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High magnetisation, monodisperse and
water-dispersible CoFe@Pt core/shell nanoparticlest

Ngo T. Dung,” Nguyen Viet Long,* Le T. T. Tam, Pham H. Nam, Le D. Tung,*'
Nguyen X. Phuc,? Le T. Lu**9 and Nguyén Thi Kim Thanh*®f

High magnetisation and monodisperse CoFe alloy nanoparticles are desired for a wide range of bio-
medical applications. However, these CoFe nanoparticles are prone to oxidation, resulting in the deterio-
ration of their magnetic properties. In the current work, CoFe alloy nanoparticles were prepared by
thermal decomposition of cobalt and iron carbonyls in organic solvents at high temperatures. Using a
seeded growth method, we successfully synthesised chemically stable CoFe@Pt core/shell nano-
structures. The obtained core/shell nanoparticles have high saturation magnetisation up to 135 emu g~
The magnetisation value of the core/shell nanoparticles remains 93 emu g™ after being exposed to air for
12 weeks. Hydrophobic CoFe@Pt nanoparticles were rendered water-dispersible by encapsulating with
poly(maleic anhydride-alt-1-octadecene) (PMAQ). These nanoparticles were stable in water for at least
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1. Introduction

The magnetic nanoparticles have attracted a great deal of
attention due to their wide range of potential applications
(e.g., magnetic data storage, catalysis and biomedicine).
Particularly, magnetic nanoparticles made of transition metals
such as Co and Fe and their alloys with controlled mono-
dispersity, morphology and high saturation magnetisation are the
desired materials with superior magnetic properties. Amongst
various magnetic materials, the CoFe alloy is known to exhibit
the highest saturation magnetisation of up to 245 emu g
which renders CoFe alloy nanoparticles many advantages in
various biomedical applications, such as magnetic separation,*
magnetic resonance imaging (MRI),>° and hyperthermia
cancer treatment.'** However, in comparison to magnetic
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3 months and in a wide range of pH from 2 to 11.

iron oxide or ferrite, the CoFe alloy nanomaterial is chemically
unstable, as it is easily oxidised after being exposed to air,
resulting in a decreased response to an external magnetic
field.

To avoid oxidation, the CoFe alloy nanoparticles can be
coated with an additional inorganic layer to form core/shell
nanostructures. To date, because of the chemical inertness,
noble metals (Au and Ag) or graphite have been used as the
coating layer in the gas phase or physical synthetic methods.
The core/shell nanoparticles were, however, aggregated and
polydisperse, therefore extra steps are needed to reduce their
size distribution.>"> In some cases, it was also reported that
the direct coating of magnetic nanoparticles with Au is
difficult due to the mismatch of the crystal lattices of the two
surfaces."®"” For many biomedical applications, besides
monodispersity, nanoparticles are also required to be well dis-
persed and to have long-term colloidal stability in aqueous
solution and in this regard, there have been only a few reports
thus far on the synthesis of water-dispersible core/shell
nanostructures.”*>">

In this work, the syntheses of monodisperse and high satura-
tion magnetisation of CoFe and CoFe@Pt core/shell nano-
particles in organic solvents are described. The synthesised
CoFe@Pt nanoparticles exhibited tunable magnetic properties
with a saturation magnetisation value as high as 135 emu g™".
The saturation magnetisation value of the core/shell nano-
particles remains 93 emu g " after being exposed to air for
several months. The hydrophobic core/shell nanoparticles
were transferred into water by encapsulation with poly(maleic
anhydride-alt-1-octadecene) (PMAO). These PMAO capped

This journal is © The Royal Society of Chemistry 2017
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nanoparticles are found to be colloidally stable in water
with pH ranging from 2 to 11 and NaCl concentration up to
250 mM. The obtained platinum coated CoFe nanoparticles
show a promising potential for biomedical applications, such
as in hyperthermia cancer treatment, MRI or in surface
enhanced Raman scattering (SERS) sensing applications.

