
UNIVERSITAT DE BARCELONA 

FACULTAT DE QUÍMICA 

DEPARTAMENT DE QUÍMICA FÍSICA 
 

Programa de Doctorat de Tecnologia de Materials 

Bienni 2004‐2006 

 

Electrochemical preparation of CoAg 
nanostructured materials for GMR 

applications 
 

Memòria que presenta JOSÉ MANUEL GARCÍA TORRES per optar al 
títol de Doctor per la Universitat de Barcelona  

 

Directores de la tesi: 
 
 
 
 
 
 

Dra. Elvira GÓMEZ VALENTÍN 
Professora Titular de Química Física 
Universitat de Barcelona 

 Dra. Elisa VALLÉS GIMÉNEZ 
 Professora Titular de Química Física 
 Universitat de Barcelona 

 



 

 

 

 

 

 

CHAPTER 7 

CoCoreAgShell NANOPARTICLES 



 



CoCoreAgShell nanoparticles 

 
 

7 
 

CoCoreAgShell NANOPARTICLES 

 

 

Finally,  the  preparation  of  magnetic/non‐magnetic  nanoparticles  with  giant 
magnetoresistance  was  also  attempted.  In  section  7.1,  the  fabrication  and 
characterization of Co‐Ag nanoparticles with core‐shell structure will be presented. 
After  that,  the magnetic  and magnetotransport  properties  as well  as  the  strategy 
developed to measure the later property will be dealt with in section 7.2.  

   

7.1.  Synthesis  and  characterization  of  Co@Ag  coreshell 
nanoparticles 

CoCoreAgShell nanoparticles were prepared by the water in oil (W/O) microemulsion 
method.  A  two  step  reduction  process  was  followed  to  fabricate  the  core‐shell 
structure. In a first step, cobalt nucleus was obtained which acted as a seed for the 
growth of the silver shell in a second stage. Whereas cobalt core size was constant, 
the thickness of the silver shell was modified by changing silver concentration in the 
microemulsion. 

Nearly monodisperse nanoparticles were obtained, with mean sizes in the range 3‐5 
nm depending on the silver shell thickness. Firstly, TEM studies allowed observing 
the  core‐shell nature of  the  synthesized nanoparticles. However,  it was  the use of 
HRTEM  together  with  fast  fourier  transform  (FFT)  that  clearly  revealed  the 
CoCoreAgShell  arrangement.  XRD  together  with  electron  diffraction  determined  the 
hcp  and  fcc  structure  of  cobalt  and  silver,  respectively.  No  signs  of  solid  solution 
were observed. Although cobalt  core was metallic,  cobalt oxides were detected by 
XPS,  their  content  being  higher  for  unprotected  cobalt  nanoparticles.  The  optical 
properties were also studied by recording the UV‐Vis spectra. Surface plasmon (SP) 
resonance peak appeared after covering the cobalt core with silver. Moreover, a red 
shift on the SP peak of CoCoreAgShell nanoparticles was observed in comparison with 
pure silver nanoparticles. The electrochemical characterization of cobalt, silver and 
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Chapter 7 

Co‐Ag nanoparticles was also performed. Important differences in the voltammetric 
response  of  the  three  kinds  of  nanoparticles  were  observed.  These  differences 
allowed  using  cyclic  voltammetry  as  a  tool  to  determine  the  correct  core‐shell 
formation. 
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Abstract A micellar method has been used to

prepare silver-coated cobalt (Co@Ag) nanoparticles.

The synthesized particles have been deeply character-

ized by several methods, i.e., XRD, UV–Vis, TEM,

XPS, and electrochemical techniques. There is every

indication that the obtained particles show a truly

core–shell structure. All the nanoparticles obtained

under different conditions are in the size range

3–5 nm. High-resolution TEM (HRTEM), Fast Fou-

rier Transformation (FFT), and Selected Area Electron

Diffraction (SAED) indicated that the presence of

hcp-Co and fcc-Ag, in which cobalt is located in the

central area; meanwhile silver is at the edges of the

nanoparticle. The absorption band of the Co@Ag

colloid shifts to a longer wavelength and broadens

relative to that of pure silver colloid. Voltammetric

characterization allowed to determine the coverage of

the cobalt core.

