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Abstract: Cu—Ni nano-alloys were prepared using precursors synthesized by the citrate-gel method. The effects of initial solution pH
value and calcination temperature on the composition, crystalline structure, purity, morphology, homogeneity and grain size of
Cu—Ni nanoparticles were investigated. Both the parameters significantly affect the crystalline structure, composition and grain size.
Cu—Ni alloys prepared at pH value of 1 do not contain impurities, and their compositions are Cuyg 4,Nig 53, Cug 45Nig 55 and Cuyg 5,Nig 48
reduced at 300, 400 and 500 °C, respectively. The grain size grows with the increase of calcination temperature for the precursor
prepared at pH values of 1.6 and 3. The Ni content of the alloys gradually increases with the increase of calcination temperature at
pH value of 3.
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technique, therefore, a large number of chemical

1 Introduction

Cu—Ni nano-alloys are utilized in a number of
technologically  important Magnetic  and
nonmagnetic layered structures, such as Cu and Ni
multi-layers, reveal giant magnetoresistance effects
(GME). For this reason, they are used in the
manufacturing processes of sensors for magnetic data
recording and for monitoring the position of machine
components [1]. Cu—Ni alloys coatings, which are
electrochemically and thermally prepared, are used in the
conversion of solar energy into a source of renewable
energy, since they have a high solar absorbance and a
low thermal emittance [2]. Similarly, Cu—Ni nano-
powders present excellent catalytic properties which can
be used in the dehydrogenation of cyclohexanol [3] and
decomposition of methane [4]. Other applications
include the use of Cu—Ni alloy seeds in hyperthermia
applications aimed at the treatment of tumors [5] and in
health care environments [6].

Recent studies have shown that the properties of
materials depend on particle shape, surface area,
homogeneity and degree of particle crystallinity. These
characteristics are closely related to the preparation

areas.

methods intended for preparing nanoparticles have been
developed, such as sol-gel, hydrothermal and
precipitation techniques, emulsion method [7,8].

The citric acid assisted sol—gel combustion process
has been used for the preparation of nanocrystalline
multi-component powders with desirable properties, such
as lower crystallite size, controlled stoichiometry, narrow
particle size distribution. In this process, citric acid is
generally used as a chelating agent of metal cations. The
polymerizing ability of the citric acid is effectively
utilized for the formation of a colloidal solution, in
which metal ions are uniformly distributed [9,10].

Combustion reactions are frequently applied for the
preparation of different oxides. However, there are a
limited number of publications referring to the effects of
pH value and calcination temperature on the synthesis of
Cu—Ni nano-alloys using precursors prepared by the
citrate-gel method [11].

Different studies on the synthesis of materials using
the citrate-gel method have been aimed at testing the
influence of certain variables, such as the ratio between
metallic ions, the ratio of acid citric to metallic ions, the
pH value of the initial solution and the calcination
temperature of the precursors, on the final products.
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CANNAS et al [12,13] studied the influence of various
parameters which included the
composition, the solution pH value, the gel formation
method and the combustion temperature on the formation
reaction of precursors prepared by the citrate-gel method.
LIU et al [14] showed that the initial solution pH value
and the molar ratio between the citric acid and metallic
ions affected the homogeneity of the metal—citrate
complexes, thus affecting the behavior during gel
combustion and synthesized phases composition.

The solution pH value exerts a significant influence
on citric acid ionization and on the type of complexes
formed between citric acid and metal [15]. It has also
been proved that the solution pH value of precursors
significantly affected the gel morphology and porosity
when the latter underwent a drying process [16]. In
addition, the pH value has been proved to have an effect
on the size of the material grain [8,17] and on the
formation temperature of the materials [18].

Different authors have studied the effect of the
calcination temperature on the characteristics of oxides
and metallic oxides mixtures synthesized by the
citrate-gel method. These authors have also observed that
the calcination temperature significantly affected the
grain size which growed as the calcination temperature
increased [19—21]. CHEN et al [22] prepared cerium
oxide nano-powders, and observed that the rise of
calcination temperature (473—1273 K) and the length of
thermal treatment increased the crystallinity and the
average crystallite size of the nanocrystallites ranging
from 12 nm to more than 47 nm. OH et al [23]
demonstrated that the crystallite sizes and morphologies
of Co3;0,, CuO and NiO were influenced by calcination
temperature. Based on the nano-thermodynamic theory,
GUISBIERS et al [24] confirmed that mixed Cu—Ni
nanoparticles were difficult to be synthesized at room
temperature and required a substantial heat treatment. In
addition, they concluded that it is possible to control the
structure of the alloy by adjusting the synthesis
temperature. The melting behavior of Cu—Ni
nanoparticles was modeled with a thermodynamic
approach reported by SHIRINYAN et al [25] and
SOPOUSEK et al [26]. They predicted a depression of
the solidus temperature, which was reported as size
dependent.

