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Mixtures of CuO and NiO were prepared by two different techniques, and then the oxides
were reduced with H2. Method A involved the preparation of mechanical mixtures of CuO
and NiO using different milling and pelletizing processes. Method B involved the chemical
synthesis of the mixture of CuO and NiO. The route used to prepare the copper and nickel
oxide mixture was found to have great influence on the characteristics of bimetallic Cu–Ni
particles obtained. Observations performed using the X-ray diffraction (XRD) technique
showed that although bothmethods led to the Cu–Ni solid solution, the diffractogram of the
alloy obtained with method A revealed the presence of NiO together with the alloy. The
temperature-programmed reduction (TPR) experiments indicated that the alloy is formed at
lower temperatures when using method B. The scanning electron microscopy (SEM) studies
revealed notable differences in the morphology and size distribution of the bimetallic
particles synthesized by different routes. The results of the electron probe microanalysis
(EPMA) studies evidenced the existence of a small amount of oxygen in both cases and
demonstrated that the alloy synthesized using method B presented a homogeneous
composition with a Cu–Ni ratio close to 1:1. On the contrary, the alloy obtained using
method A was not homogeneous in all the volume of the solid. The homogeneity depended
on the mechanical treatment undergone by the mixture of the oxides.
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1. Introduction

Cu–Ni alloys are widely used in different industries due to
their special mechanical and chemical properties. They are
highly resistant to corrosion in different media (acid, alkaline,
oxidizing and reducing), present excellent electrical and
thermal conductivities and are easily manufactured. For
these reasons, they are widely applied in the building of
ships, pipes and other seawater-related structures as well as
6711.
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in the building of equipments for chemical processes, heat
exchangers, pumps, valves, etc. [1–3].

Besides, the giant magnetoresistance (GMR) effect shown
by multilayer structures of Cu and Ni makes them useful for
the manufacture of sensors for recording magnetic data and
for monitoring the position of the machines' components [4].
In addition, electrochemically and thermally prepared coat-
ings of Cu–Ni alloys are characterized by high solar absorbance
and low thermal emittance; thus, resulting useful in the
.
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conversion of solar energy as a source of renewable energy [5].
Seeds of Cu–Ni alloys are also used in hyperthermia applica-
tions for tumour treatments [6].

Cu–Ni alloys are solid solutions formed by substitution.
Both metals have the same crystalline structure, similar ionic
radius and electronegativity and identical valence; thus,
fulfilling the Hume–Rothery rules for substitution solid solu-
tions [7].

The most widely used techniques for the synthesis of Cu–
Ni alloy include electrochemical procedures [1,8–11], reduction
processes in liquid phase [6,12–15], mixture of both oxides
followed by reduction in gaseous phase [3], and physical
methods, such as copper and nickel fusion and powder
metallurgy followed by sintering [16–19].

The decrease of the grain size of a solid, down to
nanometre scale, causes notable changes in its physical and
chemical properties, known as “size effect”. Nanoparticles
show special characteristics related to thermal, electrical,
magnetic, optical, mechanical and morphological-structural
properties [20]. These properties mainly depend on size
distribution, shape and chemical composition of the consti-
tuting grains. Obtaining nanostructures with the desired
characteristics has become a subject of great scientific interest
due to their potential technological and industrial applica-
tions. The development of methodologies for the synthesis of
nanocrystalline alloys requires a strict control of the experi-
mental conditions and of their correlation with the structural
characteristics andwith the physicochemical properties of the
final product [8,21–26].

Metal fusion and mechanical mixture by milling are
traditional physical methods used for the synthesis of metal
alloys. The first method presents some limitations related to
the thick granulometry of the product and to the high
temperature required for metal fusion. On the other hand,
the dry milling method does not contaminate the obtained
product with solvent.

Inert gas condensation (IGC) [27,28] and mechanical milling
[29] are the oldest processes used for the preparation of metals
and nanostructured alloys, but they present several drawbacks.
The material obtained by IGC exhibits great porosity, the
production is small, and the equipment costs are high. The
mechanical milling process results in the production of amor-
phous metals and tends to generate nanostructured materials
with reticular distortions and high content of impurities [30].

