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Abstract This paper describes a method for fabrication of
silica-coated Co—Pt alloy nanoparticles in a liquid phase pro-
cess. The Co—Pt nanoparticles were prepared from CoCl,
(4.2 x 107> M), HyPtCls (1.8 x 107> M), citric acid (4 x
10~* M) and NaBH, (1.2 x 107> M) with a Co:Pt mole ratio
of 7:3. The silica coating was performed in water/ethanol
solution with a silane coupling agent, 3-aminopropyltrimeth-
oxysilane (8 x 107> M), and a silica source, tetraethoxy-
orthosilicate (7.2 x 107 M) in the presence of the Co—Pt
nanoparticles. Observations with a transmittance electron
microscope and a scanning transmission electron microscope
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revealed that the Co-rich and Pt-rich nanoparticles were coated
with silica. According to X-ray diffraction measurements, core
particles were crystallized to metallic Co crystallites and fcc
Co—Pt alloy crystallites with annealing in air at 300-500 °C.
Magnetic properties of the silica-coated particles were
strongly dependent on annealing temperature. Maximum
values of 11.4 emu/g-sample for saturation magnetization and
365 Oe for coercive field were obtained for the particles
annealed at 300 and 500 °C, respectively. Annealing at a
temperature as high as 700 °C destroyed the coating structures
because of crystallization of silica shell, resulting in reduction
in saturation magnetization and coercive field.

Keywords Particle - Alloy - Co—Pt - Silica - Core-shell -
Sol-gel - Coating - Magnetic properties

1 Introduction

Magnetic nanoparticles can be used as various high tech-
nology materials such as ferrofluids [1], microwave
absorbers [2], biomedical and medical treatments and
analyses [3], and magnetic storage media [4, 5], etc.
Magnetic nanoparticles of metal oxides such as ferrites
have been the most extensively studied among various
magnetic materials [6—12]. A study on magnetic nanopar-
ticles of pure metals such as Fe, Co and Ni has also been
carried out [13—19]. The pure metals have good magnetic
properties, and their nanoparticles are, however, easily
oxidized in air, which spoil their magnetic properties. On
the other hand, metal alloy composed of the magnetic
metals is chemically stable [20]. Other characteristics of
the magnetic metal alloy are magnetically anisotropic
properties [21], and the properties are suitable for magneto
optical storage media [22-26]. Co—Pt alloy is a candidate
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for high-density magnetic recording media, because the
Co-Pt alloy exhibits high magnetic anisotropy and good
chemical stability to oxidation [27-31].

Various methods for the synthesis and characterization of
Co-Pt alloy nanoparticles have been reported. According to
Park et al. [32], Co—Pt nanoparticles can be fabricated with
injection of hot platinum hexafluoroacetilacetonate/oleic
acid/toluene solution into cobalt carbonyl/toluene solution.
The method for producing the Co—Pt nanoparticles could be
extended to preparation of Co—Pt core-shell particles. Yu
et al. synthesized Co—Pt nanoparticles with sizes of 2-5 nm
with reduction of Co®* and Pt** by NaBH, in reverse
micelles composed of water, AOT and isooctane [33].
Almost unity atomic ratio of Co to Pt provided the highest
coercive field. Shevchenko et al. [34] prepared CoPt;
nanoparticles by reduction of platinum acetylacetonate and
thermal decomposition of cobalt carbonyl in the presence of
I-adamantanecarboxylic acid in a high-boiling coordinating
solvent mixture (hexadecylamine/diphenyl ether), in which
1-adamantanecarboxylic acid and hexadecylamine acted as
stabilizing agents. The particle size could be tuned from 3 to
18 nm with their method. Sobal et al. reported that Pt—Co
core-shell nanoparticles with a core size of 2.6 and a shell
thickness of 2.5 nm were synthesized with a two-stage route,
which involved thermal decomposition of cobalt carbonyl in
the presence of Pt nanoparticles in diphenyl ether containing
oleic acid and oleylamine [35]. Organic compounds such as
carbonyl, toluene, isooctane, etc. were used, though these
methods could produce CoPt composite nanoparticles well.
However, the use of such organic compounds is harmful and
hazardous. Gibot et al. proposed an aqueous route for pre-
paring CoPt nanoparticles, in which an aqueous solution of
hydrazine was added to an aqueous solution containing
H,PtClg, (CH3C0O0),Co and surfactant [36]. Du et al. pre-
pared CoPt nanoparticles in ethanol with a two-stage route
with the use of NaBH, as a reducing agent and PVP as a
surfactant [37].

In general, nanoparticles show a tendency to aggregate
forming larger entities. Therefore, the magnetic particles
must be separated to preserve magnetic properties that each
magnetic particle acting as a single magnetic dipole
reveals. Coating of the magnetic nanoparticles with silica
shell, which has been employed by several authors [38—44],
is a candidate for preventing the formation of aggregation.
The coating also stabilizes particles chemically and enables
surface-modification that allows the preparation of non-
aqueous colloids and control of interparticle interactions.

