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Displacement Synthesis of Cu Shells Surrounding Co
Nanoparticles
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Copper shells were fabricated by a displacement method around Co nanoparticles (3.26 0.6 nm) at room temperature in a
copper-citrate aqueous electrolyte. The nanoparticles were synthesized by a wet chemical approach using the surfactant sulfobe-
taine, dodecyldimethyl~3-sulfopropyl! ammonium hydroxide~98%! in tetrahydrofuran. X-ray absorption near-edge structure
analysis confirmed that cobalt oxide was not present in the nanoparticles upon exposure to air, consistent with a shell formation.
Additionally, the presence of the shell resulted in an increase of the blocking temperature of the core-shell nanoparticles, stabi-
lizing the ferromagnetic behavior up to 235 K.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1825384# All rights reserved.

Manuscript submitted April 6, 2004; revised manuscript received June 1, 2004. Available electronically November 17, 2004.
ties,
sized
ined
eren
en
s, in-
n

iron
the

s N
xide

and
ng

, the

mon-
nique
duc-

Dis-
sacri
bee

et-
und
eth-

sol
e firs

, as
py
uous
vers
ende

erat
ion a

on-
rticle
par-
in a

.
-

istin-
cture
in the
n, Cu
ody-
ver,
epos-

s-
-
he

ion
-

N
ional
l. The
ticles
then
nfir-
rified

r-
25 M
c-
ondi-
ipita-
icles

ns-
n
drop-
o-Cu
spec-
sign
neto-
ured in
sing
ld
The iron-group nanoparticles, cobalt,1-14 iron,3,15-17 and
nickel,3,17,18are of interest due to their unusual magnetic proper
such as an enhanced coercivity compared to thin films or micro
particles.1,19Platinum alloys of Co and Fe nanoparticles have ga
recent attention in high-density data storage, due to their inh
high magnetic anisotropy.20-30 In addition, nanoparticles have be
synthesized with alloys of the iron-group elements themselve
cluding,e.g., FeCo,31 CoNi,32 and CoNiB.33 A common challenge i
all these examples is the control of surface properties, because
group nanoparticles readily oxidize in air, which requires that
nanoparticles be stored in a protective air environment, such a2 .
Cobalt oxide formation is not necessarily deleterious if the o
shell is stabilized. For example, Co nanoparticles embedded
dispersed in a CoO matrix34 result in an increase in the blocki
temperature compared to uncoated Co nanoparticles.

In an effort to control the surface chemistry of nanoparticles
fabrication of a compact noble shell, such as gold,35-39 platinum,40

or silver,41 around the vulnerable nanoparticle has been de
strated. The reported methods include a microemulsion tech
where the metallic shell ions were reduced with an additional re
tion agent35,36,38added to the solution containing nanoparticles.
placement reactions, where part of the cobalt nanoparticle is
ficed as the reducing agent for the noble metal deposition, have
used for gold and platinum.37,40Also, a high-temperature transm
allation reaction~200°C!has been used to form an Au shell aro
Fe nanoparticles.42 In these studies, the core-shell fabrication m
ods take place in organic solutions, as these are typically the
vents that are used to generate the cobalt nanoparticle in th
place.

The stability of the core-shell nanoparticles is still contested
recently pointed out by Ravelet al.35 X-ray absorption spectrosco
~XAS! studies detected evidence of oxidation due to discontin
Au coatings around Fe nanoparticles fabricated using the re
micelle synthesis approach. They speculate that this is an unint
consequence of the reverse micelle methodology.