Keywords Co@Ag nanoparticles �
Microemulsion method � Structure �
Optical properties � Cyclic voltammetry �
Composite nanomaterials

Introduction

The physical properties of nanoscale metal particles

are presently the object of intensive research. The

novel physical properties that these materials display

is mainly attributed to surface or quantum size effects

(Schmid 1994; Halperin 1986). The control of the

nanocluster’s properties will therefore be highly

dependent upon the strict control of both the particle

size and the chemical bonding at the surface. More-

over, the decrease in the particle size promotes higher

reactivity, modifying superficial properties. Bimetallic

nanocomposites having core–shell structure have

received special attention because of their electronic,

magnetic, optical and chemical, or biological proper-

ties (Hodak et al. 2000; Andres et al. 1996; Schmid

1998). Examples include magnetic resonance imaging

for medical diagnosis, high-density magnetic record-

ing, controlled drug delivery, catalysis, and energy

conversion. Significant attention is paid on hybrid

nanomaterials composed of magnetic and non-mag-

netic parts. Good examples of this type of materials are

bimetallic nanoparticles like Fe@Au, Co@Ag,

Co@Cu, etc., in which the non-reactive metallic

coverage of the magnetic nanoparticles seems a

suitable protecting tool.

A number of methods have been used to prepare

the bimetallic nanoparticles including coprecipitation

of the corresponding salts from solution (Tourinho

et al. 1990), high-temperature decomposition of

organic precursors (Hyeon et al. 2001), or
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microemulsions (Solla-Gullón et al. 2003), among

others. Water-in-oil (w/o) microemulsions are trans-

parent, isotropic and thermodynamically stable with

nano-sized water droplets that are dispersed in a

continuous oil phase and stabilized by surfactant

molecules at the water/oil interface. The surfactant-

stabilized water pools provide a microenvironment

for the preparation of nanoparticles by exchanging

their contents via a fusio-redispersion process and

preventing the excess aggregation of particles. As a

result, the particles obtained in such a medium are

generally very fine and monodisperse.

The objective of this work is the synthesis and the

characterization of bimetallic Co@Ag nanoparticles

with a core–shell structure. The microemulsion

method has been selected as the synthesis method

due to the control of the size of both the Co cores and

the Ag shells as well as the simplicity of this method.

TEM, XRD, XPS, UV–Vis, and electrochemical

techniques have been used to characterize the

obtained nanoparticles.

Experimental section

Synthesis procedure

Cocore–Agshell nanoparticles were prepared by the

microemulsion method in a two-step reduction pro-

cess at room temperature (25 �C). Water-in-oil

microemulsions of water/polyethylenglycol-dodecy-

lether (BRIJ�30)/n-heptane were used as microreac-

tors where the reduction took place (Solla-Gullón

et al. 2003). The size of the microemulsion droplet

was determined by the molar ratio of water to

surfactant (x0). In order to have micelles with the

same size the molar ratio water to surfactant was

maintained constant (x0 = 3.8). The concentration of

surfactant, in volume, amounted to 16.5% of the total

microemulsion volume. For the preparation of the

core–shell nanoparticles a two steps procedure was

applied. The first step in which the cobalt core

formation was carried out, equal volumes of two

micellar solutions containing Co(ClO4)2 and the

reductant, respectively, were mixed. After the mixing

of the solutions, a clear change from pink to yellow

was observed, indicating that the reduction process

was taking place. The reaction (nucleation) took

place essentially at the same time in the whole

microemulsion media, which favored the formation

of a large number of nuclei inside the water pools of

the micelles. These nuclei grew very rapidly because

of the material exchange between micelles. In a

second step, identical volumes of two micellar

solutions containing AgClO4 and reducing agent,

respectively, were poured over the microemulsion

containing the cobalt cores. In this step, a change

from yellow to dark brown was detected. After

complete reduction, that took place in a few minutes,

acetone was added to the solution to cause phase

separation (Scheme 1 shows the procedure). The

synthesized metallic nanoparticles were exhaustively

washed with acetone in order to remove the surfac-

tant. Among the advantages of this technique it is

important to highlight not only the simplicity to

prepare the nanoparticles with uniform size and

composition, but also the capability to clean the

surface of the nanoparticles.

Non-coated cobalt and silver nanoparticles were

also prepared for comparison purposes. The method-

ology applied in their synthesis only implied one step

of the process previously described: two microemul-

sions, one containing the metal salt (Co(ClO4)2 or

AgClO4) and the other one the reducing agent, were

mixed and the particles were formed inside the

droplets. After that, the nanoparticles were released

from the microemulsion by adding acetone.

Chemicals and characterization methods

All chemicals used in this work, AgClO4, Co(ClO4)2,

NaBH4 (borohydride), and N2H4 (hydrazine) were of

analytical grade. Aqueous solutions were prepared

with double distilled water treated then with a

Millipore Milli Q system.