We developed [45] a technique for silica coating of Co
nanoparticles prepared from aqueous solutions of inorganic
salts. Co ions were reduced with NaBH, in the presence of
citric acid stabilizer to generate Co metallic nanoparticles,
which were silica-coated by a sol-gel method after surface
modification with a silane-coupling agent. In a preliminary

work previously reported, the technique was extended to
silica coating of CoPt alloy nanoparticles, which were
prepared with simultaneous reduction of ions of Co®* and
Pt** by NaBH, [46]. Since Yu et al. verified that compo-
sition atomic ratio of Co to Pt at around unity gave the
highest coercivity [33], CoPt alloy nanoparticles were
prepared at equal concentrations of Co?* and Pt** to adjust
atomic ratio of Co to Pt to unity in the previous work.
However, according to XRD measurements, atomic ratio of
Co to Pt in the silica-coated Co—Pt particles was lower than
unity, though mechanism for the difference between the
atomic ratios obtained from initial concentrations and the
XRD measurements is still unclear. In a present paper,
silica-coated CoPt nanoparticles were prepared at initial
atomic ratio of Co higher than unity to increase atomic
ratio of Co in the silica-coated particles. More precise
characterization was also performed for understanding of
silica-coating mechanism, which would be required to find
out reaction conditions that produce magnetic particles
suitable for practical use. Their magnetic properties were
also studied in the present work.

2 Experimental

Cobalt chloride hexahydrate (CoCl,-6H,O) (Wako Pure
Chem. Ind., 99.5%) and hydrogen hexachloroplatinate (IV)
hexahydrate (H,PtClg-6H,0) (Wako Pure Chem. Ind.,
98.5%) were used as cobalt and platinum precursors,
respectively. Sodium borohydride (Wako Pure Chem. Ind.,
90%) and citric acid monohydrate (Wako Pure Chem. Ind.,
99.5%) were used as reducing and stabilizing reagents for
preparation of Co—-Pt nanoparticles, respectively. Special
grade reagents of 3-aminopropyl-trimethoxysilane (APS)
(Aldrich, 97%), tetraethylorthosilicate (TEOS) (Wako Pure
Chem. Ind., 95%) and ethanol (Wako Pure Chem. Ind.,
99.5%) were used for silica coating. All the chemicals were
used as received. Ultrapure deionized water (resistivity
higher than 18 MQ-cm) was used in all the preparations.
Preparation of Co-Pt particles was performed with a
method similar to the previous paper [44]. Concentrations
of Co®* and Pt** were equal to adjust atomic ratio of Co to
Pt to unity in the previous work. However, an atomic ratio
of Co:(Co + Pt) in the silica-coated particles was below
0.08 (Co:Pt = 0.08:0.92). In the present work, to increase
Co ratio, an atomic ratio of Co:Pt was adjusted to not unity
but 7:3. Aqueous solutions of 0.8 M CoCl, (52.5 pL) and
0.4 M H,PtClg (45 pL) were simultaneously added to
200 mL of 1.2 x 1072 M NaBH, in a deaerated aqueous
solution containing citric acid (4.0 x 10™* M), and parti-
cle formation gave rise to a gray coloration of the solution.
Nitrogen bubbling was maintained during the reactions.
Silica coating was performed by addition of 800 ml of
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ethanolic solution containing 14.4 pL. of APS and 169 pL
of TEOS (in which a molar ratio of APS to TEOS was 1:9)
to 200 mL of the aqueous Co-Pt colloid, 1 min after
mixing the CoCl,—H,PtCly and NaBH, solutions. In the
water/ethanol mixture, adsorption of APS onto the surface
of Co—Pt particles should take place, followed by hydro-
lysis/condensation of both APS and TEOS, which results in
the formation of the silica shells. For crystallization, the
silica-coated Co-Pt particles were separated from the
solution with centrifugation, dried and annealed in air at
temperatures between 200 and 700 °C for 2 h.

The samples were characterized with transmission elec-
tron microscopy (TEM), scanning transmission electron
microscopy (STEM), X-ray diffraction (XRD), thermal
analysis and vibrating sample magnetometry (VSM). A
Zeiss LEO 912 OMEGA microscope was used for TEM at
100 kV of accelerating voltage. A Hitachi High-Technolo-
gies HD-2000 microscope equipped with an energy
dispersive X-ray fluorescence spectrometer (EDX) was used
for STEM at 200 kV of operating voltage. Samples for TEM
and STEM were prepared by dropping and evaporating the
obtained particle colloid on top of a collodion-coated copper

Fig. 1 TEM images of
silica-coated Co—Pt particles
as-prepared (a) and annealed at
300 (b), 500 (¢) and 700 °C (d)

@ Springer

grid. XRD measurements were made with a Rigaku RU-
200A diffractometer at 40 kV and 30 mA with CuKo radi-
ation. A thermal analysis (SII SSC5200 TA station TG/
DTA220) was applied to the particles in flowing air at a
heating rate of 10 °C/min. VSM measurements of silica-
coated Co—Pt powder were made at room temperature with a
Toei VSM-5-15 magnetometer.