This work focused on the systematic study of the
influence exerted by pH value and calcination
temperatures on the composition, crystalline structure,
purity, morphology, homogeneity and grain size of
Cu—Ni nanostructured alloys. These nano-alloys were
prepared using precursors synthesized by the citrate-gel
method, using solutions with different pH values. These
precursors were later calcined at three different
temperatures and reduced with H, diluted in N, to obtain

initial  solution

Cu—Ni nano-powder alloys.

2 Calculation of species at equilibrium based
on pH value

The acidity of the initial solution used to prepare the
precursor of Cu and Ni oxides mixtures is very important
due to the effect of this variable on the speciation and the
complexing ability of citric acid. For this reason, and
with the purpose of establishing the most appropriate
working pH value for the synthesis of the Cu—Ni alloy,
the theoretical calculation of equilibrium molar
concentrations was performed on all species in the
solution. Maple V ® 12 was the software used in the
study, and the species considered for the analysis were
the following:

1) Species of citric acid: Hs;L, H,L", HL* and L.

2) Complexes of citric acid formed with Cu(Il):
Cu(L)", Cu(HL), Cu(H;L)*" and Cu(OH)".

3) Complexes of citric acid formed with Ni(Il):
Ni(L)", Ni(HL), Ni(H,L)" and Ni(OH)".

where L is the citrate anion (C6H5O7)3_.

The concentrations used were 7(Cu”")=0.315 mol/L,
n(Ni*)=0.341 mol/L and n(H;L)=0.48 mol/L. The
equilibrium constants used in the calculations were taken
from bibliographic sources [27,28]. These theoretical
results show that Cu*" and Ni*" mainly form Cu(L) and
Ni(L) ", which are stable in the pH value range of 1-14.
The rest of the complexes also formed but in very low
concentrations. The previous experiments have shown
that when NH4,OH was added to increase the pH value
above 3, the solution precipitation took place, and thus
the citrate-gel could not be obtained. In agreement with
these theoretical and experimental results, the pH value
influence was studied in the range of 1-3.

3 Experimental

3.1 Materials

Nickel nitrate (Ni(NOj),'6H,0) (Fluka), copper
nitrate (Cu(NO3),2.5H,0) (Rieldel-de Haén),
ammonium hydroxide (Biopack), and citric acid (Anedra)
were used. The gases employed were 99.999% pure N,, a
mixture of H, (5%) and N, and a mixture of O, (10%)
and N,. The gases were purified using adequate traps to
retain water and oxygen.

3.2 Synthesis procedure
3.2.1 Preparation of precursor

Three precursors were prepared from solutions with
the pH values of 1, 1.6 and 3, and with the molar ratio of
Cu(II) ion to Ni(Il) ion of 1:1. In all the cases, the molar
ratio between citric acid and the sum of Cu(II) and Ni(II)
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ions (C/M) was 0.73. The solutions with pH values of 1.6
and 3 were obtained by adding NH,OH. The solution
with pH value of 1 was obtained without adding NH,OH.
The resulted solutions were heated at 50 °C for 30 min
and continuously stirred. In the case of the precursors
prepared with pH values of 1 and 1.6, the solvent was
later removed at 60 °C under vacuum condition using a
Biichi 461 vacuum rotavapor until a viscous gel was
obtained. For the precursor prepared at pH value of 3, the
solvent was eliminated at 50 °C in order to avoid the
precipitation of the solution. The dehydration of three
samples was completed by gradual heating to 100 °C and
keeping for 15 h in a vacuum oven.

3.2.2 Decomposition

The decomposition of precursors was carried out
under non-isothermal conditions by heating the
precursors from room temperature to 280 °C in a N, flow
of 100 mL/min. The heating program was 1 °C/min for
the precursor prepared with the pH value of 1, and
0.5 °C/min for those obtained at pH values of 1.6 and 3.
The precursor prepared at pH value of 1 was kept at
280 °C for 1 h and 45 min, and the precursors prepared
at pH values of 1.6 and 3 were kept at the same
temperature for 1 h. Different heating programs were
used to avoid the violent sample combustion that would
take place at high heating rates when the precursors were
prepared at a pH value higher than 1.

