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bstract

Mechanical alloying technique was used to prepare several Co–Ni alloys in a high-energy SPEX 8000 mill. The initial ratios of elemental Co–Ni
owders were 30:70, 40:60, 50:50, 60:40 and 70:30 wt.%. Elemental cobalt and nickel powders were milled separately during 20 h as a reference.

RD results indicated that crystalline solid solutions were achieved after 5 h of milling. TEM observations revealed that mechanical alloys consist
f agglomerated fine particles of about 10 nm in size. Electrochemical measurements showed that the Co–Ni 30:70 wt.%, in particular, exhibited
he highest current density for the oxygen reduction reaction (ORR) via four electrons.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mechanical alloying is an alternative process useful to pre-
are electrocatalysts. This process was developed in the 1970s
1] and has been shown to be useful to prepare nanometric
aterials, so, it has been utilized to produce alloys for hydro-

en storage. Low temperature fuel cells require electrocatalysts
o accelerate cathodic and anodic reactions, oxygen reduction
nd hydrogen oxidation, respectively. Electrodes for oxygen
eduction have been prepared with transition metals by different
echniques. Electrocatalytic activity of these materials strongly
epends on their morphology, surface area and structure, which
n turn depend on the preparation methods. Cobalt and nickel,
eing transition elements, with their electronic layer d incom-
lete, have shown good electrocatalytic properties for the oxygen
eduction reaction (ORR) when combined with platinum [2–7]
r as macrocycles [8–10]. Recently, there have been proposals

f cobalt combined with Pd, Ag, Ni or Au for the ORR [11].
he purpose of this work is to explore the mechanical alloy-

ng technique to prepare cobalt–nickel alloys and to evaluate
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heir performance for the oxygen reduction reaction in alkaline
edia.

. Experimental

.1. Mechanical alloying

Mechanical alloying was performed using commercial cobalt and nickel
owders supplied by Merck, in a SPEX 8000 mill. An argon atmosphere was
sed to avoid oxidation and methanol (1 ml) was employed as the control agent
rocess. Under these conditions, cobalt and nickel powders were milled for 2,
, 10, 15 and 20 h. Cobalt–nickel alloys were prepared varying the composi-
ion from 30 to 70 wt.% of cobalt. Elemental cobalt and nickel powders were

illed separately as a reference. The ball to powder weight ratio was about 10:1.
volution of solid solutions was followed by X-ray diffraction (XRD) using a
iffractometer SIEMENS D5000 with Cu K� radiation. Morphology and parti-
le size were analysed using a JEOL JSM-6300 scanning and a JEOL JEM 2000
XII transmission electron microscopes, respectively. Chemical composition of
lloys was investigated by EDS.

.2. Electrochemical measurements

Electrochemical measurements were performed employing an electrochem-
cal cell of three electrodes coupled to a Potentiostat/Galvanostat EG&G Model
73A. A unit for speed control (EG&G Model 636) was used in linear voltam-

etry measurements with a rotating disk electrode. The working electrodes

onsisted of Teflon cylinders as holders (1.4 cm in diameter and 1.2 cm height)
aving a concentric hole of 0.8 cm in diameter. The lower half of the hole was
lled with a mixture paste of graphite and liquid paraffin (Aldrich), the upper
alf was filled with a paste consisting of Vulcan XC-72 (Cabot), liquid paraf-
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n and the mechanically alloyed powders. An Hg/HgO homemade electrode
as used as reference electrode and a platinum mesh as the counter electrode.
he oxygen reduction reaction of mechanical alloys was investigated in a 0.5 M
OH solution at 298 K. Prior to electrochemical measurements, the electrolyte

olution was deoxygenated by bubbling nitrogen during 30 min. Then, the work-
ng electrodes were cycled at 50 mV s−1 between 0 and 1.2 V versus NHE until
eproducible cyclic voltammograms were obtained. To proceed with the ORR,
xygen was bubbled to saturate the electrolyte solution.

. Results and discussion

.1. Structural and morphological characterization

Fig. 1 shows the typical change of the XRD pattern of Co–Ni
amples 50:50 wt.% during the milling. The XRD pattern at
= 0 h corresponds to the mixture of the elemental cobalt and
ickel powders. After milling for 2 h, reflections of hexagonal
obalt phase decrease drastically and completely disappear at
h. A shift in angle position to lower values is observed from 5 h
f milling suggesting the formation of a cobalt–nickel fcc solid
olution. A particle size of about 10–15 nm was estimated by the
cherrer equation using the (2 0 0) and (2 2 0) XRD reflections
f the solid solution after milling for 20 h. Chemical analy-
is by EDS revealed a composition approximately of 48 wt.%
o, 48 wt.% Ni and 4 wt.% Fe. The iron contamination arouse

rom the steel container and balls. Fig. 2 shows the variation of
he lattice parameter of Co–Ni 50:50 wt.% as a function of the

illing time. The lattice parameter increases from that of pure
i (0.3521 nm) suggesting that the fcc solid solution is being

ormed by incorporation of Co atoms into the Ni fcc lattice. Fig. 3
epicts the bright field TEM image of Co–Ni 50:50 wt.% after
illing for 20 h. Fine agglomerated particles of about 10 nm in
ize can be observed consistently with the Scherrer estimation.
he inset in Fig. 3 shows a typical ring diffraction pattern sup-
orting the small particle size. Miller indexes of the diffraction
pots match well with the XRD pattern shown in Fig. 1.

ig. 1. Typical change of the XRD pattern of Co:Ni samples 50:50 wt.% during
he milling.
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ig. 2. Variation of the lattice parameter of Co–Ni 50:50 wt.% as a function of
he milling time.

.2. Oxygen reduction reaction (ORR)

Linear voltammograms displaying the ORR results for
echanically alloyed cobalt–nickel powders as well as those

or elemental milled Co and Ni in KOH 0.5 M at 1600 rpm are
hown in Fig. 4. It is noticeable that Co–Ni 30:70 wt.% exhibits
he highest current density for the ORR most probably due to
synergistic effect. The composition of Co–Ni 30:70 wt.% was
stimated to be about 29 wt.% Co, 67 wt.% Ni and 4% wt.% Fe.
he current density was calculated by considering the effective
lectrode surface area [12]. Fig. 5 shows a Koutecky–Levich
lot, which was derived from the linear voltammograms for the
o–Ni 30:70 wt.% after milling for 20 h. Straight lines marked
ith symbols represent experimental data, whereas the other two

ines, n = 2e and n = 4e indicate the theoretical path for the ORR
ia two or four electrons, respectively. The slope of experimental
ata shows close proximity to that of the theoretical straight line

= 4e implying that the ORR proceeds mainly via four electrons
n Co–Ni 30:70 wt.% in alkaline media.

ig. 3. Bright field TEM image of Co:Ni 50:50 wt.% after milling for 20 h.
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Fig. 4. Linear voltammograms displaying the ORR results of mechanically
alloyed cobalt–nickel powders in KOH 0.5 M at 1600 rpm.

Fig. 5. Koutecky–Levich plot for Co:Ni 30:70 wt.% after milling for 20 h.
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. Conclusions

In this work, it has been demonstrated that mechanical alloy-
ng of elemental cobalt and nickel powders produces solid solu-
ions after milling for 5 h. Particle size of the solid solutions
as about 10 nm. In particular, the Co–Ni 30:70 wt.% exhib-

ted the highest current density for the ORR via 4 electrons. The
igher current density associated to the cobalt–nickel alloys was
ttributed to a synergistic effect.
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