Transmission electron microscopy (TEM) and

high-resolution TEM (HRTEM) experiments were

performed with a JEOL 2100 microscope working at

200 kV. A drop of the nanoparticle dispersion was

cast onto a carbon-coated copper grid sample holder

followed by evaporation at room temperature. The

compositional analysis of the nanoparticles was made

by energy dispersive X-ray spectroscopy (EDS)

coupled to TEM microscope.

X-ray diffractograms of the particles were recorded

in a Siemens D-500 powder diffraction diffracto-

meter. The Cu Ka radiation (k = 1.5418 Å) was

J Nanopart Res
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selected. X-ray powder diffraction diagrams were

obtained in the 5–110 �2h range with a step range of

0.05� and a measuring time of 15 s per step. Particles

were placed over an oriented monocrystalline silicon

substrate of low response for the measurements.

The UV–Vis spectra of w/o microemulsions

containing nanoparticles were measured with a

Shimadzu UV-1700 spectrophotometer using a

10-mm quartz cell.

X-ray photoelectron spectroscopy (XPS) measure-

ments were performed with a PHI 5600 multitech-

nique system and Auger spectroscopy measurements

were done with a PHI 670 scanning Auger nanoprobe

system. The binding energies (BE) of the XPS signals

of all species have been corrected by assuming C1s

signal at 284.6 eV

Electrochemical experiments were performed in a

conventional three electrode cell using a potentio-

stat/galvanostat Autolab PGSTAT12. Before mea-

surements, solutions were deaerated by bubbling

argon and maintained under argon atmosphere

during the experiments. Cyclic voltammograms

were made at 25 �C. A spiral platinum wire was

used as the counter electrode and Ag/AgCl/3 M

NaCl/0.1 M NaClO4 as the reference one. The

working electrode was a vitreous carbon rod of

2 mm of diameter.

Results and discussion

Optimization of preparation conditions

The first attempt in the Co@Ag synthesis optimiza-

tion was to find out the minimum stable cobalt core

size. At least a 0.067 M Co(ClO4)2 solution was

necessary, as smaller concentrations led to unstable

nucleus and hence no nanoparticles were formed.

A strong reducing agent (NaBH4) was needed due to

the low reduction capacity of cobalt. In this sense, a

1:15 cobalt(II):sodium borohydride ratio was dem-

onstrated as the more adequate.

Due to the ease silver reduction, a milder reducing

agent than borohydride was required during the

Co@Ag synthesis. Hydrazine was selected as it

allows controlling feasibly the monodispersity of

the particle size because the reduction takes place in a

slower way. A 1:10 silver(I):hydrazine ratio was

demonstrated as the optimum ratio.

During the synthesis all the microemulsions were

stirred by means of ultrasounds in a sonicating bath

instead of shaking because of the obtained nanopar-

ticles showed higher monodispersity.

In this study, different Co@Ag nanoparticles were

prepared. The cobalt core was fixed as the minimum

one achieved. On the other hand, different AgClO4

Scheme 1 Schematic illustration of the procedure for the synthesis of Cocore–Agshell nanoparticles [Co core (black circle), Ag shell

(gray circle), and micelle (white circles plus zigzag lines)]
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concentrations in the micellar solution were used in

order to obtain variable Ag-shell thicknesses. The

Co:Ag molar ratio of the nanoparticles prepared were

in the range 1:1–1:2.5.

In some conditions, reduction with sodium boro-

hydride can give rise to the formation of borides

(Schlesinger et al. 1953). However, in microemul-

sions with low water to surfactant ratios (conditions

used in this work) water is mainly linked and highly

immobilized by the surfactant heads and hence no

cobalt–boron compounds are expected (Garcia-Bastida

et al. 2005).

Morphology and structure

Transmission electron microscopy was used to eval-

uate the particle shape and size. Figure 1 shows some

micrographs of the obtained Co@Ag nanoparticles. It

can be seen that the particles are quasi-spherical in

shape with highly uniform size and relatively

dispersed. However, some aggregates were observed

on the TEM grids probably due to the nanoparticle’s

aggregation after drying on the copper grid. Analysis

of this and several other images reveals that the

particles have a mean size of 3 nm for Co:Ag ratio

1:1.5 and 5 nm for Co:Ag ratio 1:2.5. The nanopar-

ticles with Co:Ag molar ratios higher than 1:1.5 show

incomplete silver coverage.

On the other hand, in order to demonstrate the

bimetallic nature of the particles the micrographs

were highly underfocused with the idea to enhance

the nanoparticle TEM contrast as Crisan et al. have

shown (Crisan et al. 2006). This procedure reveals a

dark core and a shiny shell (insets Fig. 1a, d) giving a

first clue about the core–shell nature of the synthe-

sized nanoparticles.