The chemical processes for the synthesis of nanostruc-
turedmaterials offer some advantages in comparisonwith the
physical methods in relation to simplicity, energy saving and
product homogeneity. The citrate-gel method has been used
for the preparation of mixed nanocrystalline oxides with
specific properties, such as controlled stoichiometry and
narrow particle size distribution. The low cost, simplicity
and short time of production and the purity and homogeneity
of the final product are included among its advantages. In
addition, the speed and low temperature of the synthesis
process prevent the sintering of the obtained powder; thus, it
presents a large superficial area and a good sinterability in
relation to powders obtained by other synthesis techniques
[31–37].

The characterization of the physicochemical properties of
nanostructured materials is usually carried out using several
techniques [20,38,39]. X-ray diffraction (XRD), scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM) and electron probe microanalysis (EPMA) are the most
widely used techniques for the structural characterization of
nanomaterials because they are complementary for the
crystallographic, morphological and chemical analysis of the
grains constituting such structures. Scanning tunnelling mi-
croscopy (STM) and atomic force microscopy (AFM) are very
useful tools for observing superficial features at nanometre
scale. Differential thermal analysis (DTA), thermogravimetry
(TG) analysis and temperature-programmed reduction (TPR) are
generally used to study the kinetics and mechanisms of
reactions and phase transformations involved in the materials
synthesis processes.

In this work, a comparative study of the morphological,
structural and chemical properties of Cu–Ni alloys synthe-
sized by two different routes was performed. The synthesis
methods involved the reduction of themixture of CuO andNiO
obtained by a mechanical process and by a chemical
procedure. Morphological and crystallographic features of
the samples were studied by means of SEM and XRD. The
chemical composition and homogeneity were determined by
EPMA. TPR experiments were carried out with the purpose of
studying the reducibility of the involved oxides.
2. Experimental Procedures

2.1. Reagents

The reagents used were copper oxide (II) Mallinckrodt; nickel
oxide (II) Carlo Erba; nickel nitrate (II) (Ni(NO3)2.6H2O), Fluka;
copper nitrate (II) (Cu(NO3)2.2.5H2O), Rieldel-de Haën; and
citric acid, Anedra. All the solid reagents were p.a. quality. The
gases used in the different assays were 99.999% pure nitrogen,
a mixture of H2 (5%) in N2 and a mixture of O2 (10%) in N2.

2.2. Preparation of Mixtures of CuO and NiO

2.2.1. Mechanical Method (Method A)
(i) A manual mixture of powdered CuO and NiO at 50% p/p

was carried out, in a Fritsch disk mill, without milling
elements (sample A1).

(ii) SampleA1wasdivided into several fractions, oneofwhich
was pelletized at a 300-kg/cm2 pressure (sample A2).

(iii) Other fractions were subjected to milling processes of 4,
8 and 12 min, in the previouslymentionedmill (samples
A3, A4 and A5, respectively).

(iv) Finally, a fraction of sample A5 was manually ground in
a porcelain mortar for almost 20 min (sample A6).

2.2.2. Chemical Method (Method B)
(i) Precursor preparation: copper nitrate (II) and nickel

nitrate (II) were separately dissolved in water. Then, an
aqueous solution of citric acid was added to the Cu(II)
and Ni(II) solution. The resulting solution was heated to
50 °C in a magnetic stirrer. After that, the solution was
boiled using a heater mantle. The solvent was then
removed at 75 °C under vacuum conditions using a
Büchi 461 vacuum rota-vapour until a viscous gel was



1137M A T E R I A L S C H A R A C T E R I Z A T I O N 6 1 ( 2 0 1 0 ) 1 1 3 5 – 1 1 4 6
obtained. The dehydration was completed by gradual
heating in a vacuum heater until 100 °C, keeping this
temperature for 15 hours.

