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The influence of the amount of complexing agent added to the starting solution on the physicochemical proper-
ties of Cu–Ni nanostructured alloys obtained through a chemical route,was studied. For this purpose, three Cu–Ni
nanoalloy sampleswere synthesized by a previously developedprocedure, starting from solutionswith citric acid
tometalmolar ratios (C/Me) of 0.73, 1.00 and 1.50. The synthesis technique consisted inpreparing a precursor via
the citrate-gelmethod, and carrying out subsequent thermal treatments in controlled atmospheres. Sample char-
acterization was performed by scanning electron microscopy, X-ray microanalysis, X-ray diffraction, transmis-
sion electron microscopy, X-ray nanoanalysis and electron diffraction. In the three cases, copper and nickel
formed a solid solutionwith a Cu/Ni atomic ratio close to 50/50, and free of impurities inside the crystal structure.
The citric acid content of the starting solution proved to have an important influence on the morphology, size
distribution, porosity, and crystallinity of the Cu–Ni alloy microparticles obtained, but a lesser influence on
their chemical composition. Themolar ratio C/Me=1.00 resulted in the alloywith the Cu/Ni atomic ratio closest
to 50/50.

© 2014 Published by Elsevier Inc.
1. Introduction

Cu–Ni alloys are solid solutions formed by substitution. Both metals,
as well as the solid solution, have fcc crystal structures. These alloys
have very interesting mechanical and chemical properties that make
them suitable for numerous technological and industrial applications.
They are highly resistant to corrosion in acid, alkaline, oxidizing and
reducing environments [1,2]. They also present good electrical and ther-
mal conductivities, malleability, and ductility. Due to their low suscepti-
bility to corrosion, Cu–Ni alloys are extensively used in the production
of components that have to be exposed to severe environmental condi-
tions, such as seawater pipes, ship pieces, equipments for chemical pro-
cesses, pumps, valves, heat exchangers, and many other components
intended to be in contact with corrosive products, organic materials,
and oil derivatives [3,4].

Cu–Ni alloys have been synthesized by several methods, including
mechanical milling [5], thermal–chemical processing [1], electrochemi-
cal methods [2,6], microemulsion techniques [7,8], arc plasma evapora-
tion method [9], and reduction in liquid phase [10–13], among others.

In general, as the grain size of a material is decreased, noticeable
changes of its properties can be observed,mainly related tomechanical,
eras).
thermal, electrical, optical and magnetic characteristics. At the nano-
scale, some size effects appear, which are due to the large surface-to-
volume ratio of the grain structure of the material [14].

The term nanoalloy refers to an alloy with a nanosized grain struc-
ture [15]. Their physicochemical properties depend on several factors,
such as the morphology, size distribution, chemical composition, and
crystal structure of the grains. These factors, in turn, strongly depend
on themethod and experimental conditions of the synthesis procedure.
It is well known that there is a very sensitive correlation between the
synthesis method, the nanometric features, and the macroscopic prop-
erties of a particular nanostructured alloy. Therefore, the synthesis of a
nanoalloy with specific physicochemical properties is a very difficult
task requiring an appropriate synthesis method and a strict control of
the experimental conditions.

In this sense, the development of a systematic synthesis routine and
the optimization of the involved experimental variables become essential
to produce a nanostructured alloy with well-defined and reproducible
characteristics. For this purpose, it is necessary to study the influence of
the experimental conditions on the physicochemical properties of the
final product of the synthesis.

Several studies on the synthesis ofmaterials by the citrate-gelmeth-
od have aimed at testing the influence of certain experimental variables,
such as the chelating agent to metal molar ratio. For example, Ma et al.
[16] studied the effect of the concentration of the sodium citrate on the
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formation of macroporous ZnO structures, and reported that an increase
in the concentration from 3.4 × 10−4 to 1.27 × 10−3 mol L−1, led to a
gradual increase in the average pore size from 100 to 300 nm, with little
change in the wall thickness. Pál et al. [17] synthesized Cu0.55Ni0.44Mn0.01
alloy nanoparticles by the solution combustion method, starting from
solutions prepared with copper, nickel, manganese, and ammonium
nitrates (NO3

−), citric acid (CA) and ethylene glycol (EG), varying the
molar ratio of inorganic/organic precursors (nNO−

3
: nCA : nEG ¼ 1 : 1 : 1,

2:1:1 and 4:1:1), and they studied its effect on the crystallinity and parti-
cle size of the as-prepared oxide and reduced alloy samples. An increase
in both the crystallinity and the particle size of the alloy nanoparticles
(from around 13 to 50 nm) was observed when increasing the nitrate
ion concentration.