The Selected Area Electron Diffraction (SAED)

patterns recorded from the different CocoreAgshell

nanoparticles are shown in Fig. 1c, f. The patterns are

a complex ring pattern, characteristic for polycrys-

talline materials, which comprises two different

crystal structures. The d values calculated from the

positions of the electron diffraction rings agreed well

with the d values reported for (111), (200), (220), and

(311) planes of fcc silver and the (100), (002), and

(101) planes of hcp cobalt. Moreover, no evidence of

fcc cobalt was found. The presence of cobalt oxides

cannot be discarded. In this sense, other techniques

will be used to confirm or not the presence of these

species.

Although a correct core–shell formation has been

observed by TEM studies, in order to univocally

assure the formation of this structure, HRTEM was

required to have a deeper insight of the detailed

structure and the nature of the crystalline symmetry

for the Co and Ag phases in the bimetallic nanopar-

ticles. HRTEM investigations of single particles

revealed a multiple twinned or polycrystalline nature

of the nanoparticles. Interplanar spacings could be

directly determined from the images by measuring the

lattice fringes (Fig. 2a). On the other hand, Fast

Fourier Transformation (FFT) was also performed on

the HRTEM images of single particles (Fig. 2b). The

interplanar spacing 2.351 Å (spots 1, 2) correspond-

ing to fcc-Ag (111) was detected in the nanoparticles

shell (upper left FFT pattern of Fig. 2b). On the other

Fig. 1 a–c TEM

micrographs and SAED

pattern of Co:Ag ratio 1:1.5

nanoparticles. d–f TEM

micrographs and SAED

pattern of Co:Ag ratio 1:2.5

nanoparticles

J Nanopart Res
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hand, d spacings of 2.348, 2.175, and 1.925 Å

attributed to fcc-Ag (111) (spots 3, 6), hcp-Co (100)

(spots 5, 8) and hcp-Co (101) (spots 4, 7), respec-

tively, were detected when the FFT analysis was

performed in the nanoparticle’s center (including both

the core and the shell) (lower right FFT pattern of

Fig. 2b). Both procedures allowed us to determine

interplanar spacings corresponding to fcc silver and

hcp cobalt, results in agreement with those found by

means of SAED measurements. From this study, one

can conclude that cobalt is mainly localized in the

central area meanwhile silver occupies the edges of

the nanoparticle, thus obtaining a core–shell structure.

Figure 3 shows a typical XRD pattern of the

as-prepared Co@Ag samples. A well-defined pattern

can be clearly seen. Peaks corresponding to the

presence of fcc silver can only be detected. However,

peaks or bands corresponding neither metallic cobalt

nor cobalt oxides are observed. These results agree

with those reported by A. J. Garcia-Bastida et al. in

the sense that no Bragg reflections for cobalt were

detected (Garcia-Bastida et al. 2005). Meanwhile,

other works dealing with nanoparticles of higher size

reported the presence of both Co and Ag reflections

(Bala et al. 2004). The dissimilar particle sizes could

explain the observed results. On the other hand, the

fact not to observe the Bragg reflections of the metal

core by XRD could be indicative of a correct core–

shell formation (Iglesias-Silva et al. 2007; Mandal

et al. 2005).

Figure 4a shows a TEM image of non-coated

cobalt nanoparticles. Very small nanoparticles, with

sizes smaller than 1 nm, are observed. Because of the

very small size of the nanoparticles the precise

estimation of the size is very difficult. The XRD

pattern shown in Fig. 4b reveals the presence of six

bands, located at 20.6�, 34.0�, 43.4�, 46.8�, 59.5�, and

82.3�. The Bragg reflections of the XRD pattern are

difficult to be univocally assigned to metallic cobalt

or some cobalt oxides because of the overlapping of

the different bands. In this sense, XPS of the non-

coated cobalt nanoparticles will be performed in

order to reveal the nature of cobalt. Moreover, the

fact to observe bands instead of peaks is in agreement

with the small size of the nanoparticles detected by

TEM.