2. Experimental

2.1. Chemicals

All the chemical reagents listed below were purchased from
Sigma-Aldrich Ltd, UK. The precursors: cobalt carbonyl
(C0,(CO)g) 99.9%, iron pentacarbonyl (Fe(CO)s) 99.5%, and
platinum(u) acetylacetonate (Pt(acac),) 99.9%; the solvents:
1,2-dichlorobenzene (DCB) anhydrous 99%, octyl ether 99%,
chloroform, toluene, hexane, acetone and absolute ethanol;
the surfactants, ligands and other reagents including oleic
acid (OA) 99%, oleylamine (OLA) 70%, trioctylphosphine oxide
(TOPO) 90%, and poly(maleic anhydride-alt-1-octadecene)
(PMAO, M, = 30000-50 000 g mol "). All the reagents were
used as received without further purification.

2.2. Synthesis of CoFe nanoparticles

Syntheses were carried out under a nitrogen atmosphere in the
Schlenk line. In a typical synthesis, 0.62 mmol OA, 0.62 mmol
OLA and 17.5 ml DCB solvent were added into a 100 ml three
necked round bottom flask. The reaction mixture was degassed
at room temperature for at least 40 min and then heated to
172 ©°C. At this temperature, 2.5 ml DCB containing 0.25 g
(0.75 mmol) Co,(CO)g and 0.2 ml (1.50 mmol) Fe(CO)s; was
injected into the solution and the reaction was continued for
60 min. Samples were removed after 5 min, 30 min, 45 min
and 60 min to see the evolution of nanoparticle morphology.

2.3. Synthesis of CoFe@Pt core/shell nanoparticles

To 5 ml of as-synthesised CoFe nanoparticles (section 2.2) at
170 °C, 3 mL of degassed DCB solution containing 100 mg
Pt(acac), (0.25 mmol) and 1 mmol OLA was added dropwise
over 5 min. The mixture was maintained at this temperature
for 60 min before cooling down to room temperature. During
this time, 3 mL of the sample was also removed to prepare for
TEM and SQUID characterisations.

2.4. Transferring CoFe@Pt core/shell nanoparticles into
water using PMAO

To encapsulate the CoFe@Pt nanoparticles, a stock solution of
PMAO in CHCI; was made with a concentration of 0.2 g ml™".
The solution of 40 mg of CoFe@Pt NPs in 8 mL of chloroform
was added to 2 ml of the PMAO solution and allowed to stir for
60 min. The chloroform was then evaporated at room tempera-
ture, and 10 ml of NaOH diluted solution was added. Then the
solution was sonicated for 30 min. Excess free PMAO and
NaOH were removed by centrifugation at 12 000 rpm (three
times for 15 min). The final product was dispersed in 10 ml
water.

This journal is © The Royal Society of Chemistry 2017
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2.5. Colloidal stability study

The prepared PMAO encapsulated CoFe@Pt nanoparticles were
dispersed in aqueous solution at different pH values (from
1 to 11) and electrolyte concentrations (NaCl), varying from
0 to 280 mM. The visual observation and DLS analyses were
performed to evaluate the colloidal stability of the samples.

3. Results and discussion

3.1. CoFe nanoparticles

CoFe alloy nanoparticles were synthesised by simultaneous
thermal decomposition of cobalt and iron carbonyls in
organic solvents in the presence of OA and OLA as stabilising
agents. The thermal decomposition process of cobalt and iron
carbonyls can occur via several steps and generate some
intermediate products such as Co4(CO);, and Cog(CO)s6."*"°
However, the overall decomposition reaction is described as
follows:

C0,(CO)4 + 2Fe(CO), — 2CoFe + 18CO | (1)

Fig. 1 shows TEM images and their corresponding size dis-
tribution histograms of CoFe nanoparticles prepared in the
presence of OA/OLA (OA:OLA = 1:1) at different reaction
times. It can be seen that spherical and monodisperse nano-
particles were produced and their size increased slightly from
7.2 £ 0.7 nm to 8.9 = 0.7 nm as the reaction time increased
from 5 min to 60 min. The longer the reaction time, the larger
nanoparticles were obtained. In our recent work,>
observed a similar relationship between the particle size and
the reaction time for cobalt ferrite nanoparticles. In the case of
cobalt ferrite nanoparticles, the particle size was readily tuned