Regarding Cu–Ni alloys, a new chemical route for the synthesis was
developed and presented in a previous contribution [18]. The synthesis
technique developed consists in preparing the precursor, via the citrate-
gel method, and performing subsequent thermal treatments in con-
trolled atmospheres andwith adequate temperature programs. Charac-
terization of the samples obtained in that work revealed the formation
of a single phase consisting of the Cu–Ni solid solution, with a Cu/Ni
atomic relation around 0.92. Thementioned work resulted in a success-
ful first step towards a definitive synthesis procedure,which is expected
to be reached after optimization of the experimental parameters in-
volved. The advantages of this processing route with respect to other
methodswere discussed in another publication [19]. Some complemen-
tary researchwork,mainly focused on gaining a better understanding of
the influence of the synthesis conditions on thefinal product, is still nec-
essary, as mentioned in ref. [18].

In this paper, we present a study of how the complexing agent con-
tent of the starting solution influences the characteristics of the Cu–Ni
alloy obtained. Such study is based on the synthesis of Cu–Ni alloy sam-
ples through the developedmethodology, by using different amounts of
citric acid for the precursor preparation, and the subsequent character-
ization of samples by electron microscopy and X-ray analysis.

2. Experimental

Synthesis of the Cu–Ni alloys was performed in the Instituto de
Investigaciones en Tecnología Qumica (INTEQUI), San Luis, Argentina;
and characterization of the samples obtained was carried out in both
the INTEQUI and the Brazilian Nanotechnology National Laboratory
(LNNano), of the Centro Nacional de Pesquisa em Energia e Materiais
(CNPEM), Campinas (SP), Brazil.

2.1. Alloy synthesis

As-mentioned above, the Cu–Ni alloy samples were synthesized
through a previously developed chemical route [18]. This consists of a
four-step procedure, based on the citrate-gel method for the precursor
preparation. A brief description of the synthesis method follows.

2.1.1. Step 1: precursor preparation
An aqueous solution containing copper and nickel ions in a Cu/

Ni = 1 relation was prepared from the corresponding nitrates,
Cu(NO3)2·2.5H2O and Ni(NO3)2·6H2O. This starting solution was
split into three parts, and a citric acid solution was added to each part
in three different concentrations. Thus, three separate solutions with
different citric acid to metal molar ratios (C/Me) were obtained. The
amount of citric acid added to eachpart of the starting solutionwas cho-
sen to get C/Me= 0.73, C/Me = 1.00 and C/Me= 1.50 molar ratios, in
the three separate solutions. In all the cases, the pH of the solution was
1.00. Each of these three solutions was subjected to the same treat-
ments until the end of the synthesis process, in order to obtain three
Cu–Ni alloys synthesized by the sameprocedure, but starting from solu-
tions with a different amount of complexing agent. The resulting
solutions were heated up to 50 °C, and they were maintained at that
temperature for 10 min, and they were kept boiling during 30 min.
The solvent was eliminated in a rotavapor at 75 °C, in vacuum condi-
tions until viscous gels were obtained. Dehydration was completed in
a vacuumoven, heating the samples gradually up to 100 °C, and keeping
this temperature for 15 h.
2.1.2. Step 2: decomposition
The precursors were subjected to a decomposition process per-

formedwith a 100 ml/min flow of N2 under non-isothermal conditions.
The samples were heated at a rate of 1 °C/min from room temperature
to 280 °C, and kept at this temperature for 2 h. N2 was purified to re-
move H2O and O2 traces.
2.1.3. Step 3: calcination
After that, the samples were subjected to a calcination process, car-

ried out in aO2 (10%)/N2flow free fromH2O, under non-isothermal con-
ditions and with the same heating rate as in the previous step until
reaching a 500 °C temperature which was kept for 2 h.
2.1.4. Step 4: reduction
Finally, sample reduction was carried out in a 100 ml/min flow of a

H2 (5%)/N2 mixture. The samples were heated from room temperature
to 300 °C, at a heating rate of 5 °C/min, and then they were kept at
300 °C for 1 h.

At the end of thewhole synthesis process, three Cu–Ni alloy samples
were obtained, corresponding to the three C/Me molar ratios of the
starting solutions. From here onward the samples will be referred to
as S073, S100, and S150, according to C/Me = 0.73, C/Me = 1.00, and
C/Me = 1.50 respectively.
2.2. Sample characterization

Sample characterization was carried out in two stages. Firstly, scan-
ning electron microscopy (SEM), electron probe microanalysis (EPMA)
with an energy dispersive spectrometer (EDS), and X-ray diffraction
(XRD) techniques were applied to the characterization of the as-
obtained alloy powders (Section 3.1). Secondly, small amounts of each
sample were dispersed in isopropanol, and they were stirred during
1 h in an ultrasonic bath. Then, a small drop of each dispersion was de-
posited on a titanium grid covered with an ultrathin carbon film. After
isopropanol evaporation, the dispersed alloy nanoparticleswere analyzed
by transmission electron microscopy (TEM) techniques (Section 3.2).

SEM analyses were performed in a JEOL JSM-5900 LV scanning elec-
tron microscope, with a NORAN System SIX attached to the microscope
for EDS X-ray microanalysis. EDS analyses were carried out with a
20 keV incident electron beam.

High resolution SEM (HR-SEM) studies were performed with a
Supra 55 VP field emission gun scanning electron microscope (FEG-
SEM) from Carl Zeiss.