(ii) Decomposition: the precursor decomposition was car-
ried out under non isothermal conditions with a heating
program of 1 °C/min, from room temperature to 280 °C,
in a N2 flow of 100 ml/min, keeping this temperature for
1 hour and 45 min.

(iii) Calcination: the calcination was also carried out under
non isothermal conditions in an O2 (10%) in a N2 flow
with the same heating rate of the previous stage.

2.3. Reduction of the CuO and NiO Mixtures

A quartz-made tubular reactor heated by an electric furnace
was used for this procedure. Gases were purified using traps to
retain water and oxygen, and the samples to be reduced were
placed in a quartz crucible.

The reduction of the mixture obtained by method A was
carried out under non isothermal conditions using a heating
program of 5 °C/min, from room temperature to 450 °C, in H2

(5%) in a N2 (v/v) flow of 100 ml/min. The system was kept at
this temperature for 30 min, and finally it was cooled in a N2

gas flow. The samples obtained at this stage were identified as
A1R to A6R, according to the previously performedmechanical
Fig. 1 – Flow diagram for Cu–Ni al
treatment. The oxide mixture obtained by method B was
reduced following the previously described procedure, but
with a final temperature of 300 °C (sample B1R).

Figs. 1 and2showthe flowdiagramsofbothsynthesis routes.

2.4. Temperature-Programmed Reduction Tests

TPR experiments were carried out on samples A1, A4 and B1
using a conventional equipment and following the technique
described by Barroso et al. [40]. The assays were performed
with a mixture of H2 (5%) in N2 (v/v) and a 100-ml/min flow, by
heating from 25 °C until reaching 500 °C, at a 5 °C/min rate,
and keeping the sample at this temperature for 1 h.

2.5. Samples Characterization

The crystalline structure and the one direction minimum size
of the phase crystallite of the solids obtained at the different
stages were studied using XRD, in a Rigaku D-Max IIIC
diffractometer, operated at 30 kV and 20 mA, with Cu-Kα
radiation (λ=0.15418 nm), with Ni filter, and scanning an
angular interval of 2θ between 10° and 70°, at a 3°/min rate.
The morphological and chemical analyses were performed
using SEM and EPMA. A LEO 1450VP scanning electron
microscope, with an EDAX Genesis 2000 energy dispersive
loy synthesis using method A.



Fig. 2 – Flow diagram for Cu–Ni alloy synthesis using method B.
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spectrometer (EDS), and a JEOL 6330F field emission gun-
scanning electron microscope (FEG-SEM) were also used.
Secondary electron images were taken at different magnifica-
tions to study the morphological and topographical details of
the particles present in all the samples. Then, five particles of
each sample were randomly selected, and their chemical
compositions were determined by processing the corre-
sponding K-line spectra obtained with an incident beam of
20 keV electrons. A standardless semi-quantitative analysis
was performed for this purpose.
Fig. 3 – Results of the TPR analysis. (a) Pure NiO; (b) pure CuO;
(c) A1; (d) A4; and (e) B1.
3. Results and Discussion

3.1. Temperature-Programmed Reduction Tests

The experiments of TPR were performed to study the effect of
the mixture synthesis methods on the reduction temperature
of the oxides synthesized mixtures and to obtain information
about the feasibility of the Cu–Ni solid solution.

The results of the TPR tests are shown in Fig. 3. Curves (a)
and (b) show that the reduction of pure NiO and CuO takes
place around 400 °C and 350 °C, respectively. Curve (c) shows
two peaks corresponding to the reduction of CuO and NiO
present in the mechanical mixture (sample A1). It can be
observed that both peaks appear at a lower temperature in
relation to the position of each separately reduced pure oxide.
The analysis of curve (d), corresponding to sample A4,
indicates that the milling process produces a greater decrease
of the reduction temperature. Curve (e), corresponding to the
reduction of the solid obtained after the calcination stage of
method B (sample B1), presents only one peak at approximately
250 °C.

