20, 0.55,1.02, and 2.17 T, respectively. The increased degree of
order, s, and grain size led to the enhancement of the coercive
field, which was comparable to previous reports. The L1,-FePtBi
nanoparticles of size 21 nm, with s = 0.91, showed a coercive
field of 1.52 T." An obvious kink was observed in the magnetic
hysteresis loops of the L1,-FePt NPs sintered at 600 °C and
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Fig. 3 TEM images of L1y-FePt NPs sintered at various temperatures. (a) 600 °C, (b) 650 °C, (c) 700 °C, (d) 750 °C. (e) SAED image of L1y-FePt
nanoparticle sintered at 600 °C. (f) HRTEM image of L1-FePt nanoparticle.
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Table 1 Sintering conditions, grain sizes, order degree s, coercivity,
and remanence ratio of L15-FePt NPs

T/°C  Mpespy/Mnact Size/nm (TEM) d/nm (XRD) s HJT M./M,
600 1/400 3.56 + 0.93 7.4+ 0.1 0.883 0.20 0.35
650 4.29 4+ 0.99 12.0 £ 14 0.898 0.55 0.43
700 6.25 + 1.45 13.2 £ 0.3 0.909 1.02 0.53
750 6.40 + 1.70 141 £ 04 0.936 2.17 0.58
700 1/100 7.30 + 2.16 28.0 + 1.2 0.940 2.29 0.61
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Fig. 5 Magnetic hysteresis loops (a), coercivity (b), and remanence
ratio (c) of the L1g-FePt NPs synthesized at different temperatures.

650 °C, due to the existence of the superparamagnetic FePt
NPs.'?" On increasing the sintering temperature, the quantity
of superparamagnetic FePt NPs decreased. Therefore, the kink
in the magnetic hysteresis loops was lower at 700 °C and 750 °C,
and the rectangular ratios increased. By introducing the liquid-
assisted method, superfine L1,-FePt NPs of 6.5 nm (TEM) with
high coercivity (2.17 T) could be obtained at 750 °C.

For the further controllable preparation of L1,-FePt NPs, the
precursor concentration mpe+pr)/Mnact increased from 1/400 to
1/100. Since the grain size distribution is wide at 750 °C, the L1,-
FePt NPs were sintered at 700 °C at the concentration of 1/100 to
ensure size uniformity. The TEM image of the as-prepared NPs
is shown in Fig. 6(a); the NPs are still sphere-like and mono-
disperse. The grain size distribution of the NPs is shown in
Fig. 6(b), and the grain sizes of the NPs sintered at different
conditions are summarized in Table 1. Increasing the sintering
temperature from 700 °C to 750 °C increased the average grain
size and enlarged the distribution width. However, changing
the concentration from 1/400 to 1/100 only increased the grain
size but showed no obvious influence on the uniformity of the
size distributions. The XRD pattern of the L1,-FePt NPs sintered
at higher concentration is shown in Fig. 6(c), and s is listed in
Table 1 to be even higher than that of the sample prepared at
750 °C. The magnetic hysteresis loops are shown in Fig. 6(d);
there was no kink for the L1,-FePt NPs sintered at higher
concentration, and the coercivity was also higher than that of
the sample prepared at 750 °C. Thus, it can be concluded that
the precursors with a reasonable concentration are beneficial
for controlling grain sizes, enhancing the order degree, and
optimizing the hard magnetic properties of the sintered L1,
FePt NPs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TEM image (a), grain sizes distributions (b), XRD pattern (c), and
magnetic hysteresis loops (d) of L1o-FePt NPs synthesized by varying
the concentration.

Compared with the previous report (the L1,-FePt NPs sin-
tered without liquid), the employment of the liquid-assisted
method can refine the grain sizes, ensure the size uniformity,
enhance the order degree, and optimize the hard-magnetic
properties. The possible reason is that the process of forma-
tion of FePt NPs is different in the two reactive systems. The
schematic diagrams of the two systems are shown in Fig. 7.

When sintering without liquid-assistance, the micron-sized
precursor particles are mixed together. Most of the precursors
are located at the intersection spaces among NaCl particles, as
shown in Fig. 7(a;). During the sintering process, the Fe and Pt
precursors decomposed, then, Fe and Pt clusters were gener-
ated in these spaces, as shown in Fig. 7(a,). Finally, the high
temperature drove the alloying process of the Fe and Pt clusters,
and the L1,-FePt NPs were formed by consuming the adjacent
Fe and Pt clusters, as seen in Fig. 7(az). The size and composi-
tion of the obtained particles have close relationships with the
homogeneity of the mixed precursors and the spaces among
NaCl particles, which are hard to control. Therefore, it is diffi-
cult to obtain superfine and homogeneous L1,-FePt NPs.

With the liquid-assisted method, the Fe and Pt precursors
were homogeneously mixed and uniformly deposited on NaCl
particles, and a special NaCl@Precursors core-shell structure
was formed, as shown in Fig. 7(b,). Normally, the nuclei are
likely to be generated in the areas with rich precursors, and the
NacCl particles surrounded by the precursor shell provide a good
medium for generating the nuclei. Therefore, there are more
suitable nucleation sites in this method. More nuclei grew
simultaneously, which led to a significant decrease in the
particle size and the improvement of the uniformity of the
particles. The uniform composition distribution also benefits
the orderly transformation, because the diffusion of Fe and Pt
elements is easy and consistent. The FePt clusters were directly
generated on the NaCl mediums, as seen in Fig. 7(b,). Finally,
the L1,-FePt NPs grow by consuming the smaller FePt clusters,

RSC Adv., 2019, 9, 36034-36039 | 36037
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Fig. 7 Schematic diagram illustrates the formation process of L1,-Fe
method, and (b) liquid-assisted method.

as shown in Fig. 7(bs). The Fe content in the FePt NPs is lower
than that of Pt at lower reactive temperatures, such as 300 °C
and 500 °C, because the Fe precursor is more difficult to reduce.
When the sintering temperature is high enough for decom-
posing lower concentrations of Fe(acac)s, such as above 600 °C,
the atomic ratio of Fe and Pt is close to 1 : 1, and this reasonable
composition drives the fec-fct transformation to occur simul-
taneously. Therefore, this liquid-assisted method is favorable
for preparing the ordered structure and obtaining superfine
particles.

Conclusions

The L1,-FePt nanoparticles with superfine size (about 7 nm,
TEM) and high coercivity (up to 2.29 T) were successfully
synthesized by the liquid-assisted sintering method. With the
assistance of liquid, the precursors formed a shell with uniform
composition and size on a NaCl medium, which increased the
nucleation rate, promoted the orderly transformation, and thus
improved the hard-magnetic properties. In this process, the Fe
and Pt atoms increased to equal ratio, and the fcc—fct trans-
formation occurred at 600 °C. Increasing the temperature
increased the grain size, widened the size distribution,
enhanced the order degree and improved the hard-magnetic
properties of L1,-FePt nanoparticles. Reasonably increasing
the precursor concentration could also increase the grain size,
enhance the order degree, and improve the hard-magnetic
properties; in particular, it guaranteed the size uniformity.
These results indicate that liquid-assistance is a feasible
strategy for synthesizing L1,-FePt nanoparticles with superfine
size and ultra-high coercivity.
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