XRD experiments were carried out with a Rigaku D-Max IIIC diffrac-
tometer, operated at 30 kV and 20 mA, using Cu-Kα incident radiation
(λ = 0.15418 nm). Diffractograms of the samples were recorded by
scanning the angular interval of 2θ = 10 to 120° at a scanning rate of
3°/min.

TEM and high resolution TEM (HR-TEM) imageswere recordedwith
a JEOL JEM 3010 transmission electron microscope, using a 300 keV in-
cident electron beam. Selected area electron diffraction (SAED) analyses
were also performed with this equipment.

EDS X-ray nanoanalysis was done with a Thermo-Noran System, at-
tached to a JEOL JEM-2100 transmission electron microscope, with a
200 keV incident electron beam.
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3. Results and discussion

3.1. The as-obtained alloy powders

As mentioned in Section 2.2, the as-obtained alloy samples were
characterized by SEM, EDS, and XRD. In this section, the morphological,
chemical, and structural features of the as-obtained alloymicroparticles
is presented and discussed.
Fig. 1. SEM micrographs of the as-obtained Cu–Ni alloy samples: (a) S073, (b) S100, and
(c) S150. The inset in (b) shows a high resolution SEM picture of a flat particle surface,
such as the indicated with an “S”.
3.1.1. Morphological features
Fig. 1 shows SEM micrographs of the as-obtained Cu–Ni alloy sam-

ples, recordedwith secondary electrons. As it can be seen, themorphol-
ogy, size distribution and topography of the particles in the three
samples are clearly different from one another.

Sample S073 (Fig. 1(a)) presents various types of particles: faceted
with flat and smooth surfaces; with very rough surfaces, some very
porous particles (with a wide pore size distribution, between 1 and
15 μm), microparticles with a lot of nanoparticle agglomerations on
the surface, and some particles broken into smaller fragments. Particle
size distribution is quite narrow, with a characteristic size around 10–
50 μm.

Sample S100 (Fig. 1(b)) presents some particles which are faceted
and flat, smooth, rough and porous particles, but with a different aspect
from those of sample S073. In this case, particle size distribution is very
wide, from around 0.1 to 100 μm.

Particles in sample S150 (Fig. 1(c)) are completely different from
those in the other two samples. They are neither faceted nor flat, but
of very irregular shape and topography, and their high porosity is a
noticeable characteristic, with a wide pore size distribution (between
1 and 100 μm). The particles in this sample are the largest ones, with
sizes ranging between 5 and 500 μm. Notice that the magnification is
lower in Fig. 1(c) than in Fig. 1(a) and (b).

The inset of Fig. 1(b) shows a high resolution SEM micrograph of a
flat particle surface in sample S100, such as the indicated with an “S”.
As it can be observed, the as-obtained alloy microparticles consist of
agglomerates of nanosized particles, of around 10 nm in size. Similar
nanometric structures were observed with samples S073 and S150.
The size and shape of these nanoparticles were studied in more detail
by TEM analysis (Section 3.2.1).

3.1.2. Chemical composition
Fig. 2 shows the EDS spectrum of a particle of sample S100. The

groups of lines Ni–K, Cu–K, Ni–L, and Cu–L can be clearly observed in
the spectrum. In addition, weak lines corresponding to C–K, O–K, Al–K
and Si–K transitions can also be appreciated, as indicated in Fig. 2. Sim-
ilar spectrawere obtained for other particles of the same sample, aswell
as for particles of samples S073 and S150. The presence of nickel and
copper as major elements is to be expected, as they were added in the
initial step of the synthesis process to form the Cu–Ni alloy. Thequestion
regarding these two elements is if they really form an alloy, or the
samples have something of pure copper and pure nickel segregated. Ox-
ygen is expected to be present, too, (at least as aminor element), due to
spontaneous oxidation of the involvedmetals. In this case, the question
is whether the presence of oxygen is due only to metal oxidation
Fig. 2. Typical EDS spectrum corresponding to one particle of sample S100. The insets
show in more detail the energy ranges between 0 and 1.25 keV, and between 7 and
9.25 keV.



Table 1
Results of EDS semi-quantitative microanalysis of seven alloy microparticles of each
sample, measured with a 20 keV incident electron beam.

Sample Particle Cu
(at.%)

Ni
(at.%)

O
(at.%)

S073 1 40.6 46.2 13.2
2 41.6 48.2 10.2
3 37.4 46.1 16.5
4 40.3 46.1 13.6
5 39.6 44.4 16.0
6 41.2 47.4 11.4
7 37.5 43.5 19.0
Average 39.7 46.0 14.3
Std. dev. 1.7 1.6 3.1
Rel. err. (%) 4.3 3.5 22.7

Cu/Ni 46.3/53.7

S100 1 43.5 43.6 12.9
2 40.5 42.0 17.5
3 39.0 40.2 20.8
4 40.6 42.1 17.3
5 39.2 41.8 19.0
6 40.7 41.1 18.2
7 42.9 43.9 13.2
Average 40.9 42.1 17.0
Std. dev. 1.7 1.3 2.9
Rel. err. (%) 4.2 3.1 17.0