3.2.3 Calcination

Calcination was performed with a current of O,
(10%) in N, and a flow of 100 mL/min and at a heating
rate of 1 °C/min, until reaching the selected temperature
(300, 400 and 500 °C). The system was kept at this
temperature for 1 h.

3.2.4 Reduction

The previously performed temperature-programmed
reduction (TPR) assays [29] showed that, when Cu and
Ni oxides were mixed, the reduction temperature was
lower than that when each oxide was in pure state. Then,
the final reduction temperature was set at 300 °C
according to these results.

After the calcination stage, the solid obtained was
reduced using a heating program of 5 °C/min from room
temperature to 300 °C with a current of H, (5%) in N,
and a flow of 100 mL/min. The system was kept at this
temperature for 30 min, and then cooled in a N, gas flow.

3.3 Equipment
A fixed bed reactor, heated by an electric furnace,

was used for the decomposition, calcination and

reduction stages.
Different

techniques were used for solid

characterization, such as thermogravimetric analysis (TG:

Shimatzu TGS50, run with 50 mL/min of N;), X-ray
diffraction (XRD: Rigaku D-MAX IIIC, run at 30 kV

and 20 mA, using Cu K, radiation, A= 0.1542 nm with Ni
filter, registered between 30° and 90° at rates of 3 (°)/min
and 0.5 (°)/min), infrared spectroscopy (FT-IR: Nicolet
Protegé 460, with a resolution of 4 cm ', using
compressed KBr pellets containing 1% (mass fraction)
sample employed), scanning electron microscopy (SEM:
LEO 1450VP), field emission gun-scanning electron
microscopy (FEG-SEM: JEOL 6330F), electron probe
microanalysis (EPMA: EDAX Genesis 2000, particles of
each sample were randomly selected, and their chemical
compositions were determined by processing the
corresponding K-line spectra obtained with an incident
beam of 20 keV), and transmission electron microscopy
(TEM: JEOL 100 CX II operated at 100 kV and Philips
EM 301 operated at 60 kV with the samples suspended
in ethanol).

4 Results and discussion

4.1 Characterization of precursors and decomposition
products

M1 (pH=1), M2 (pH=1.6) and M3 (pH=3) were the
names assigned to the samples according to the initial
solution pH value. The thermograms, IR spectra and
XRD patterns corresponding to these precursors and their
decomposition products are shown in Fig. 1.

Figure 1(a) shows the TG curves of precursors, in
which the mass loss of precursors prepared with pH
values of 1 and 1.6 takes place slowly in three stages: the
first 21.5% and 28.60% mass loss, respectively (from
room temperature to 175 °C), are produced by the loss of
water in gel; the second 24.70% and 23.20% mass loss,
respectively (from 175 to 230 °C), are due to both nitrate
ions and the carboxyl groups; the third 22.48% and
26.48% mass loss, respectively (from 230 to 300 °C),
correspond to the remaining carboxyl groups. The
thermogram of the sample prepared at pH value of 3
shows that the mass loss occurs rapidly and takes place
in two stages. The first mass loss of 46.96%, which
occurs from room temperature to 230 °C, is the result of
water loss, carboxyl groups and ammonium nitrate
decomposition. The latter compound forms as a
consequence of adding NH4OH to the solution in order to
regulate the pH value, and its presence is evident in the
XRD pattern shown in Fig. 1(c). The second mass loss of
approximately 15.69% (from 230 to 300 °C) corresponds
to the decomposition of the remaining carboxyl groups.
No mass loss is observed in any of the samples at
temperatures higher than 300 °C.

The IR spectra of precursors and the decomposition
products, called M1-D, M2-D and M3-D, respectively,
are shown in Fig. 1(b).

The absorption bands at 3500, 1728, 1612 and
1380 cm ™' corresponding to vibrations of hydroxyl, free
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Fig. 1 Characterization of precursors and products of
decomposition: (a) Thermograms; (b) IR spectra; (c) XRD
patterns

carboxyl groups, carboxylates from metal carboxylates
and nitrate ions, respectively, are observed in M1, M2
and M3 spectra. A wide band attributed to the vibrations
caused by hydrogen bonds is also observed at 3125 cm ™.