In this paper, a displacement method is presented to gen
copper shells surrounding Co nanoparticles in aqueous solut
room temperature. To the authors’ knowledge, it is the first dem
stration of a copper shell around an iron-group element nanopa
Additionally, the shell synthesis is carried out while the nano
ticles are exposed to air. The exchange reaction takes place
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acid copper-citrate electrolyte43 where cobalt oxides are not stable44

The process eliminates the need for strict N2 control after the nano
particle synthesis. Cobalt oxides can straightforwardly be d
guished with synchrotron X-ray absorption near-edge stru
~XANES! techniques, and data showing the absence of oxides
resulting Co-Cu nanoparticles are presented here. In additio
and Co should have limited miscibility, as suggested by therm
namic data,45 which supports the motive for the Cu shell. Howe
nonequilibrium phases of CoCu can occur, as found in electrod
ited CoCu alloys.46-48

Experimental

Synthesis of cobalt nanoparticles.—A wet chemical approach u
ing a sulfobetaine, dodecyldimethyl~3-sulfopropyl!ammonium hy
droxide ~SB-12, 98%!as a stabilizer49 was used to synthesize t
cobalt nanoparticles in tetrahydrofuran~THF!. A mixture of 100 mL
SB-12~0.015 M!in THF and 15 mL of a superhydride-THF solut
~1 M lithium hydrotriethyl borate in THF solvent! was added drop
wise to a solution containing 100 mL CoCl2 ~0.0285 M! in THF
solution within half an hour under ultrasonication and in an2
environment. The ultrasonication was continued for an addit
hour, and the reaction was then quenched by adding ethano
solution was left undisturbed overnight and the cobalt nanopar
precipitated by sedimentation. The cobalt nanoparticles were
washed thoroughly with THF and dried under vacuum. The co
mation of the surfactant remaining on the nanoparticles was ve
by differential scanning calorimetry-thermographic analysis~TA In-
struments, SDT 2960!.

Displacement formation of copper shell.—The cobalt nanopa
ticles were added to a copper-citrate electrolyte, containing 0.
CuSO4 5H2O, 0.3 M C6H5Na3O7 2H2O, at a pH of 4.0. The rea
tants were agitated ultrasonically for 1 h under atmospheric c
tions. The particles were removed from the electrolyte by prec
tion and washed thoroughly with deionized water. The part
were then filtered and dried under nitrogen flow.

Characterization.—Nanoparticles were characterized by tra
mission electron microscopy~TEM, JEOL 2010!, magnetizatio
measurements, and XAS. Samples for TEM were prepared by
ping and evaporating ethanol solutions of Co and aqueous C
core-shell particles on a carbon-coated copper and gold grid, re
tively. Magnetic studies were carried out using a Quantum De
MPMS-5S superconducting quantum interference device mag
meter. The magnetization temperature dependence was meas
an applied magnetic field of 100 G between 4 and 300 K u
zero-field-cooled~ZFC! and field-cooling~FC! procedures. The fie
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 
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dependence of magnetization was measured at 10 and 300 K
Co-Cu core-shell nanoparticle and Co nanoparticle samples for
netic studies were placed in gelatin capsules in powder form, u
atmospheric conditions and in a glove box, respectively, befor
ing inserted in the sample space of the magnetometer.

The XAS experiments were performed at the XMP double c
tal monochromator beamline at port 5A of the Center for Advan
Microstructures and Devices synchrotron radiation source at Lo
ana State University. The storage ring was operated at an ele
energy of 1.3 GeV. The experiments were performed in stan
transmission mode using ionization chambers filled with air at 1
pressure. The Lemonier-type monochromator was equipped
Si~311!crystals, and the photon energy was calibrated relative t
absorption spectrum of a standard 7.5mM Co foil, setting the firs
inflection point at an energy of 7709 eV. XANES spectra were
lected in the2100 to1250 eV range relative to the Co K edge, w
approximate step sizes of 0.5 eV and 1 s integration time per p
Samples for XAS measurement were prepared by spreading
layer of the dried particles uniformly over Kapton tape in air for
Co-Cu nanoparticles and in a glove box for the Co nanopartic

The electrochemical reaction rates were characterized on a
ing disk electrode~RDE! using linear sweep voltammetry~Solartron
SI1287 and 1255B!. The electrode disk area was 0.283 cm2, and the
rotation rate was 400 rpm. A Cu disk working electrode was us
characterize the kinetic range of the Cu reduction reaction, and
disk working electrode was used to characterize the anodizati

Figure 1. TEM images of Co-Cu nanoparticles at~a! low and ~b! high
resolution, showing a 0.175 nm Cu lattice spacing.
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Co. The counter electrode was Cu during the Cu reduction
and Pt during the Co anodization case. The applied sweep rat
5 mV/s.