Cu/Ni 49.3/50.7

S150 1 45.4 46.8 7.8
2 39.2 44.0 16.8
3 41.5 44.1 14.4
4 37.6 40.0 22.4
5 41.8 44.8 13.4
6 39.5 41.7 18.8
7 40.9 42.8 16.3
Average 40.8 43.5 15.7
Std. dev. 2.5 2.2 4.6
Rel. err. (%) 6.1 5.1 29.3

Cu/Ni 48.4/51.6

Fig. 3. Intensity of the O-Kα line, in percentage of the sum of O-Kα, Ni–L, and Cu–L line in-
tensities, as a function of the incident energy (Eo). The inset shows the interaction volume
for the corresponding energies determined by means of the Kanaya and Okayama
equation [20].
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produced by exposure to air, or to some remanent oxygen, resulting
from an incomplete reduction. These issues will be discussed through-
out this manuscript in view of the results. The presence of the other
three elements observed in the spectra, namely carbon, aluminum,
and silicon is due to particular reasons that deserve to be further
explained.

Silicon and aluminum signals observed in the spectra do not origi-
nate in the samples. The former is due to fluorescence produced in the
silicon crystal of the X-ray detector: an incoming X-ray photon of a
given energy can be absorbed by the detector dead layer, then it can
produce a characteristic silicon photon which, in turn can be absorbed
(and detected) in the active volume of the detector. Aluminum is origi-
nated in the aluminum stage plate of themicroscope: the backscattering
electrons and X-rays produced in the sample, which impinge upon the
pole piece of the microscope, produce more electrons and X-rays that
can hit the stage plate of the microscope, and then, they may produce
aluminum characteristic X-rays, some of which, can reach the detector.
Some additional tests were carried out in order to check this. On the one
hand, the relative intensity of the aluminum peak was found to be
strongly dependent on theworking distance, which evidences the influ-
ence of the pole piece of the microscope on the emission of aluminum
characteristic X-rays from the stage plate. On the other hand, a spec-
trum of a pure copper standard was measured by using a Teflon stage
plate. In this new spectrum (not shown here) the silicon peak appeared
again, but not the aluminum one. These additional tests confirm what
we thought about the origin of the silicon and aluminum signals. As
regards the carbon signal observed in the spectra, it is undoubtedly orig-
inated in the samples. However, the presence of carbon in the samples is
due to a contamination produced by the handling of the samples, and to
the presence of small amounts of oil vapor in the microscope chamber
coming from the vacuum diffusion pump. Samples are always suscepti-
ble to carbon contamination in SEM analysis. For more details about
these artifacts the reader can consult the book of Goldstein et al. [20].
Thus, the signals of silicon, aluminum, and carbon can be ignored in
EDS chemical quantifications. Silicon and aluminum are not present in
the samples, and their carbon content does not induce considerablema-
trix effects.

A standardless semi-quantitative microanalysis was therefore per-
formed on seven particles of each sample, considering copper, nickel
and oxygen as the only elements present in the samples. The particles
analyzed were randomly chosen, but the analyses were performed in
flat horizontal regions of the particles, free of small fragments on the
surface, at least in tens of square microns in area. Table 1 presents the
concentrations of the three elements (in atomic percentage) resulting
from these chemical analyses. It also shows the average values x, the
standard deviations σ, the relative errors (calculated as 100%� σ=x),
and the Cu/Ni atomic ratios. As it can be seen in this table, sample
S100 presents the Cu/Ni relation closest to 50/50, and the lowest data
dispersions. It was for this reason that sample S100 was chosen for
some particular tests, as described below.

In order to study the origin of the oxygen detected in the samples, a
surface chemical analysis of a microparticle of sample S100 was per-
formed. X-ray emission spectra induced by low energy incident elec-
trons were obtained with the EDS system. Eight spectra induced by
incident electron beams of energies Eo = 2, 3, 4, 5, 6, 7, 8 and 20 keV
were recorded, and the relative intensity of O-Kα was analyzed. Fig. 3
depicts the intensity of the O-Kα line, in percentage of the sum of
O-Kα, Ni–L, and Cu–L line intensities, as a function of the incident ener-
gy (Eo). The inset of Fig. 3 shows the interaction volume corresponding
to incident energies between Eo = 2 and 20 keV, determined by means
of the Kanaya and Okayama equation [20]. As it can be seen, the relative
intensity of the O-Kα line strongly depends on the energy of incident
electrons. In the incident energy ranges of 2–4 keV, 4–8 keV and
8–20 keV the intensity of the O-Kα line represents around 18 to 7%, 7
to 5% and 5 to 3% of the sumof the O-Kα, Ni–L, and Cu–L line intensities,
and the corresponding interaction volumes range between 30 and
100 nm, 100 and 300 nm, and 300 and 1400 nm respectively (see
Fig. 3 and the inset). Similar behavior is to be expected for samples
S073 and S150. This fact evidences an inhomogeneity of the spatial dis-
tribution of oxygen in the sample, consisting in a profile of the oxygen
content as a function of depth, with a high concentration on the surface.
Undoubtedly, this profile in the oxygen content is due to surface oxida-
tion produced by the exposure to air. In fact, an increase in the O-Kα
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relative intensity was observed over time (some weeks/months) in the
EDS spectra of the samples.