we have

in a much wider window, from 4.7 nm to over 29.7 nm as the
reaction time increased from 5 min to 60 min.*’ In the present
work, with the same duration of reaction time, the diameter of
CoFe nanoparticles can only be varied by 1.5 nm. It is well
known that metal carbonyls are thermally unstable. These
compounds are rapidly decomposed to release Co and Fe
atoms leading to the formation of many small nuclei at the
reaction temperature, and thus the Co and Fe sources to feed
the growth stage of CoFe nanoparticles were reduced dramati-
cally. As a result, the particle size increased insignificantly
with prolonging reaction time. On the contrary, cobalt and
iron acetylacetonates are thermally stable. At the initial stage
of decomposition, only a portion of the precursors decom-
posed for the formation of nuclei, more cobalt and iron
sources are reserved in the solution for the further growth of
the ferrite nanoparticles. Consequently, significantly larger
nanoparticles were obtained by extending the reaction time.

In the current study, we also investigate the influence of the
concentration, ratio and type of surfactants on the particle
size. In addition to OA and OLA, we also used trioctyl-
phosphine oxide (TOPO) as a surfactant/co-surfactant for syn-
thesis. Fig. S11 shows TEM images and histograms of the size
distribution of CoFe nanoparticles synthesised under different
synthetic conditions, including the concentration of reagents

Nanoscale, 2017, 9, 8952-8961 | 8953
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Fig. 1 TEM images and their corresponding size distribution histograms of CoFe alloy nanoparticles synthesised at different reaction times:

(@) 5 min, (b) 30 min, (c) 45 nm and (d) 60 min. Scale bar: 50 nm.

It is well known that cobalt and iron

and in organic solvents.

or nature of surfactants (Table S17). It can be seen that mono-

disperse CoFe nanoparticles with the size in the range of metals can reduce platinum ions into platinum metals via a

In the current study, the

22

»

redox-transmetalation process.*

5-11 nm were obtained by varying the concentration and the

type of surfactants (Fig. S1 and Fig. 2).

coating was carried out in the presence of OLA and used as a
stabilising ligand. OA/OLA capped CoFe nanoparticles pre-

pared at 45 min of reaction time were used as seeds (tem-

ted CoFe nanoparticles

inum coat

Plat

3.2.

plates) for the deposition of the Pt shell. Fig. 2 shows TEM

ions onto the sur-

Pt coating was formed by reduction of Pt**

images of the Pt coated CoFe nanoparticles synthesised after

faces of CoFe nanoparticles in the presence of a capping agent

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images and their corresponding size distribution histograms of CoFe@Pt nanoparticles synthesised at different reaction times:

(a) 45 min and (b) 60 min. Scale bar: 50 nm.

45 min and 60 min of reaction. It can be seen that the size of
nanoparticles was almost unchanged after the coating (Fig. 1
and 2). The particle sizes of core/shell nanostructures syn-
thesised at the reaction times of 45 and 60 min were almost
unchanged (about 8.7 nm), similarly to that of the CoFe
nanoparticles.

To investigate the core/shell structures, the sample was
characterised using HRTEM. The HRTEM images of CoFe@Pt
nanoparticles synthesised after 60 min reaction clearly show
core/shell structures with a bright and about 2 nm thick shell
around a dark core, 4.5 nm (Fig. 3a and b). This feature is
opposite to what is expected (i.e. a light shell surrounded a
dark core) and is because of the mass contrast dominated over
diffraction contrast resulting in the lighter shell even though
Pt has a higher electron density than CoFe. Analogous results
have recently been observed for Co@Ag,”*** Ni@Au>® and
Fe@Au® core/shell nanoparticles by several authors. In the
current study, it is possible to eliminate the formation of
Pt@CoFe core/shell structures with the CoFe shell coating over
the Pt core as Pt was reduced after the CoFe cores formed.