Results and Discussion

Figure 1 shows TEM images of the Co-Cu nanoparticles
shown in Fig. 1a, the particles are discretely dispersed, hav
mean diam of 3.2 nm with a standard deviation of 0.6 nm.
fringes shown in Fig. 1b have an interplanar distance of 0.18
The lattice parameters of Cu and Co are 0.3615 and 0.3544
respectively. Assuming a cubic structure, the measured d-sp
corresponds to a~2 0 0! face-centered cubic plane, consistent wi
Cu shell. But due to the small difference in the lattice cons
between Co and Cu, the measured d-spacing could also rep
Co. A contrast difference, which can arise from the lattice fragm
having different orientations with respect to the electron beam
been reported as a distinguishing criterion for a core-
structure.50-52 However, here the very small difference in ato
numberZ does not make the core-shell structure distinguishab
TEM. An estimate of the Cu shell size was calculated to be 0.8
based on the following: average composition of the Cu conte
the nanoparticles was 87.5 wt %, determined by atomic adsor
assuming spherical particles and bulk densities. The subseque
in the Co radius is thus 0.78 nm.

XAS was used to verify, indirectly, the Co core protected by
Cu shell. Figure 2 shows the XANES Co K edge spectra of a
dard hexagonal close-packed~hcp! Co foil, Co nanoparticles pr
pared in a glove box with nitrogen protection, Co-Cu nanopart
exposed to air, Co nanoparticles exposed to air, and two cobalt
standards. The XANES spectrum of Co in the Co-Cu core-
nanoparticle differs from the cobalt oxide spectra and is simil
the spectra of the air-protected Co nanoparticle and standard C
The Co XANES spectrum of the Co-Cu sample exhibits a pre-
feature at approximately 7709 eV~line A!, assigned to an electr
transition from 1s to a hybridized p-d orbital, and a white lin
about 7724 eV~line B!. The position of the absorption edge in
Co-Cu spectrum, as well as the intensity, and the energy locat
the maximum white line closely resemble those of the Co nan
ticles and the standard hcp Co foil. The chemical shift of the ab
tion edge to higher energies~7728 eV!, lower pre-edge intensity, a
higher white line~lines C and D!evident in the spectra of CoO a
Co2O3 were not observed in the Co-Cu sample or the N2-protected
Co nanoparticle sample. Numerous literature studies have s
that when Co nanoparticles are exposed to air they re

Figure 2. Co K edge XANES spectra of a hcp cobalt foil, cobalt nano
ticles, Co-Cu nanoparticles, Co nanoparticle oxidized in air, and a CoO
Co2O3 reference. Lines A, B, C, and D are the zero valence Co pre-edg
white line, and CoO and Co2O3 white lines, respectively.
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oxidize,2,11,13,53,54and this is confirmed as well in the XANES sp
tra in Figure 2. Thus, the XANES experiments prove that the
shell has effectively protected the Co nanoparticle from oxidat

The temperature dependence of the magnetization is sho
Fig. 3. The blocking temperature (Tb), the transition temperatu
between the ferromagnetic and the superparamagnetic state,
termined from the maximum in the ZFC measurements.Tb is in-
creased for the Co-Cu core-shell nanoparticles~235 K! compared
with the precursor Co nanoparticles~124 K!. An increase of th
blocking temperature due to antiferromagnetic exchange cou
has also been reported for compacted Co-CoO core
nanoparticles55 and for Co nanoparticles dispersed in a C
matrix.34 In our study, the data suggest that there is little or no C
formed, so the higher blocking temperature may be due to a
crease in dipole interactions between the Co particles, as obser
Co clusters.56 In the FC curve, the magnetization decays unifor
as the temperature increases in both of these nanoparticle cas
can be used to evaluate particle interaction.57-59 The normalized FC
magnetization curves~Fig. 3b! show a difference in slope betwe
the Co and the Co-Cu core-shell nanoparticles. The slope o
Co-Cu nanoparticles curve is lower than that of the Co nano
ticles. A smaller slope in the FC magnetization of the Co-Cu c
shell nanoparticle indicates a stronger interparticle interaction
pared to Co nanoparticles, consistent with literature studies58 and the
observed increase in the blocking temperature here.