It is well known that metallic copper and nickel (as well as Cu–Ni al-
loys) are easily oxidized. For example, in the abovementioned work of
Pál et al. [17] the surface chemical composition of the reduced alloy
samples was studied by X-ray photoelectron spectroscopy (XPS). The
results of the XPS analyses showed that the surface of the alloy particles
was partially oxidized in air. The XPS spectrum shown, presents struc-
tures corresponding to Cu2p3/2, Ni 2p3/2 andMn2p3/2 in the binding en-
ergy ranges of 938–930, 860–851 and 645–636 eV respectively. The Cu
2p3/2 structure was described as the superposition of three peaks locat-
ed at 932.4, 932.8, and 934.5 eV, corresponding tometallic copper, Cu2O
andCuO respectively [21–23]. TheNi 2p3/2 structurewasfittedwith two
peaks located at 852.8 and 854.9 eV and identified with metallic nickel
and NiO [24] respectively. Finally, the Mn 2p3/2 structure was also de-
scribed as the superposition of puremanganese and oxides, butmanga-
nese is outside the scope of thiswork (further details can be found in the
original paper [17]). These results support the statement that, in the
present case, the oxygen content in the samples detected by EDS is
mostly (or totally) due to the partial surface re-oxidation of the alloy
particles during sample handling.

Taking into account the behavior depicted in Fig. 3, it is clear that the
more realistic composition of the samples is obtained with 20 keV of in-
cident energy. However, even in this case, the oxygen concentration
measured by EDS (shown in Table 1) is an overestimation of the oxygen
content inside the microparticles, and it does not represent the compo-
sition of the samples as obtained at the end of the synthesis process. The
Cu/Ni atomic ratios presented in Table 1, meanwhile, represent realistic
values of the copper to nickel relation, since thematrix effects that could
affect the Cu-Kα and Ni-Kα line intensities (used for quantification) are
very similar, even in these non-homogeneous systems. In order to elu-
cidate if some fraction of the oxygen content is due to an incomplete
Fig. 4. X-ray diffractograms of the Cu–Ni alloys obtained through the synthesis method. (a) The
angular positions corresponding to themain CuO andNiO diffraction peaks, according to the JCP
2θ=42 and 46°, corresponding to the (111) diffraction peak. Lorentzian fits are also shown. Th
dotted vertical lines indicate the angular positions of the (111) diffraction peaks corresponding
JCPDS 4-836 and 4-850 cards, respectively.
reduction in the synthesis process it is necessary to analyze the XRD
and TEM results.

3.1.3. Crystal structure
Fig. 4 shows X-ray diffractograms of the Cu–Ni alloy samples obtain-

ed through the synthesis method. In Fig. 4(a) the whole XRD patterns
(measured from 2θ = 10 to 120°) of the three samples are presented.
Diffraction peaks corresponding to the (111), (200), (220), (311), and
(222) planes of a single fcc crystal structure can be easily identified.
Each of these peaks is located at an intermediate angular position to
the corresponding to pure Cu and pure Ni, for the same family of planes,
and there are no peaks corresponding to the pure metallic crystalline
phases. This fact evidences the formation of the Cu–Ni solid solution.

As it can be appreciated, the diffractograms of samples S100 and S150
are very similar, while the one corresponding to sample S073 presents
narrower and higher peaks that show a greater degree of crystallinity.
The average crystallite size of each sample was calculated by means of
the Scherrer equation (see for example ref. [25]) from the width of the

(111) diffraction peak. The values obtained were X
c
073 ¼ 11 nm, X

c
100 ¼

6 nm and X
c
150 ¼ 6 nm, for samples S073, S100, and S150 respectively.

The dotted vertical lines of Fig. 4(a) indicate the angular positionswhere
the mean CuO and NiO diffraction peaks should be located, according to
the JCPDS 5-661 and 4-835 cards, respectively. No signs of the presence
of oxide can be observed in the crystalline phases.

In Fig. 4(b), the angular region around the (111) diffraction peakwas
magnified for amore detailed visualization. A Lorentzian fit of the (111)
peak was performed for each sample, and the corresponding curves are
also shown in Fig. 4(b). Solid vertical lines indicate the centers of the
Lorentzian functions obtained (2θfit), and dotted vertical lines indicate
the angular positions where the (111) diffraction peaks of pure Cu
(2θCu = 43.3) and pure Ni (2θNi = 44.5) should be located, according
whole XRD patternsmeasured from 2θ=10 to 120°. The dotted vertical lines indicate the
DS 5-661 and 4-835 cards, respectively. (b) Amagnification of the angular region between
e solid vertical lines indicate the centers of the Lorentzian functions obtained, 2θfit, and the
to pure Cu and pure Ni crystal structures, 2θCu = 43.3° and 2θNi = 44.5°, according to the



Table 2
Parameters obtained from XRD analysis: 2θfit obtained from the Lorentzian fits of the
(111) diffraction peaks, Cu/Ni atomic ratios calculated from Eq. (1), and lattice parameters
a calculated from Eq. (2).