XPS characterization

XPS technique was carried out in order to have a more

accurate knowledge about the oxidation states of

cobalt in the synthesized nanoparticles. Figure 5a

shows the XPS spectra of the Co:Ag ratio 1:1.5

nanoparticles. The surface chemical composition

Fig. 2 HRTEM

micrographs of a Co:Ag

ratio 1:1.5 nanoparticle.

a Determination of the

interplanar spacings by

measuring the lattice fringes

directly from the image.

b Determination of the

interplanar spacings by FFT

Fig. 3 X-ray diffraction pattern for Co:Ag ratio 1:1.5

nanoparticles

J Nanopart Res
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revealed the presence of the elements O, C, Co, and

Ag. Moreover, no boron was detected in the recorded

spectra (BE(B 1s) = 190 eV) corroborating that the

synthesis conditions employed avoid the formation of

Co–B compounds. On the other hand, the fact to

observe Co is because the penetration depth of the XPS

beam used is around 2 nm, penetration depth higher

than the thickness of the silver shell. The O 1s

spectrum (Fig. 5b) was composed of two peaks at

530.4 and 531.7 eV attributed to cobalt oxides and

surface contamination, respectively. As it can be

observed in the Ag 3d spectrum of Fig. 5c, the peak

3d5/2 was centered at a BE 366.2 eV; meanwhile 3d3/2

was placed at a BE 372.2 eV. These values are lower

than those reported for bulk metallic silver (BE(Ag

3d5/2) = 368.1, BE(Ag 3d3/2) = 374) (Galuri et al.

1999). Although the BE for the oxides (BE(AgO

3d5/2) = 367.3 and BE(Ag2O 3d5/2) = 367.7) (Hofl-

und et al. 1994a, b) fits better than metallic silver the

existence of silver oxides is discarded. On one hand,

the calculated full width half maximum (FWHM) of

1.1 eV agrees with the peak width for metallic silver

(1.2 eV) (Galuri et al. 1999) as the values for the

different oxides are higher than 1.50 eV (Hoflund et al.

1994a, b). The energy separation between 3d5/2 and Ag

3d3/2 (DBE = 6.0 eV) also agrees with that tabulated

(Chastain 1992). On the other hand, the O 1s BE

corresponding to the different silver oxides are

528.5 eV (AgO) and 528.8 eV (Ag2O) (Hoflund

et al. 1994a, b), values which do not fit with the BE

for the O 1s peaks reported here. Moreover, XRD

discard the presence of silver oxides. The authors

attribute this shift in the Ag 3d photopeak’s BE to the

different chemical environment respect pure silver, the

cobalt core could modify the energy levels and hence a

different BE could be obtained. Similar results have

been previously found for silver nanoparticles on silica

spheres (Luo et al. 2009). The Co 2p spectrum shows a

complex profile (Fig. 5d). Two states that contribute to

the main Co 2p3/2 feature can be identified at BE of

778.1 and 779.3 eV, compatible with metallic cobalt

and various oxides (CoO or Co3O4), respectively.

Moreover, the Co 2p1/2 shows two main peaks located

at 793.4 and 795.5 eV, in which the peak placed at

BE = 793.4 eV fits well with that tabulated for

metallic cobalt; meanwhile, the peak at

BE = 795.5 eV agrees with Co(II) in the form of

CoO. Close to the main peaks two intense satellites

located at the high binding-energy side of the main

photopeaks are present, which are characteristic of the

CoO spectra (Jiménez et al. 1998; Chuang et al. 1976).

Similar features of the XP spectrum for Co:Ag

ratio 1:2.5 were observed except for the fact that a

very weak cobalt signal was detected (Fig. 5e, h)

indicating that the XP beam scarcely penetrates until

the cobalt core because of the thicker silver shell.

For oxygen (Fig. 5f) only the peak related to surface

contamination was observed. Meanwhile, the O 1s

peak previously attributed to cobalt oxides and

placed at BE 530.4 eV did not appear as the beam

hardly penetrate until the cobalt core. However, the

presence of CoO in the nanoparticles is also

expected. The recorded spectrum of Ag 3d (Fig. 5g)

shows almost the same features as those previously

described. The difference is that the 3d photopeaks

appear at BE closer to the values of metallic silver.

The higher the silver quantity, the lesser the

influence of the chemical environment (the cobalt

core) and hence the behavior start to approach that

of pure silver.

The XP spectrum of non-coated cobalt nanoparti-

cles showed the unique presence of C, O, and Co. The

O 1s spectrum shows the two peaks related to cobalt

oxides and surface contamination. On the other hand,

Fig. 4 a TEM micrograph

and b XRD pattern of non-

coated Co nanoparticles

J Nanopart Res
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Fig. 5 XPS spectrum and

O 1s, Co 2p, and Ag 3d

spectra of a–d Co:Ag molar

ratio 1:1.5 nanoparticles and

e–h Co:Ag molar ratio 1:2.5

nanoparticles
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the Co 2p spectrum resembles that of the Fig. 5d. The

only difference to note here is that the peaks related

to metallic cobalt are weaker than in the Co@Ag

nanoparticles because of the absence of the silver

protective layer.