Figure 3. ~a! ZFC and FC magnetization of Co and Co-Cu core-shell n
particles with an applied magnetic field of 100 Oe and~b! FC magnetizatio
of Co and Co-Cu core-shell nanoparticles normalized at 300 K.
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The field dependence of magnetization is shown in Fig. 4a a
for Co and Co-Cu core-shell nanoparticles, respectively, an
magnetic parameters are summarized in Table I. At 10 K, well b
the blocking temperature, a nonzero coercivity and remnant m
tization are expected; whereas, near room temperature~i.e., above
the blocking temperature!, coercivity and remnant magnetization
zero, indicative of the superparamagnetic state. The observed
civity of the Co-Cu core-shell nanoparticle (2697 Oe) is slightly
larger than that of the Co precursor (2656 Oe) at 10 K. The rem
nant magnetization increased from 0.37 emu/g for the Co nan
ticle to 0.47 emu/g for the Co-Cu core-shell nanoparticle at 1
where the mass used is the total sample mass. The Co mass
in the cobalt paste sample and in the Co-Cu sample is 8.4 and
respectively. The majority of the mass in the samples consis

Figure 4. Hysteresis loops for Co and Co-Cu nanoparticles at 10 and 3

Table I. Magnetic properties of Co and Co-Cu nanoparticles
„NPs….

Sample T ~K! Hc ~Oe! M r ~emu/g! M s ~emu/g! M r /M s

Co NPs 10 2656.0 0.37 1.01 0.37
300 0 0 1.05 0

Co-Cu NPs 10 2697.0 0.47 1.53 0.31
300 0 0 1.06 0
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surfactant. The enhanced magnetization is also reflected in the
perature dependence of the magnetization curve, as shown in
Thus, the magnetization is slightly higher for the Co-Cu nano
ticles than for the Co nanoparticles, based on a per unit ma
elemental cobalt.

The displacement reaction rate was estimated from an E
diagram, shown in Fig. 5. The rotation rate was arbitrarily sele
so that it was large enough to capture the kinetic regime of bot
bulk cobalt anodization in a copper-free electrolyte and the co
reduction from a copper electrolyte. The mixed potential corro
current thus represents an upper limit on the reaction rate. M
transport limitations would lower this value. Due to the ultraso
stirring used during the shell fabrication, a kinetic-controlled
cess is expected, rather than a diffusion-controlled process
crossing point (20.23,26.50) of the anodic and cathodic branc
of these two reactions determines the displacement potent
20.23 V vs. a saturated calomel electrode and the correspon
current density of (e26.5) 5 0.0015 A/cm2. Therefore, using an a
erage particle diameter from the TEM micrographs of 3.2 nm,
an average surface area of 3.223 10213 cm2, results in an averag
reaction rate of 2.513 10221 mol/s/particle.

In the absence of Cu~II!ions, the Co nanoparticle is expected
be anodized by protons in the electrolyte, leading to a complete
of the Co solid nanoparticle to Co~II! ions. The fact that Co nan
particles are preserved in the aqueous acidic environment is a
confirmation of the Cu shell formation.

Conclusion

A nanoparticle core-shell structure was fabricated by a disp
ment reaction between the Co core and Cu~II! ions in a typica
aqueous electrolyte. XANES results are consistent with the e
sulation of the Co nanoparticles by Cu without any significant co
oxide. The magnetization of the Co nanoparticle was retained
it was protected by the Cu shell and exposed to air. An increa
the blocking temperature was observed up to 235 K for the
shell nanoparticles, compared with 124 K for Co nanoparticles
estimate of the displacement rate of cobalt atoms with copper
was calculated to be 2.513 10221 mol/s/particle.
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