Sample 2θfit (°) Cu/Ni α (Å)

S073 43.936 47.0/53.0 3.567
S100 43.904 49.7/50.3 3.569
S150 43.906 49.5/50.5 3.569
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to the JCPDS 4-836 and 4-850 cards respectively. Notice that there are
no peaks at 2θCu and 2θNi. In fact, a test consisting in a fit with three
Lorentzian functions (centered at 2θCu, 2θfit and 2θNi, and optimizing
2θfit and the peak intensities and widths) was performed, and the
resulting fit was practically the same as that obtained with just one
Lorentzian function.

According to Vegard's law [26], the alloy composition can be calcu-
lated as:

CCu ¼ 2θNi−2θfit
2θNi−2θCu

;CNi ¼
2θfit−2θCu
2θNi−2θCu

; ð1Þ

and the lattice parameter is:

a ¼ CCuaCu þ CNiaNi; ð2Þ

where aCu= 3.615 Ǻ and aNi= 3.524 Ǻ are the lattice parameters of the
pure Cu and pure Ni crystal structures respectively. Table 2 presents the
centers of the Lorentzian fits (2θfit), the Cu/Ni atomic ratios, and the
lattice parameters for the three samples. As it can be seen, Cu/Ni atomic
ratios are in good agreement with the ones obtained by EDS (shown in
Table 1).

3.2. Dispersed alloy nanoparticles

As mentioned in Section 2.2, the dispersed alloy nanoparticles were
analyzed by transmission electron microscopy (TEM). In this section,
the morphological, chemical, and structural features of the dispersed
alloy nanoparticles are discussed in view of the results of TEM, EDS,
SAED and HR-TEM analyses.

3.2.1. Morphological features
Fig. 5 depicts TEM micrographs of the dispersed nanoparticles that

form the microparticles of the as-obtained Cu–Ni alloy powders,
shown in Fig. 1. Notice that themagnification is different in eachmicro-
graph. In the three cases, the samples consist of spherical nanoparticles,
which is to be expected taking into account the optimal configuration of
the atoms in the nanoparticles (in terms of minimal surface energy)
above a few nm in size. The insets of Fig. 5 show particle size distribu-
tions. As it can be seen, size distributions in the three samples are clearly
different. Sample S073 contains particles in a relatively wide range of
sizes, from 2 to 14 nm, and mainly from 6 to 12 nm. Sample S100 pre-
sents a narrower size distribution. A Gaussian function was fitted to
the corresponding histogram and the parameters Xo = 10.1 nm and
σ = 2.9 nm were obtained. Sample S150 contains a mixture of small
nanoparticles, from 2 to 5 nm in size, and larger particles in a wide
range of sizes, from 5 to 15 nm.

The average particle sizes, calculated from the histograms, are: X
p
073 ¼

8:4 nm, X
p
100 ¼ 10:1 nm and X

p
150 ¼ 6:5 nm, for samples S073, S100,
and S150 respectively. From the comparison between the average

crystal sizes, X
c
(presented in Section 3.1.3), and the corresponding

average particle sizes, X
p
, it can be seen that:

Xc
073]Xp

073; Xc
100bX

p
100; and Xc

150∼X
p
150:

Regarding sample S073, this relation does not seem to be consistent,
because the particles cannot be smaller than the crystals. Clearly, the
size distribution of the group of particles analyzed by TEM does not rep-
resent the particle size distribution of thewhole sample, and theremust
be bigger particles not recorded in the TEM images. It is worthmention-
ing that the sets of several TEMpictureswere used to determine particle
size distributions in the three cases. Then, for some reason, the big par-
ticles of sample S073 were not included in the sample holder for TEM
analysis, perhaps due to some effect induced by sample preparation. Re-
garding the other two samples (S100 and S150), the corresponding re-
lations are consistent, and they suggest that sample S100 contains
mainly polycrystalline nanoparticles, while sample S150 has a lot of sin-
gle crystals. However, it should be noted that the results of XRD analysis
are more reliable than those of TEM, due to the larger statistics used in
the former.