3 Results and discussion
3.1 Structure of silica-coated Co—Pt particles

Figure 1 shows TEM images of silica-coated Co—Pt parti-
cles as-prepared and annealed at various temperatures.
Darker and lighter parts of particles were Co—Pt and silica,
respectively. Multiple cores were observed in the as-pre-
pared silica-coated particles formed. For annealing

temperatures of 300 and 500 °C, the cores were clearly
differentiated from the shell. At a temperature as high as
700 °C, sintering took place among the particles, and no
core-shell structure was observed. In the previous work
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Fig. 2 STEM images of silica- a
coated Co—Pt particles annealed
at 500 °C. Images (a) and (c)
were taken in a bright field, and
(b) and (d) are dark-field images
for (a) and (c), respectively.
High magnification images for
(a) and (b) are shown in (¢) and
(d), respectively. Arrows with
numbers 1-8 stand for points
analyzed with EDX

concerning silica-coated Co—Pt particles [46], annealing at
a temperature as high as 600 °C led to spread of a slightly
darker area, which implied that cobalt diffused toward the
silica shell. Probably, similar tendency was also observed
in the present work.

Precise observation of the silica-coated particles was
performed with STEM. Figure 2 shows STEM light-field
and dark-field images of silica-coated Co-Pt particles
annealed at 500 °C. The core was composed of a number
of nanometer-sized particles. Most particles were slightly
separated. Table 1 shows results of the EDX analysis
that were performed for points shown with arrows in the
dark-field images (Fig. 2b, d). Whole area of the particle
(an arrow 1) had Co and Pt ratios of 84.5 and 15.5 atom%,

Table 1 EDX analysis results of silica-coated Co-Pt particles.
Analysis points 1-8 were indicated with arrows in the dark-field
images of the Fig. 4

Point Co Pt
(atom%) (atom%)

1 84.5 15.5
2 30.7 69.3
3 19.0 81.0
4 81.8 18.2
5 29.6 70.4
6 88.8 11.2
7 62.0 38.0
8 31.7 68.3

respectively, which roughly reflected the initial Co:Pt ratios
of 7:3. Particles in the core were generally classified into
two groups; Co-rich (arrows 4, 6, 7) and Pt-rich (arrows 2,
3, 5, 8). This result implied that Co nanoparticles and Pt
nanoparticles were independently produced at initial reac-
tion stage, and then formation of Co-Pt alloy took place.
As a consequence, Co—Pt core particles did not have uni-
form compositions.

Figure 3 shows XRD patterns of silica-coated Co-Pt
particles as-prepared and annealed at various temperatures.
The XRD pattern of as-prepared silica-coated Co—Pt par-
ticles showed several peaks at 39.79, 46.51 and
68.01 degree, which corresponded to d-values of 0.2263,
0.1950, and 0.1377 nm, respectively. These d-values were
between those of Pt (0.2265 (111), 0.1962 (200) and 0.1387
(220) nm) (JCPDS card No. 4-802) and fcc CoPt; (0.2224
(111), 0.1927 (200) and 0.13627 (220) nm) (JCPDS card
No. 29-499), which indicated that the core particles were
fcc Co-Pt alloy. These peak positions tended to shift to
high angles as the annealing temperature increased.

Figure 4a shows d-values for (111) peak position versus
annealing temperature. The d-value decreased with the
increase in the annealing temperature. For the annealing at
300 and 500 °C, the d-values were between those of Pt and
fcc CoPts. At 700 °C, the d-value was revealed between
those of fcc CoPt; and fecc Co (0.2047 (111), 0.1772 (200)
and 0.1253 (220) nm) (JCPDS card No. 15-806). A Co
ratio of Co-Pt alloy, or an x-value of Co,Ptjgg.x, Was
estimated with interpolation with the use of data in the
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Intensity (arb. units)

26 (degree) CuKo

Fig. 3 XRD patterns of silica-coated Co—Pt particles as-prepared (a)
and annealed at 300 (b), 500 (¢) and 700 °C (d). e: fcc Co-Pt, H:
cristobalite , <: fec Co
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Fig. 4 d-spacing for (111) peak position (a) and Co ratio of Co—Pt
alloy (b) as a function of annealing temperature

JCPDS data, as shown in Fig. 4b. In raising the annealing
temperature up to 500 °C, the x-value remarkably
increased to 24 (Fig. 4b), and a new peak due to fcc Co
appeared at 44.30 degree besides Co—Pt peaks (Fig. 3c).
These results indicated that metallic Co in the as-prepared
silica-coated Co—Pt particles particles was amorphous or
too small to be detected with XRD, and that the formation
of Co-Pt alloy took place through crystallization of
metallic Co with annealing. Consequently, the crystalliza-
tion increased the x-value. According to the EDX results,

@ Springer

Co-rich and Pt-rich phases were present in the core for the
particles annealed at 500 °C, which was supported with the
XRD result showing that two phases of Co-Pt alloy and
metallic Co were present in the particles.