Optical properties

The optical properties of the Co@Ag nanoparticles

have been studied by UV–Visible spectroscopy.

Figure 6 shows the UV–Vis adsorption spectrum of

the Co@Ag colloid dispersion as well as the spectra

of pure Ag and Co colloid dispersions for comparison

purposes. The UV–Vis spectrum of Co nanoparticles

is almost featureless along the whole scanned wave-

length range except for a monotonic absorbance

increase at the shorter wavelengths and a very small

band located around 350 nm (Fig. 6, dotted line).

This absorption can be ascribed to the presence of

cobalt oxides (Ershov et al. 2000). On the other hand,

the silver colloids exhibit one absorption band with a

maximum centered at 404 nm (Fig. 6, continuous

line) characteristic of the optical properties of Ag

nanostructures. Meanwhile, the absorption spectrum

of the Co@Ag colloids (Fig. 6, dashed line) shows a

slight red-shift in the surface plasmon (SP) resonance

peak (418 nm) and an increase in the bandwidth

respect to that recorded from pure-Ag colloids. The

observed shift in the SP peak has been previously

reported for gold-coated iron oxide (Lyon et al. 2004)

and silver-coated nickel nanoparticles (Gaudry et al.

2001), this finding suggesting that a significant

amount of pure silver nanoparticles in the samples

is unlikely. It is worthy to remark again that the

absorption spectrum of Co@Ag nanoparticles is

broader than that of pure Ag. The phenomenon was

similar to that obtained by the extended Mie theory

for a Nicore–Agshell nanoparticle and it was attributed

to the fact that Ag was covered on the surface of the

Ni cores (Gaudry et al. 2001; Portales et al. 2002;

Jackson and Halas 2001) corroborating the core–shell

nature of the synthesized Co–Ag nanoparticles.

Electrochemical behavior

Electrochemical characterization of the prepared

nanoparticles was carried out in a 0.1 M NaClO4

solution by means of cyclic voltammetry. The

experiments were carried out at a scan rate of

10 mV s-1 using vitreous carbon rod of 2 mm of

diameter as a working electrode. The voltammetric

response of the substrate reveals that no current

related to electrode oxidation/reduction processes

were recorded between the potentials associated to

the initio of hydrogen and oxygen evolution (see inset

Fig. 7a). No differences were observed independently

of the direction scan.

A drop of the nanoparticles dispersion was depos-

ited by gravity over the vitreous carbon substrate.

A nitrogen atmosphere was used to evaporate the

solvent. This evaporation procedure gives a good

contact between the substrate and the nanoparticles.

Before each experiment the substrate was mechani-

cally polished with alumina and rinsed with ultrapure

water to remove the nanoparticles from previous

experiments.

The cyclic voltammetry of freshly Co@Ag nano-

particles was recorded scanning at first toward

positive potentials from a potential where no initial

current was recorded. A clear oxidation peak (A)

followed by a band (B) prior to oxygen evolution was

observed. Reversing the scan, reduction current (C)

was detected around 0 mV (Fig. 7a, dashed line). The

negative current feature did not appear when the

solution was stirred during the negative sweep. No

more remarkable features were observed in the

negative scan previous to hydrogen evolution.

Similar experiments were performed depositing

either silver (Fig. 7a, continuous line) or non-coated

Fig. 6 UV–Vis spectra for dotted line—cobalt micellar

solution, continuous line—silver micellar solution, and dashed
line—CocoreAgshell micellar solution
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cobalt nanoparticles (Fig. 7a, dotted line). The vol-

tammetric results obtained from the single metal

nanoparticles allowed us to identify the features

observed in the Co@Ag voltammograms. The peak

(A) and the band (B) recorded during the positive

scan are related to silver and cobalt oxidation,

respectively. The observed current (C) appears in

the voltammograms of Ag and Co@Ag nanoparticles

during the negative scan and recorded under quies-

cent conditions, whereas it does not appear when

stirring. This current was related to the reduction of

the oxidized silver species that remained near the

electrode when the experiments were made under

quiescent conditions.

Another series of experiments were performed

scanning at first toward negative potentials. The non-

coated cobalt nanoparticles showed a current plateau

(D) previous to hydrogen evolution (Fig. 7b, dotted

line). However, this plateau was not recorded in the

silver nanoparticles voltammogram. Other remark-

able feature is that the beginning of hydrogen

evolution took place at more positive potentials over

cobalt nanoparticles than over silver nanoparticles, as

expected, because of the catalytic properties of

cobalt. During the positive scan a symmetric band

(E) centered at -450 mV and a band at positive

potentials (B) appeared in the non-coated cobalt

nanoparticles voltammogram; meanwhile no features

were recorded in the silver voltammograms before

the sharp oxidation peak (A). The symmetric band

(E) is related to the plateau (D) recorded previous to

hydrogen evolution.