3.2.2. Chemical composition
In Section 3.1.2, the chemical composition of the as-obtained alloy

microparticles was discussed. The results of the X-ray analysis present-
ed in Table 1, were obtained with a micrometric spatial resolution, as it
can be deduced from the inset of Fig. 3. In order to check the chemical
composition and homogeneity at a nanometric level, X-ray analyses
were performed on five groups of nanoparticles of sample S100, by
means of an EDS system attached to a transmission electron micro-
scope, and with an incident electron beam of 200 keV and 15 nm.
Fig. 6 shows the EDS spectrumcorresponding to one of thesefive groups
of particles. As it can be seen, Ni–K, Cu–K, Ni–L and Cu–L lines appear in
the spectrum, with relative intensities similar to those of the spectrum
shown in Fig. 2. Ti-Kα and Ti-Kβ peaks, as well as an intense carbon
peak can also be observed, but these signals do not come from the sam-
ple. They are originated in the titanium grid and in the ultrathin carbon
film mentioned in Section 2.2. Finally, a weak oxygen peak can also be
observed, which has contributions from both the nanoparticles of the
sample and the titanium oxide of the titanium grid surface. Here (as in
Section 3.1.2) the question of interest is whether oxygen is present in-
side the nanoparticles or just on the surface, due to the oxidation of
the metals (Cu and Ni) that make up the alloy. This question will be
the subject of further discussion throughout this manuscript. Notice
that the spectrum shown in Fig. 6 has almost no continuous back-
ground, due to the scarcity of bremsstrahlung events produced in such
a small volume of the sample. This fact is clearly noticeable when com-
paring the spectrum shown in Fig. 2 with that in Fig. 6, mainly in 1–
7 keV energy range. Regardless of thematter of oxygen, a quantification
of the Cu/Ni atomic relation of the nanoparticles of sample S100 was
performed by a semi-quantitative EDS analysis. In this quantification,
the presence of oxygen was ignored and no matrix effect corrections
were made, which represents a good approximation due to the small
volume of the samples. Table 3 presents the Cu/Ni atomic ratios obtain-
ed for the five groups of particles mentioned. As it can be observed,
these values are in good agreement with the results obtained with X-
raymicroanalysis (Table 1), and with X-ray diffraction (Table 2). Notice
the small dispersion of the data presented in Table 3, which implies a
good chemical homogeneity of the sample at a nanometric level. Re-
garding the other two samples (S073 and S150), no nanometric X-ray
analysis was done, but the test made on sample S100 suggests that
the results obtained with micrometric EDS analysis and with X-ray dif-
fraction are reliable.



Fig. 6. Typical EDS spectrum corresponding to a group of nanoparticles of sample S100.
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3.2.3. Crystal structure
Fig. 7(a) shows the selected area diffraction pattern (SADP) of a

group of particles of sample S100. Rings corresponding to the (111),
(200), (220), (311), and (222) planes can be clearly observed. In addi-
tion, some spots corresponding to the (400), (331), and (420) planes
can also be identified. According to the equation (see for example ref.
[27]):

R2
hkl ¼

Lλ
a

� �2
h2 þ k2 þ l2

� �
; ð3Þ

where L is the distance between the specimen and the diffraction pat-
tern, λ is thewavelength of the incident electrons, a is the lattice param-
eter, and h, k, l are the Miller indices of a given family of crystal planes;
the radius squared of the rings of the SADP (Rhkl2 ) must be proportional
to h2+ k2+ l2. Fig. 7(b) shows Rhkl2 as a function of h2+ k2+ l2, and the
linear fit performed. The good linearity observed between Rhkl

2 and
h2 + k2 + l2 (with a correlation coefficient of 0.9997) demonstrates
that the sample consists of a single fcc phase (the Cu–Ni alloy phase),
and there are no other crystalline phases (such as pure copper, pure
nickel, or oxides), since all the rings and spots present in the SADP are
identified with a single fcc crystal structure. Thus, the oxygen detected
by EDS (see Figs. 2 and 6) is present in an amorphous phase. This fact
is in agreement with the results obtained by XRD, since as mentioned
in Section 3.1.3, there are no signs of crystalline oxides in the
diffractograms (see the dotted vertical lines in Fig. 4(a)). It is worth
mentioning that a dark-field image of a region of the SADP correspond-
ing to the amorphous (a region between two rings) was obtained, and
that image did not present any structure of particles, but it showed
the amorphous carbon film of the sample holder. Clearly, that picture
(not recorded and not shown here) does not prove that the particles
have no oxygen (in fact, this element was detected by EDS), but it sug-
gests that oxygen, besides forming an amorphous phase, is present in
small volumes of the particles, since that phase was not found in the
dark-field image. This fact is consistent with the surface oxidation of
the nanoparticles, but the oxide layer has to be thin (perhaps 1 or
2 nm), otherwise it should appear in the dark-field image.

Fig. 8 shows a high resolution TEM picture of a particle of sample
S100. Several crystal domains and faceted grain boundaries can be ap-
preciated. The crystal domain analyzed (indicated in Fig. 8) is oriented
Fig. 5. TEMmicrographs of the Cu–Ni alloy samples: (a) S073, (b) S100, and (c) S150. The
insets show particle size distributions. The parameters of the Gaussian fit obtained in
(b) are: Xo = 10.1 nm and σ = 2.9 nm.



Table 3
Cu/Ni atomic ratios offive groups of particles of sample S100 determined
by a semi-quantitative EDS X-ray nanoanalysis with 200 keV of incident
energy.