This journal is © The Royal Society of Chemistry 2017

To confirm the core/shell structures, the sample was
further characterised by utilising STEM and Z contrast
images, which are presented in Fig. 3c and d. The images
clearly show the core/shell structures. From the dark field
image (Fig. 3d), it should be noted that a dark area existing
between the bright core and the grey shell indicates the
existence of a gap between the CoFe core and the Pt shell.
In our study, OLA was used as a reductant to reduce Pt>* to a
Pt metal with the expectation that the size of the magnetic
cores would be preserved. It was known that Fe and Co
metals can reduce Au** and Pt** to Au and Pt metals through a
process known as redox-transmetalation/galvanic replacement
(a metal with more negative redox potential can reduce ions of
more positive redox-potential into a metal state).”"*>?” The
reduction potential for Pt>'/Pt is +1.2 V, whereas for Co**/Co
and Fe>*/Fe is —0.28 and —0.44 V, respectively. Therefore, the
decrease of magnetic core size and formation of the gap
between the CoFe core and the Pt shell suggests that redox-
transmetalation/galvanic replacement reactions were mainly
involved in the reduction of Pt>* to a Pt metal in the coating

Nanoscale, 2017, 9, 8952-8961 | 8955
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CoFe NPs

7',!" "\

{ Co(acac), + Fe(acac),

CoFe@Pt core/shell NPs

Fig. 3 Different magnification HRTEM images (a, b) and STEM images in the bright field (c) and dark field (d) of Pt coated CoFe nanoparticles syn-
thesised after 60 min reaction. (e) Schematic illustration of the formation of CoFe@Pt core/shell nanostructures. Scale bar: 10 nm.

process. The possible replacement reactions can be expressed
as follows:

Pt(acac), + Fe — Pt + Fe(acac), (2)
Pt(acac), + Co — Pt + Co(acac), (3)

Schematic illustration of the formation of CoFe@Pt core/
shell nanostructures is presented in Fig. 3e. We also conducted
some UV-vis measurements to confirm the formation of the
core/shell nanostructures. Fig. S31 shows the UV-vis spectra of

8956 | Nanoscale, 2017, 9, 8952-8961

the uncoated and CoFe@Pt core/shell nanoparticles. It can be
seen that there was no absorption peak in the visible range
recorded for both samples. However, we observed a strong
surface plasmon resonance (SPR) peak at around 267 nm
in the UV-vis spectrum of the core/shell nanoparticles, which
is evident for the formation of the platinum shell.**"°
Previously, it was indicated that Au@Pt core/shell nano-
particles exhibited a SPR peak at 222 nm.?® In the current
study, CoFe@Pt nanoparticles show a red shift in the SPR
peak, from 222 nm for the Au@Pt nanoparticles to 267 nm for

This journal is © The Royal Society of Chemistry 2017
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the latter. This is possible due to the existence of a gap
between the CoFe core and the Pt shell as determined in
Fig. 3c and d. For the uncoated CoFe nanoparticles, we
obtained a weak and a broad peak in the range from 220 to
450 nm.

3.3. Magnetic properties of nanoparticles

The magnetic properties including blocking temperature (7},)
and coercivity (H.) of CoFe@Pt core/shell nanoparticles were
investigated and compared with those of uncoated CoFe nano-
particles. The ZFC and FC magnetisation curves as a function
of the temperature of the CoFe and CoFe@Pt core/shell nano-
particles prepared at different times are shown in Fig. 4. It can
be seen that the blocking temperature, Ty, (i.e. the temperature
at which the nanoparticles become magnetically blocked) of
these nanoparticles decreases significantly from 150 K for
uncoated CoFe nanoparticles to 66 K for CoFe@Pt core/shell
nanoparticles after 60 min reaction. Previously the reduction
in the blocking temperature has also been observed in

View Article Online

Paper

FePt@Au, FePt@SiO, and Fe;O,@Au core/shell nanoparticles.>'
In these systems, the size of the magnetic cores was reportedly
unchanged after the coating and so the small shift of T},
(i.e. 5 K for Fe;0,@Au, 12 K for FePt@Au and 55 K for
FePt@SiO,) was attributed to the reduction of the magnetic
dipole-dipole interaction caused by the increasing inter-
particle spacing of the magnetic cores.>** In our study, we
observed a much large shift of 84 K for 7}, and it is related to
the decrease in the size of the magnetic core which is consist-
ent with the observed results of the particle size as shown in
HRTEM and STEM images (Fig. 3). We note that the blocking
temperature is proportional to volume or 3™ power of dimen-
sion of magnetic cores and thus any change in the size of the
particle will result in a large shift of T, as observed for our
CoFe@Pt core/shell nanoparticles.