Taking profit of the characteristic voltammetric

response observed for both Co and Ag nanoparticles

when the scan was followed toward the negative

direction, different Co–Ag nanoparticles (previously

characterized by TEM) were analyzed by cyclic

voltammetry scanning at first toward negative poten-

tials. The results indicate that for those particles in

which TEM studies revealed an incomplete silver

coverage of the nuclei, some cobalt-related reduction

current (D) before hydrogen evolution was recorded

(Fig. 7b, dashed line). It was also observed that the

worst the Ag shell is the higher the cobalt-related

current is. However, no cobalt-related current was

observed in those particles with a perfect core–shell

structure neither on the negative-going scan nor on

the positive-going sweep (Fig. 7b, continuous line).

Moreover, the appearance of hydrogen evolution over

Co@Ag nanoparticles not completely coated took

place between the hydrogen evolution potentials

observed over silver and cobalt nanoparticles. How-

ever, for those Co@Ag nanoparticles completely

covered the evolution of hydrogen begun at similar

potentials than over silver nanoparticles.

The cobalt-related negative current (D) might be

related to the reduction of cobalt oxides that were

formed over cobalt surface after its deposition. After

cobalt oxides reduction, hydrogen was adsorbed over

cobalt and remained attached to the metal until being

Fig. 7 a Cyclic voltammograms for dashed line—Co@Ag,

continuous line—silver, and pointed line—cobalt nanoparti-

cles. Scanning from -0.5 V toward positive potentials. The

inset shows the voltammetric response of the vitreous carbon

(working electrode). b Cyclic voltammograms for dashed
line—cobalt nanoparticles, pointed line—Co:Ag molar ratio

1:1 nanoparticles (which are not completely cover), and

continuous line—Co:Ag molar ratio 1:1.5 nanoparticles (which

are completely cover). Scanning from -0.5 V toward negative

potentials
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oxidized during the positive scan leading to the

symmetric band (E).

These results prove that voltammetric experiments

may be used as a qualitative tool to check the goodness

of the prepared Co@Ag nanoparticles. This simple

procedure will allowed to determine the correct core–

shell formation. In this sense, cyclic voltammetry

would be a cheap and feasible alternative to TEM

studies during the optimization of the Co@Ag prep-

aration conditions to establish the formation of a true

Cocore–Agshell particle. Evidently, the TEM is an

irreplaceable tool for measuring the particles shape

and size as well as to corroborate the findings obtained

by means of other complementary techniques.

Conclusions

An easy method for the synthesis of Co@Ag nanopar-

ticles based on successive reactions in microemulsions

has been used. This method has been revealed as a

feasible one to prepare core–shell nanoparticles. The

particle size analysis indicated that all the synthesized

bimetallic nanoparticles were highly monodisperse

and presented a mean size that fell in the range 3–5 nm,

depending on the preparation concentrations. HRTEM

joined to SAED and FFT allowed to determine the

crystalline structure of both Ag (fcc) and Co (hcp).

Moreover, it was possible to conclude that cobalt was

mainly localized in the central area meanwhile silver

occupied the edges of the nanoparticle, thus obtaining a

core–shell structure. Moreover, the other techniques

employed corroborated the synthesis of Cocore–Agshell

nanoparticles. On one hand, XRD showed the unique

presence of the fcc-Ag phase (no cobalt reflections

were detected) fact that could be indicative of a correct

core–shell formation. On the other hand, UV–Vis of

Co@Ag nanoparticles showed a red-shift in the SP

resonance peak as well as an increase in the bandwidth

respect to that recorded from silver colloids, both

findings suggesting again the core–shell nature of the

synthesized Co@Ag nanoparticles. XPS analysis

allowed us to identify the presence of metallic cobalt

and cobalt oxides in the nuclei. Moreover, no appre-

ciable Co 2p signal was recorded upon increasing the

silver shell thickness as the XP beam scarcely pene-

trates until the cobalt core. Finally, cyclic voltammetry

experiments allowed us to determine the correct core–

shell formation taking advantage of the different

electrochemical behavior of cobalt, silver, and Co@Ag

nanoparticles when the scan was toward negative

direction.
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Chapter 7 

7.2. Magnetic and magnetotransport properties 

The  magnetic  properties  of  the  CoCoreAgShell  nanoparticles  were  also  measured. 
Figure 7.1 shows the magnetization‐magnetic field curve in which no hysteresis and 
a high magnetic field at which saturation magnetization is reached (around 20 kOe) 
are  observed.  Both  results  indicate  the  superparamagnetic  behaviour  of  the 
synthesized  nanoparticles  which  is  also  in  agreement  with  the  small  size  of  the 
cobalt core. On the other hand, a saturation magnetization value of around 53 emu 
g‐1  was  obtained,  it  being  smaller  than  that  corresponding  to  pure  cobalt.  The 
observed decrease in magnetization could be attributed to partial surface oxidation. 