Group of particles Cu/Ni atomic ratio

1 49.8/50.2
2 50.6/49.4
3 49.6/50.4
4 51.1/48.9
5 51.1/48.9
Average 50.4/49.6
Std. dev. 0.7/0.7
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with the [011] direction perpendicular to the plane of the figure. The
characteristic angles and relative distances indicated in the figure are:

γ ¼ 110� � 109:48�
� �

;

α ¼ 128� � 125:26�� �
;

Fig. 7. (a) Selected area diffraction pattern (SADP) of a group of nanoparticles of sample
S100. (b) Radius squared of the rings of the SADP shown in (a) as a function of
h2 + k2 + l2, and linear fit.

Fig. 8.HR-TEM picture of a particle of sample S100. The crystal domain indicated is oriented
with the [011] direction perpendicular to the plane of the figure.
β ¼ 122� � 125:26�� �
;

e3=e1 ¼ 1:13 � 1:155ð Þ;

e3=e2 ¼ 1:18 � 1:155ð Þ;

where the numbers in parentheses indicate the exact values corre-
sponding to a view of a fcc crystal structure along the [011] direction
(see for example ref. [28]). A careful observation of the crystal domain
indicated in Fig. 8 reveals that it corresponds to a single fcc crystal struc-
ture of around 10 nm in size, whose shape is consistent with the theo-
retical equilibrium shape of a pure copper nanometric crystal. Vitos
et al. [29] performed calculations of surface energies of 60 metals, in
the frame of the density functional theory, and determined the equilib-
rium shape of some crystals based on the anisotropy of the surface en-
ergy. According to the results of these calculations, the energies of the
(100), (110) and (111) surfaces of nickel are proportional to those cor-
responding to copper. Thus, the same relation between the surface en-
ergies of the Cu–Ni alloys, and therefore, a similar shape of the Cu–Ni
crystal domains at nanometric level is to be expected.

It is well known that Cu segregates to the surface of Cu–Ni nanopar-
ticles, due to the lower surface energy of Cu as compared with Ni (see
for example ref. [29]). However, the small lattice size mismatch
between Cu and Ni (aCu = 3.615 Ǻ and aNi = 3.524 Ǻ) and the small
positive enthalpies of solution of Cu in Ni and Ni in Cu [30], leads to
low-temperature alloying of Cu and Ni. Damle and Sastry, for instance,
reported a low-temperature route for producing Cu–Ni nanoalloys
[31]. The low-temperature (100) alloying has been attributed to
the high surface free energy of the Cu–Ni particles, allowing low-
temperature surface melting and diffusion.

As concluding remarks, it can be stated that the complexing agent
content in the starting solution of the synthesis procedure has a strong
influence on some characteristics of the final product, mainly related to
the morphology, size distribution, porosity and crystallinity of the Cu–
Ni alloy microparticles. The relationship between the molar ratio C/Me
and the physico-chemical properties of different compounds obtained
by the citrate-gel method has been studied by several authors, and dif-
ferent explanations have been proposed (see for example refs. [32–37]).
Particularly, Li et al. [32] prepared nanocrystalline CoAl2O4 powders by
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an auto-ignited gel combustion process using citric acid as a reductant/
fuel andmetal nitrates as oxidants. They concluded that the characteris-
tics of the materials obtained are strongly dependent on the amount of
heat, or the flame temperature generated by the combustion reaction,
which is a function of the fuel-to-oxidant ratio used in the starting com-
position. In the present study, the samples were prepared starting from
three C/Memolar ratios, one of them (C/Me=0.73) chosen tomeet the
stoichiometry required for the reaction of Cu and Ni citrate formation,
and the other two (C/Me=1.00 and 1.50) chosen to get a starting solu-
tion with an excess of citric acid. This excess of citric acid causes a more
energetic combustion in decomposition and calcination stages, and
a significant gas production [33,34], which strongly influences the
morphological features of the solid obtained (see Fig. 1). On the other
hand, the higher degree of crystallinity of sample S073 with respect to
the other two samples (see Fig. 4) can also be explained in terms of
the combustion reaction. As mentioned in Section 3.1.3, the average
crystallite sizes of samples S073, S100, and S150 are 11, 6 and 6 nm re-
spectively. Clearly, in the selectedworking conditions, a higher fuel con-
tent leads to finer powders.

4. Conclusions

Cu–Ni nanostructured alloys were synthesized by a chemical route
previously developed, starting from solutions with three different
amounts of complexing agent. The samples obtained were character-
ized by electronmicroscopy and X-ray techniques. In view of the results
of the characterizations performed, it can be concluded that the
complexing agent content in the starting solution of the synthesis pro-
cedure determines some characteristics of the Cu–Ni nanoalloy obtain-
ed. The amount of citric acid has a strong influence on the morphology,
size distribution, porosity and crystallinity of the as-obtained Cu–Ni
alloy powders, a minor influence on the chemical composition and
size distribution of the nanoparticles that make up the microparticles,
and almost no influence on the shape of thenanoparticles. The influence
of other parameters of the synthesis process, such as the pH of the
starting solution and the temperature of the calcination stage, on the
physico-chemical characteristics of the Cu–Ni alloy obtained will be
the subject of further research.
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