Hysteresis loops of the CoFe and CoFe@Pt core/shell nano-
particles were measured at 5 K (Fig. 4b). It can be seen that
the nanoparticles have ferromagnetic-like behaviour with
open hysteresis loops and the coercivity, H., increases from
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Fig. 4 ZFC-FC curves (A) and hysteresis loops (B) of CoFe nanoparticles (a) and CoFe@Pt core/shell nanoparticles after 45 min (b) and 60 min (c);
inset is a close look of hysteresis loops. Dependence of saturation magnetisation, M, of the CoFe nanoparticles (red) and the CoFe@Pt core/shell for
45 min of reaction time (black) on time exposed to air (C). The hysteresis loop measurements were carried out at 5 K.

This journal is © The Royal Society of Chemistry 2017
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0.81 kOe for CoFe nanoparticles to 1.41 kOe for CoFe@Pt
core/shell nanoparticles synthesised after 45 min of reaction
and then it decreases slightly to 1.24 kOe by prolonging the
reaction time. The increased coercivity of the core/shell nano-
particles has been previously observed for Co@Ag>* and
Fe;0,@ Au.'” This behaviour is generally explained by the
enhancement of effective anisotropy due to the increase of
surface anisotropy after the coating,*®*” or due to the less-
effective coupling of the magnetic dipole moments of the
core/shell nanoparticles.’® In addition to this, in our
CoFe@Pt core/shell nanoparticles, it is also noted that the
size of the magnetic core CoFe decreases compared with
uncoated CoFe nanoparticles and it could also result in the
decrease of the observed coercivity H, of the core/shell system
as well. The slight decrease in the coercivity with prolonging
the reaction time in our CoFe@Pt nanoparticles is similar to
that observed by Mandal et al. for Co@Au nanoparticles.®
Using the displacement reaction to coat the Co nanoparticles
with the Au shell, the authors reported that the coercivity of
Co@Au nanoparticles was constantly decreased with the reac-

View Article Online
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tion time with values for H. being 300, 247 and 91 Oe
obtained for 30, 60 and 90 min reaction time, respectively.*®
To investigate the chemical stability of CoFe@Pt nano-
particles, the saturation magnetisation My was measured at
different times after the synthesis. The core/shell nano-
particles (in the powder form) were directly exposed to air,
stored, and measured in gel capsules during the study. Fig. 4c
shows the change of M; of the sample with air-exposure time.
The value of M for the as-synthesized CoFe@Pt NPs (135
emu g~ ') was reduced to about 110 emu g~ after exposure for
two week due to oxidation. At longer exposure times, the value
of M, reached a constant value of about 93 emu g ' after
12 weeks, suggesting that the Pt shell protected effectively the
CoFe cores from further oxidation. It should be noted that
bare CoFe nanoparticles (OA/OLA capped CoFe nanoparticles)
were not chemically stable when exposed to air, the value of M;
dropped from 173 emu g~* for the as-synthesised CoFe nano-
particles to 95 emu g after exposure for just one week. This
value further reduced to reach a stable value of 72 emu g~'
after ten weeks, indicating a total oxidation of the bare CoFe
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Fig. 5

(a) TEM images of PMAO encapsulated CoFe@Pt core/shell nanoparticles. (b) TGA scans of CoFe@Pt core/shell nanoparticles before and

after encapsulation with PMAO. (c) FTIR spectra of OA/OLA and PMAO capped CoFe@Pt nanoparticles. Scale bar: 20 nm.
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nanoparticles. Accompanied by the reduction of saturation
magnetisation Mg, we observed a change in the particles’
morphology of the bare CoFe nanoparticles. As can be seen in
Fig. S4,t hollow nanoparticles were observed after one week
of synthesis, which is possible due to the Kerkendall effect
caused by a rapid oxidation of CoFe nanoparticles when
exposed to air.***® For the Pt coated CoFe nanoparticles,
only solid nanoparticles were observed on the TEM image
(Fig. S47).