The TPR profiles shown in Fig. 3 indicate, on the one hand,
that the mixing process of CuO and NiO favours their
reduction to the metallic state, and on the other hand, that
the mixture obtained by the citrate-gel method is reduced at a
lower temperature than the one obtained by the mechanical
method.

The behaviour of the mixture of CuO and NiO in the
reduction process is attributed in the case of method A, to a

image of Fig.�2
image of Fig.�3
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decrease in the particle size and to an increase in the
homogeneity, caused by the joint milling of the oxides.
Regarding method B, the phenomenon observed during the
reduction stage is clearly favoured in relation tomethod A due to
the oxidemixture present a smaller granulometry and a greater
chemical homogeneity, as explained later when describing the
EPMAresults. This behaviour has also been foundby Fierro et al.
[41] who observed that, under certain experimental conditions,
a decrease in the particle size and an increase of the specific
surface of the CuO cause a decrease in the reduction temper-
ature. This decrease, when working with the oxide mixture, is
attributed to the formation of the Cu–Ni solid solution. It was
observed that a greater formation of the solid solution was
obtainedwhen the particles of both oxideswere closer, with the
subsequent greater decrease of the reduction temperature.
These results suggested a thermodynamic stability of the fcc
cubic solid solution in relation to its equivalent pure phases.
Theoretical thermodynamic calculations carried out by Yamín
et al. [42] supported this hypothesis. These authors carried out
ab initios calculations of molecular orbitals using the Gaussian
98 system, by means of the Density Functional Theory method
(DFT) with the hybrid functionals B3LYP, using basic sets of
pseudopotentials LANL2DZ.

For the theoretical calculation of the enthalpy differences
between the solid solution 1:1 and its pure phases, the
following fcc structures were simulated: Cu with 14 atoms
using a cell parameter of 3,615 Å; Ni with 14 atoms using a cell
parameter of 3.523 Å and a combination of seven atoms of Cu
and seven atoms of Ni with an average cell parameter of
3.569 Å.

Specific calculations were performed for each structure,
and the electronic energies were considered to compare the
relative stability of the three systems. The reaction that was
taken into account was 14 Ni+14 Cu→2 (Cu7Ni7). The values of
electronic energies were E1: −2370.0405 a.u. for Cu; E2:
−2746.5553 a.u. for Ni; and E3: −2558.3475 a.u for Cu7Ni7. The
electronic energy difference, ΔE=2 E3− (E1+E2), was −0.09914 a.u.,
corresponding to −62.2 kcal/mol, and indicated a greater ther-
modynamic stability of the fcc Cu–Ni solid solution by substitu-
tion, respect to pure copper and nickel.

3.2. Crystallographic Analysis

Fig. 4 shows the X-ray diffractograms of the solids obtained at
different stages of method A.

Fig. 4(a) shows the diffractogram of the mechanical CuO
and NiO mixture (sample A1). The peaks of this diagram
match with those in files JCPDS 5-661 and 4-835,
corresponding to CuO and NiO, respectively.

Fig. 4(b) to (g) shows the diffractograms of samples A1R to
A6R, respectively. Fig. 4(b) indicates that the reduction process
of themechanical mixture of the oxides leads to the formation
of Cu and Ni in metallic state. Peaks corresponding to planes
(111) around 2θ=44° and peaks corresponding to planes (200)
around 2θ=52° for both metals can be clearly observed. These
peaks coincide with those in files JCPDS 4-836 and 4-850,
which correspond to Cu and Ni fcc in metallic state,
respectively. These results demonstrate that the Cu–Ni solid
solution was not formed, and each oxide was reduced to its
metallic state. The one direction minimum size of the phase
crystallite of sample A1R, determined by the Scherrer method,
was around 40 nm.