In increasing to 700 °C, the x-value attained to 73,
which corresponded to the initial Co:Pt ratio of 7:3. This
result indicated that annealing at temperature as high as
700 °C was required for complete formation of Co-Pt
alloy. According to the TEM observation (Fig. 1d), it was
speculated that cobalt diffusion took place in the particles.
Possibly, the cobalt diffusion accelerated the alloy forma-
tion. For the metallic Co peak, its intensity decreased,
which indicated that most of metallic Co was used for the
formation of Co—Pt alloy, and consequently, the Co-Pt
alloy particles with the x-value as high as 73 were pro-
duced. Besides the peaks due to Co—Pt alloy and metallic
Co, a number of new peaks marked with solid squares
appeared and were identified as cristobalite silica (JCPDS
card No. 39-1425). Although pure silica gel is usually
crystallized from amorphous state to the cristobalite phase
by annealing above 1000 °C, the crystallization tempera-
ture in the presence of sodium or borate ions can be lower
because of the formation of a network structure around
sodium or borate, which are likely to be present from the
starting chemicals. Accordingly, the formation of cristo-
balite silica took place as low as 700 °C in the present
work. Similar results were also observed in the previous
work that studied on preparation of silica-coated Co
nanoparticles [44].

Figure 5 shows TG-DTA curves for the silica-coated
Co-Pt particles. A large decrease in weight, which was
revealed at 100 °C accompanied with an endothermic peak

—_

Weight loss (%)
endo. exo.

-

] ! l ! ] 1 l
200 400 600 800

Temperature (°C)

Fig. 5 TG-DTA curves for the silica-coated Co—Pt particles. See text
for arrows
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(an arrow a), was due to evaporation of physically adsorbed
water in the particles. An exothermic weight decrease
occurred at 300 °C (arrows b and b’). This weight loss was
attributed to elimination with burning of citric acid. In the
range of 700-800 °C, the DTA curve revealed an exo-
thermic peak (an arrow c). This temperature range
appeared to correspond to the temperature of 700 °C at
which the formation of cristobalite silica was realized. This
peak was accompanied with a weight loss, which was
probably elimination of water from condensation of Si—-OH
groups. Accordingly, these results concluded that the
condensation produced the cristobalite silica.

3.2 Magnetic properties

Figure 6 shows the room temperature saturation magneti-
zation and coercive field of the silica-coated Co—Pt particles
as a function of annealing temperature. The magnetization
was expressed in units of emu per gram of powder. The
saturation magnetization increased with an increase in the
annealing temperature up to 300 °C, because of Co—Pt alloy
formation provided with the annealing. A maximum value
of the saturation magnetization (11.4 emu/g-sample) was
obtained for the 300 °C-annealed particles. A decrease in
the saturation magnetization was observed above an
annealing temperature of 300 °C. This result implied that
Co—Pt particles were partially oxidized with annealing in
air. However, no peaks due to oxide were detected with
XRD, which might mean that the oxide was too fine to be
detected with XRD. The coercive field increased with an
increase in the annealing temperature up to 500 °C, since
formation of Co-Pt alloy was accelerated with the
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Fig. 6 Room temperature saturation magnetization and coercive field

of the silica-coated Co-Pt particles as a function of annealing
temperature

annealing. A maximum value of the coercive field (365 Oe)
was obtained for the 500 °C-annealed particles. A decrease
in the coercive field was observed above an annealing
temperature of 500 °C. The partial oxidation of Co-Pt
particles might have influenced the coercive field, though its
mechanism is still unclear.

4 Conclusions

Co-Pt alloy nanoparticles coated with uniform silica shells
were prepared in a liquid phase process. Metal nanoparticles
were prepared with addition of NaBH, to mixture of aqueous
Co** and Pt** solutions, and the nanoparticles were silica-
coated with sol-gel reaction of TEOS. Co nanoparticles and Pt
nanoparticles were independently produced, and formation of
Co-Pt alloy was provided with annealing. Measurement of
magnetic properties showed that the silica-coated particles had
a saturation magnetization of 11.4 emu/g-sample and a coer-
cive field of 365 Oe.
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