In the current study, CoFe@Pt nanoparticles were made
water-dispersible by encapsulating the hydrophobic core/
shell nanoparticles with the PMAO ligand. Fig. 5a shows the
TEM image of PMAO encapsulated CoFe@Pt nanoparticles. It
can be seen that the nanoparticles are well isolated and no
aggregates were observed. The presence of PMAO on the par-
ticles’ surface was identified by TGA and FTIR measurements.
TGA plots were recorded under a nitrogen atmosphere at a
constant heating rate of 10 °C min~" (Fig. 5B). For the sample
before encapsulating (OA/OLA coated CoFe@Pt NPs), we
observed a weight loss of about 16% in the temperature range
of 300-550 °C due to the decomposition of OLA and OA. After
modification with PMAO, a large weight loss of 62% was
recorded, which is assigned to the evaporation of water
adsorbed on the particle surface during the storage of the
sample (~10%) and the decomposition of OA/OLA (~16%)
and PMAO (x36%). The encapsulation of PMAO on CoFe@Pt

20,......4..............: ........ .‘“

15.......................E ............ “...

Number (%)

10, ....... ‘

257 ......... (\
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nanoparticles was also verified by FTIR measurements.
Fig. 5C shows FTIR spectra of OLA/OLA and PMAO capped
nanoparticles. The wavenumber ranging from 3300-3500 cm™*
can be assigned to water hydration on the surface of the
nanoparticles. The bands at 2810 and 2900 cm™" indicate the
presence of CH, groups of both OLA/OLA and PMAO capped
samples. In the OLA/OA capped sample, the bands appearing
in the range of 1550-1630 cm™" are assigned to the amine
group of OLA molecules. The presence of PMAO on the
surface of nanoparticles after encapsulating can be con-
firmed by the existence of a strong band at 1570 cm™" of
ionised carboxylic acid groups due to the opening of an-
hydride rings. The presence of the carboxylic acid group
makes the PMAO capped nanoparticles disperse well in
aqueous solution.

3.4. Colloidal stability

The polymer coated nanoparticles exhibit high colloidal stabi-
lity in water for at least 3 months, as shown in Fig. 6 (inset) no
aggregated or precipitated nanoparticles were observed. PMAO
capped nanoparticles are also colloidally stable in a wide range
of pH from 2 to 11, as only one peak at round 28 nm on the
DLS spectra was observed (Fig. 6a). The nanoparticles are
unstable and precipitate at a low pH of 1 (Fig. 6b). As for NaCl
concentrations up to 250 mM, the PMAO coated nanoparticles
are well dispersed and stable in the solution. When the NaCl

0 I F——r——r———t——+

1000

“alal

pH =2

pH =5 pH =7

pH =11

= =
¥ ||;|

Fig. 6 Hydrodynamic size distribution and pictures of PMAO coated nanoparticles at different pH values (a, b). Pictures of the PMAO encapsulated
CoFe@Pt nanoparticles in water solution at different NaCl concentrations (c). Inset is a picture of the PMAO capped nanoparticles after the surface
modification of 0 and 90 days. The DLS measurements and pictures of the samples were taken after adding NaOH (a, b) and NaCl (c) for seven

weeks.
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concentration increases to 280 mM the nanoparticles are
aggregated and precipitated in the solution (Fig. 6c).

4. Conclusions

In summary, monodisperse CoFe@Pt core/shell nanoparticles
have been successfully prepared in organic solvents. HRTEM
and STEM analyses confirmed CoFe@Pt core/shell nano-
structures. The results also revealed that the size of CoFe
cores decreased significantly after Pt coating indicating that
a galvanic replacement/transmetalation process was mainly
involved. The Pt shell was effective in protecting the core CoFe
from rapid oxidation. The CoFe@Pt core/shell nanoparticles
were successfully transferred into water by the encapsulation
of hydrophobic OA/OLA capped CoFe@Pt nanoparticles with
the amphiphilic PMAO polymer. The PMAO encapsulated
CoFe@Pt nanoparticles are well dispersed and are stable in
water for at least 3 months and in a wide range of pH from
2 to 11 as well as reasonably high electrolyte concentrations.
The method opened a new approach in synthesising high mag-
netic moment FeCo nanoparticles with a biocompatible coating
that will have huge potential in biomedical applications. These
Pt coated CoFe core/shell nanoparticles are also possibly pro-
mising for the SERS sensing applications.
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