Fig. 4(c) indicates that the pelletizing process of the oxide
mixture favours metal alloy during the reduction step, as
evidenced by a slight shift in the position of the metallic Ni
peaks and a variation of their intensities (in relation to Cu
peaks), which may be attributed to an incipient formation of
the Cu–Ni solid solution. NiO peaks can also be observed at
2θ=37.25° and 2θ=62.89°, which might indicate the presence
of unreduced oxide.

Fig. 4(d) to (g) indicates that the milling process exerts a
significant effect on the reduction of the oxidemixture since the
(111) and (200) peaks, corresponding to the metallic Ni phase,
have clearly shifted to lower 2θ values. The position shift of the
metallic Ni peaks is more evident than that of the Cu ones. The
analysis of the Cu (111) peak in the ground samples is difficult
because it overlaps the principal NiO peak. However, it can be
observed from theCu (200) peaks that the shift is small and their
relative intensities decrease with milling. These results suggest
the formation of the Cu–Ni solid solution by means of the
diffusion of Cu through the Ni structure.

Besides, the presence of unreduced NiO is observed in all
cases. This can be attributed to the formation mechanism of
the Cu–Ni solid solution, which will be discussed later.

The positions of the Ni (111) and (200) peaks in the
diffractograms of samples A1R to A6R were determined by
Lorentzian fit. Fig. 5 shows the results of the adjustment
obtained for the (111) peak; identical correlation was found for
the (200) peak. The analysis of the shifts in the positions of the
Ni (111) and (200) peaks indicates that in the case of the
mechanical mixture reduction (sample A1R), the Cu–Ni solid
solution was not formed; for the sample AR2, there exists an
incipient formation of the Cu–Ni solid solution, and for
samples A3R to A6R, a partial alloying of both metals occurs.

These results are in agreement with those reported by
Durivault et al. [19] on the preparation of Cux–Ni1−x materials
by mechanical milling. These authors used XRD to character-
ize the samples of the obtained powder and observed a
progressive shift of Cu–Ni phase peaks to lower diffraction
angles as the milling time increased.

The one directionminimum size of the phase crystallite for
samples A2R to A6R, for which a partial formation of the solid
solution was obtained, could not be estimated by this method
due to the overlapping of the peak corresponding to the solid
solution with the peaks of Cu and Ni as can be appreciated in
Fig. 5. This overlapping did not permit the application of the
Scherrer equation.

Fig. 6 shows the X-ray diffractograms of the solids obtained
using method B. Fig. 6 (a) corresponds to the solid obtained in
the calcination stage (sample B1) and is in agreement with
files JCPDS 5-661 and 4-835 of CuO and NiO, respectively.
These results indicate that the mixture of Cu and Ni oxides
was obtained at this stage of the synthesis process. Fig. 6(b)
shows the diffractogram of the sample obtained after reducing
the mixture of Cu and Ni oxides (sample B1R). Only two peaks
can be observed, at 2θ=44.002° and 2θ=51.1°, which are
intermediate positions in relation to the peaks corresponding
to the pure metals.

The centers of the Ni (111) and (200) peaks, in the
diffractogramof sample B1R,weredeterminedusing Lorentzian



Fig. 4 – X-ray diffractograms of the solids obtained at different stages ofmethod A. (a) A1; (b) A1R; (c) A2R; (d) A3R; (e) A4R; (f) A5R;
(g) A6R.
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adjustment. The result for the (111) peak is shown in the inset of
Fig. 6b, where the shift of the peak position can be clearly
observed. Identical correlationwas found for the (200) peak. The
position shift in theNi (111) peak from2θ=44.505° to 2θ=44.002°
indicates the formation of the Cu–Ni solid solution. These
results are in agreement with those reported by Rao et al. [15]
and Songping et al. [43,44] in relation to thepeakpositions in the
XRD diagram of the Cu–Ni (1:1) alloy.

Theonedirectionminimumsizeof thephase crystalliteof the
alloy obtained bymethod B (sample B1R)was calculated using the
Scherrer equation, and the value obtained was 15.45 nm. In this
case, unlike the samples A2R to A6R, there was no overlapping
with the Cu and Ni peaks since there appeared an only peak
corresponding to the solid solution in the position 2θ=44.002°;
therefore, the grain size was determined without difficulties.
3.3. Morphological Analysis

Fig. 7 shows micrographs of the solids obtained at different
stages of method A.