 

 

Figure  7.1.  Magnetic  hysteresis  loop  of  the  synthesized  CoCoreAgShell 
nanoparticles. 

 

The  magnetotransport  properties  of  the  CoCoreAgShell  were  also  investigated. 
However,  the  measurement  of  the  magnetoresistance  was  a  challenge  due  to 
technical  difficulty  to  perform  electrical  contacts  on  the  nanoparticles.  The  only 
study dealing with the magnetoresistance of nanoparticle made the measurement in 
compressed  thick  pellets  [71].  It  was  confirmed  that  the  nanoparticles  were 
completely destroyed by the compression and therefore, this method was discarded. 
In  this  sense,  a  strategy  was  developed  to  perform  the  magnetoresistance 
measurements. The steps followed to make the electrical contacts are schematized 
in  figure  7.2A.  A  non‐conductive  glass  substrate  was  selected  to  deposit  the 
nanoparticles  in  order  to  force  the  electrical  current  to  pass  trough  the  metallic 
nanoparticles.  Firstly,  four  gold  stripes  of  200  µm wide  were  sputtered  over  the 
glass  substrate  employing  a mask.  After  that,  nanoparticles were  placed  over  the 
glass  with  the  sputtered  gold  stripes  by  surface  tension.  A  high  amount  of 
nanoparticles were deposited in order to favour the electrical contact among them.  
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Figure  7.2.  Steps  followed  to  perform  the  magnetoresistance  measurement  in 
nanoparticles. 
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Finally,  copper  wires  were  attached  to  the  gold  stripes  using  small  amounts  of 
metallic indium. The result is shown in figure 7.2B in which it can be observed that 
nanoparticles  completely  cover  the  four  gold  stripes. Moreover,  electrical  contact 
exists  between  the  different  stripes  indicative  of  the  conductive  behaviour  of  the 
nanoparticles. 

The  method  was  revealed  successful  to  measure  the  magnetoresistance  of 
nanoparticles (Figure 7.3). The magnetoresistance curves were characterized by no 
saturation of the magnetoresistance even at the highest applied magnetic field and 
no  splitting around 0 kOe, both  factors being  indicative of  the unique presence of 
superparamagnetic  particles.  Small  GMR  values  were  recorded  for  the  fabricated 
nanoparticles, the maximum value being 0.1 % at room temperature. However, this 
value is higher than that reported for Co‐Ag nanoparticles for which GMR was only 
detected at 2 K [71].  

 

 

Figure  7.3. MR(H)  curve  of  CoCoreAgShell  nanoparticles measured  applying  the procedure 
previously described.  
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7.3. Summary and outlook 

Co‐Ag  nanoparticles  have  been  successfully  prepared  by  an  easy  method  as  the 
microemulsion method  is.  Although  all  the  characterization  techniques  employed 
were  in  agreement  with  a  core‐shell  arrangement  in  which  cobalt  was  in  the 
nanoparticle inner whereas silver was in the outer, HRTEM studies were essential to 
confirm  it.  Moreover,  the  electrochemical  technology  has  been  successfully 
employed to discriminate  the correct core‐shell structure  formation. Magnetic and 
magnetotransport properties corroborated the superparamagnetic behaviour of the 
nanoparticles as  it was expected attending  the  small  size detected by TEM.  It was 
necessary to develop a strategy to proceed to the magnetoresistance measurement 
which  was  revealed  successful  for  the  measurement  of  nanoparticles.  The 
synthesized  CoCoreAgShell  nanoparticles  showed  GMR  values  up  to  0.1  %. 
Nanoparticles  are  very  interesting  for magnetotransport  properties measurement 
not only because of the size of magnetic/non‐magnetic nanoparticles can be easily 
modified  but  also  the  nearly  monodisperse  size  that  can  be  obtained.  However, 
much more progress could be maid in this field since a great number of parameters 
can be modified, i.e. cobalt core size, silver shell thickness or influence of annealing, 
just to mention a few.  
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