The comparison among M1-D, M2-D and M3-D
spectra indicates that the solids prepared at pH values of
1 and 1.6 are similar. Three bands are more visible. The
first one, at 1550 c¢m ', is produced by the asymmetric
vibrations of carboxylates from metal carboxylates. The
second one, at 1380 cm ', indicates that nitrate ions have
not been completely removed at 280 °C. The third one,
in the 450 cm™' zone, corresponds to the metal—oxygen
vibration of metallic oxides. The band at 1728 cm ',
which corresponds to the vibrations of free carboxyl
groups, also disappears in these figures due to the fact
that all carboxyl ions are bound to metallic ions [15].
Two bands are observed in the spectrum corresponding
to the sample prepared at pH value of 3, a wide one at
1500 cm ' and the other one in the 450 cm ' zone,
corresponding to carboxylates from metal carboxylates
and metallic oxides, respectively. The band at 1380 cm '
is not observed, indicating that total decomposition of
nitrate ions is produced at this stage.

The XRD patterns corresponding to the precursors
(Fig. 1(c)) indicate that M1 and M2 solids are amorphous
and M3 is a mixture of amorphous matrix and crystalline
NH4NO;. The presence of NH4NO; in M3 is in
agreement with the results obtained by YUE et al [17],
who synthesized nanocrystalline ferrites by the sol—gel
combustion method, and studied the effect of pH value
on the precursor. The authors set the pH values from 2 to
7 with NH,OH solution, and observed the formation of
NH4NO; at low pH values by XRD. They found that the
decomposition of NH4NO; within the gel accelerated the
auto-combustion process, and the mass loss of the
precursor was rapidly produced according to the results
of characterizations using DTA and TG.

Figure 1(c) also shows the XRD patterns
corresponding to M1-D, M2-D and M3-D. The XRD
patterns of M1-D and M2-D present three peaks around
20 of 36.5°, 42.9° and 49.27°, resulting in a mixture of
Cu and Ni oxides. The peaks in positions 26 of 41.78°,
48.65°, 71.40° and 81.50° in the XRD pattern of M3-D
reveal the presence of NiyN when compared with the
JCPDS 36-1300 file. The results reported by other
authors about the formation and decomposition of
NH4NO; [30,31] and the formation of NiyN when the
amount of NHj increases [32], suggest the following
mechanism for the formation of NiyN:

NO; +NH, — NH,NO, (1)
NH,NO;— NH;(g)+HNO; )
NiO+CO(g)— Ni+CO,(g) 3)
NH;(g)+4Ni— Ni;N+(3/2)H, &)

The XRD pattern of the precursor prepared at pH
value of 3 shows the presence of NH4;NO3, which forms
from the species in the initial solution, according to
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Reaction (1), and its decomposition may occur mainly by
Reaction (2). The IR spectrum of M3-D indicates the
formation of metallic oxides. However, according to
Reaction (3), part of NiO would be reduced to metallic
state in the presence of a reducing agent (CO and/or C)
coming from the decomposition of the citric acid. Ni
would then react with NH; to form NiyN, according to
Reaction (4).

4.2 Effect of pH value and calcination temperature

MI1-D, M2-D-and M3-D were calcined at different
temperatures (300, 400 and 500 °C), and then reduced at
300 °C. The characterizations of the products obtained
for both stages are shown in the following sections.
4.2.1 Calcination at 300 °C and reduction

The products of calcination at 300 °C were called
M1-300, M2-300 and M3-300, and their reduction
products were labeled as M1-300R, M2-300R and
M3-300R, respectively.
4.2.1.1 Chemical bonding and functional groups

Figure 2(a) shows the IR spectra of the calcined
solids. The spectrum of the solid coming from the
precursor prepared at pH value of 1 has a single band in
the 450 cm ' zone, which belongs to the metal—oxygen
vibration of Ni and Cu oxides. When comparing this
spectrum with that of M1-D (Fig. 1(b)), the complete
removal of carboxylates from metal carboxylates and
nitrate ions is observed during thermal treatment at
300 °C. The spectra of M2-300 and M3-300 show two
bands, one at about 1500 cm ™' belongs to carboxylates
from metal carboxylates, and the other in the 450 cm™
zone belongs to the metal-oxygen vibration of Cu and
Ni oxides. These results indicate that, when the
precursors are prepared at pH values of 1.6 and 3, the
calcination at 300 °C produces the partial decomposition
of the metal carboxylates.