Fig. 7(a) corresponds to the mechanical mixture of CuO and
NiO (sample A1) and shows particle agglomerates (with
diameters ranging between 1 and 3 μm) and individual sphere-
like particles (with diameters ranging between 0.1 and 0.5 μm).

Fig. 7(b) corresponds to the solid resulting from the
reduction of the unground mixture (sample A1R), and the
micrograph indicates that after reduction the morphology of
the solid changed significantly. Stick-like particles (between 1
and 3 μm long and approximately 0.5 μm wide) and some
sphere-like particles, with a diameter of approximately
0.5 μm, can be observed.

image of Fig.�4


Fig. 5 – Lorentzian adjustment of the position of the Ni (111)
peak. Curves (b) to (g) correspond to samples A1R to A6R,
respectively. The vertical dotted line corresponds to the
position of the pure Ni (111) peak.
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Fig. 7(c) shows the solid obtained after reducing the mixture
of the oxides milled during 8 min (sample A4R). This figure
shows sphere-like particleswith diameters ranging between 0.2
and 0.5 μm and agglomerates of irregular-shaped particles.

Fig. 7(d) and (e) show the solid obtained after reducing the
mixtureof the oxidesmilledduring12min inadiskmill (sample
A5R) and thenmanually ground inaporcelainmortar for almost
Fig. 6 – X-ray diffractograms of the solids obtained in the calcinati
the Lorentzian adjustment of the Ni (111) peak (the vertical line c
20 min (sample A6R). Fig. 7(d) shows particles slightly smaller
than Fig. 7(c), although the appearance and the morphology of
both solids are similar. Thisdecrease in theparticle size isdue to
the intensity and duration of themilling process of the CuO and
NiO mixture. Fig. 7(e) shows agglomerates of particles ranging
between 100 and 500 nm, with grains around 20 nm.

Fig. 8 shows the micrographs of the solids obtained at
different stages of method B.

Fig. 8(a), corresponding to a typical particle of the solid
obtained after the calcination stage (sample B1), shows a flat
particle accompanied by smaller irregular-shaped particles.
Fig. 8(b), corresponding to a representative particle of the solid
obtained after the reduction process (sample B1R), shows a flat
irregular-shaped particle. Fig. 8(c) and (d) also show micro-
graphs of sample B1R, but taken at a greater magnification
with an FEG-SEM. A fine granulometry can be observed in the
particle surface shown in Fig. 8(c), with a grain size ranging
between 14 and 23 nm, which is consistent with the one
direction minimum size of the phase crystallite obtained by
XRD. Fig. 8(d) shows a crack in an alloy particle where an
internal morphology similar to the superficial one is observed.

The SEM characterization of the solids obtained after the
reduction of the different mixtures of CuO and NiO reveals
significant differences in the particles morphology and size.
This clearly indicates that themethod used to obtain the oxide
mixtures exerts a marked influence on their characteristics
and, consequently, on the features of the solid obtained after
the reduction stage.
on and reduction stages ofmethod B. (a) B1; (b) B1R and inset of
orresponds to position (111) of pure Ni).

image of Fig.�5
image of Fig.�6


Fig. 7 – SEMmicrographs of samples obtained at different stages ofmethod A. (a) A1; (b) A1R; (c) A4R; (d and e) A6R, with different
magnifications.

1142 M A T E R I A L S C H A R A C T E R I Z A T I O N 6 1 ( 2 0 1 0 ) 1 1 3 5 – 1 1 4 6
3.4. Chemical Analysis

Fig. 9 shows typical EDS spectra of the solids obtained at
different stages of both synthesis methods. The elements
detected in all the samples were O, Ni and Cu; the presence of
carbon peaks is mainly due to the coating applied on the
samples prior to the SEM-EPMA analysis, and the mall
concentrations of Fe (less than 0.3 wt.%), detected in samples
A4R and A6R, are due to the contamination from the milling
equipment.

image of Fig.�7


Fig. 8 – SEM (a and b) and FEG-SEM (c and d) micrographs of samples obtained in the calcination and reduction stages ofmethod
B. (a) B1; (b to d) B1R, with different magnifications.
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Tables 1 and 2 present the quantification results of the
solids obtained by methods A and B, respectively. The
concentration data of Fe are not included in Table 1 because
they are lower than the uncertainties of the quantification
method.

The comparison between Tables 1 and 2 shows that the
oxygen percentages detected in the CuO and NiO mixtures
obtained through both methods (samples A1 and B1) are
similar, and the average values are 18 and 20.6 wt.%,
respectively. In the reduced samples A1R, A4R and A6R
(Table 1), the oxygen concentrations range between 3 and
5 wt.%. The presence of oxygen in the alloys obtained using
method A seems to indicate that the reduction has not been
quantitative, leaving remnant oxides, as evidenced by the NiO
peaks observed in the diffractograms of the reduced mechan-
icalmixtures (Fig. 4). In the case of the alloy obtained bymethod
B (sample B1R), the average oxygen concentration fromTable 2
is 3.6 wt.%. The existence of oxygen in this sample can be
attributed to a reoxidation of the alloy nanoparticles surface,
which causes the formation of Cu and Ni amorphous oxidized
species that cannot be observed by XRD. Other authors have
observed similar phenomena in their investigations related to
the synthesis of Ni and Cu nanoparticles. Davar et al. [45]
synthesized Ni and NiO nanoparticles by a chemical route,
and, using X-ray photoelectron spectroscopy (XPS) and Fourier
transform infrared (FT-IR) spectroscopy, they observed that,
when the particle size was 14 nm, the exposition to air and
environmental humidity caused the oxidation of the nickel
surface. Palza et al. [46], using XPS and XRD, analyzed Cu
nanoparticles synthesized by evaporation in the presence of
an inert gas and identified small quantities of Cu2O on the
metal surface. They attributed the presence of this oxide to
the superficial oxidation of the copper caused by environ-
mental O2 when removing the powders from the evaporation
equipment.

The data in Tables 1 and 2 also show that the alloy
synthesized by method B has a Cu/Ni ratio close to 1 and
exhibits a better chemical homogeneity than that obtained by
method A, as can be observed from the average and dispersions
of the quantitative values.

The agreement in the results of the characterizations
carried out using XRD and EPMA shows that the synthesis of

image of Fig.�8


Table 2 – Method B. Composition of 5 particles of each
sample analyzed by SEM (% in weight), obtained using
EDS.

Sample B1 B1R

Element O Ni Cu O Ni Cu

wt.% 24 38 38 3 48 49
23 37 40 5 48 47
27 36 37 4 49 47
10 45 45 2 48 50
19 39 42 4 48 48

Average 20.6 39.0 40.4 3.6 48.2 48.2
Dispersion 6.6 3.5 3.2 1.1 0.4 1.3

Fig. 9 – Typical EDS spectra of samples A1, A6R, B1 and B1R.
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the oxide mixture by the citrate-gel chemical route (method B)
permits to obtain a homogeneous nanoalloy of Cu–Ni (1:1) in
the reduction stage.

3.5. Mechanism of Alloy Formation

The results from the analyses suggest that the characteristics
of the alloys obtained by both studied methods depend on the
mechanism by which the Cu–Ni solid solution is formed. For
this reason, reduction assays of CuO, NiO and the mixture of
both were carried out separately in order to investigate the
mechanism leading to the formation of the Cu–Ni alloy. When
the CuO reduction was finished, it was observed that the
quartz crucible, where the sample was placed, was completely
covered by a fine layer of metallic Cu, which indicated the Cu°
sublimation and its later deposition on the crucible. Fierro
et al. [41] observed similar behaviours in their TPR studies of
Table 1 –Method A. Composition of 5 particles of each sample a

Sample A1 A1R

Element O Ni Cu O Ni

wt.% 21 77 2 3 87
16 68 16 6 43
17 75 8 2 85
14 48 38 2 92
22 23 55 2 91

Average 18.0 58.2 23.8 3.0 79.6
Dispersion 3.4 22.8 22.1 1.7 20.7
CuO. No similar phenomenon was observed in the reduction
of NiO and of the mixture.

These observations related to the Cu° sublimation, together
with the results of the XRD and EPMA characterizations and
the “ab initio” calculations (Section 3.1), permit to propose the
following reaction mechanism for the formation of the Cu–Ni
alloy:

Stage 1

CuO þ H2→Cu˚ þ H2O

Stage 2

2Cu˚ þ NiO→CuO þ Cu–Ni

The CuO formed in stage 2 is again reduced by H2 according
to stage 1; the Cu° diffuses towards the unreduced NiO and is
incorporated to theNi lattice to form theCu–Ni (1:1) alloy,which
is thermodynamically favourable, according to the value of the
calculated electronic energy change (−62.2 kcal/mol).

This mechanism permits to explain the presence of unre-
duced NiO in the alloy obtained by method A. Cu° deposition on
the surface of the unreduced mixture of oxides may hinder the
transference of the gaseous reagent towards the surface of the
solid,whichmight interferewith stage1andconsequentlystage
2. Besides, the fact that the mixture of the oxides is not
completely homogeneous also hinders the diffusion of Cu°,
formed in stage 1, towards the unreduced NiO, partially
inhibiting the formation of the Cu–Ni (1:1) solid solution.

The differences in composition and crystalline structure
observed in the alloys obtained by each method may be
explained by the proposed mechanism. In method B (unlike
method A), stages 1 and 2 occur without important difficulties
nalyzed by SEM (% in weight), obtained using EDS.

A4R A6R

Cu O Ni Cu O Ni Cu

10 4 60 36 4 50 46
51 4 59 36 6 49 45
13 5 56 37 7 54 39
6 6 62 31 3 60 37
7 6 66 27 5 57 38

17.4 5.0 60.6 33.4 5.0 54.0 41.0
19.0 1.0 3.7 4.3 1.6 4.6 4.2

image of Fig.�9
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since the composition of the oxide mixture is practically
homogeneous. Therefore, stage 2 is very fast and the Cu° is not
deposited on the surface of the solid before reacting; thus,
stage 1 is not affected by a resistance to themass transference
from H2 to the surface of the oxides.
4. Conclusions

The way used to prepare the CuO and NiO mixtures exerts a
notable influence on the physicochemical characteristics of
the products obtained after the reduction stage. The reduction
of the oxide mixtures prepared by a mechanical process of
milling and pelletizing of the pure oxides (method A) and by a
chemical synthesis using the citrate-gel technique (method B)
led to the production of solids with different morphological,
structural and compositional characteristics.

Spherical particles and agglomerates of irregular-shaped
particles, whose dimensions decreased with the milling time,
were obtained using method A. The solid synthesized using
method B exhibited flat and smooth particles, with a homoge-
neous and nanometric grain structure.

The XRD studies showed theNiO structure together with the
alloyobtainedbymethodA. In relation to thealloysynthesizedby
methodB, thepeakscorresponding to thecrystalline structuresof
CuO and NiO were not observed in the diffractogram.

The reduction process of the oxide mixture prepared by
method A, depending on the type of themechanical treatment,
led to obtain a Cu and Ni mixture with a particle of 40 nm or to
the partial formation of the Cu–Ni solid solution, with an
heterogeneous Cu/Ni ratio among the different particles,
which size was 20 nm.

When the oxide mixture synthesized by method B was
reduced, the Cu–Ni alloy was obtained completely with a Cu/
Ni ratio very close to 1, a great chemical homogeneity and a
particle size of approximately 15 nm.
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