The IR spectra of the reduced samples are shown in
Fig. 2(b). The spectrum of M1-300R sample indicates
that the final product obtained at this stage does not
contain impurities. Two bands appear in the spectra
corresponding to M2-300R and M3-300R. A wide band
at 1500 cm ' is a result of carboxylates from metal
carboxylates, and the other one around 450 cm’
corresponds to the metal—oxygen vibration of Cu and Ni
oxides, indicating the presence of impurities in the final
products and an incomplete oxides reduction.
4.2.1.2 Crystalline structure

The XRD patterns shown in Fig. 3(a) indicate that
the calcined solids are not crystalline enough. The
comparison between NiO and CuO files with three peaks
at 260 of 36.57°, 42.87° and 62.31° observed in M1-300
sample and the peaks at 26 of 42.57° and 49.24° in
the M2-300 sample shows that the peaks belong to the

(a)
—-—'-"'\-._._._._.__,_
M1-300\
M3-300
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Fig. 2 IR spectra of solids obtained at 300 °C: (a) Calcined
products; (b) Reduced products

mixture of Cu and Ni oxides. Although the XRD pattern
of M3-300 solid indicates a low crystallinity, the
comparison with files JCPDS 89-5881, 89-2530 and
36-1300 suggests that the peak at 26 of 43.29°
corresponds to NiO, and the peaks at 26 of 41.78° and
48.65° belong to NiyN.

The comparison between Figs. 1(c) and 3(a) reveals
the structural changes produced in the calcination stages
of the precursors. The calcination of the precursor
prepared at pH value of 1 at 300 °C modifies the
crystalline structure of the initial solid, and favors the
formation of the oxides mixture. The structure of M2-D
sample is not affected by calcination, instead, there is a
slight increase of solid crystallinity. A phase
corresponding to NiO appears after M3-D calcination,
and NiyN is still present.

Figure 3(b) shows the XRD patterns of the
reduction products. Three peaks can be observed in
sample M1-300R, each of which is in an intermediate
position between the peaks corresponding to each pure
metal due to the formation of Cu—Ni solid solution. The
XRD pattern of M2-300R shows one peak at 26 of
43.11°, and the other one at 50.11°, both correspond to
Cu. The presence of NiO is not neglected due to the
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overlapping between Cu (111) and NiO (400) peaks and
the presence of a band corresponding to metallic oxides
in the IR spectrum of this sample (Fig. 2(b)). In the case
of the sample M3-300R, the peak observed at 26 of
43.53° suggests the incipient formation of Cu—Ni solid
solution. The low-intensity peak at about 26 of 41.78°
corresponds to NizN.

When the precursor is prepared at pH value of 1 and
calcined at 300 °C, the data from the characterization

3669

performed by IR and XRD suggest that it is possible to
obtain a Cu—Ni alloy as a result of reduction at 300 °C
with a current of H, (5%) in N,. The reduction of sample
M3-300 leads to the incipient formation of a solid
solution, whereas the sample M2-300R does not produce
the alloy.
4.2.1.3 Morphology

The results of SEM and TEM characterization
are presented in Fig. 4. The SEM image corresponding
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Fig. 3 XRD patterns of solids obtained at 300 °C: (a) Calcined products; (b) Reduced products

100
L |©
2 80r
=
ER
& 401+
2
E 20_ ﬂ
& ey
0 2 4 6 8 10 12 14
Grain size/nm
100
e (H
> 80f
=
“g; 60+
E 40l
3]
=
Ell ;i_ﬂ
i o
i Y o T i j mm
0 2 4 6 8 10 12 14
Grain size/nm
100 —
i (i)
> 80f
5
2. 60r
E 40l
L8]
=
E 20_ H
s RiRin
0 2 4 6 8 10 12 14

Grain size/nm
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to sample M1-300R shows that the particles are plane,
irregular in shape and with a fine granulometry. The
particles corresponding to M2-300R are irregular in
shape and have many cracks on their surface. In the case
of sample M3-300R, the particles have a sponge-like
morphology. The TEM images of the reduction products
show that all three solids have agglomerates formed by a
large number of spherical grains. Figure 4(c) shows that
the sample contains particles in the range of §—12 nm.
When the pH value is higher (Figs. 4(f) and (i)) the
particle size distribution is in the range of 3—12 nm.
These results indicate that the pH value does not
significantly affect the crystallite size at this calcination
temperature.

4.2.1.4 Chemical composition

Tables 1 and 2 show the values of the lattice
parameter a and the alloy composition (both of them
were calculated from data obtained by XRD, using the
Vegard law), and the quantification values of the reduced
solids obtained using EPMA, respectively. The results in
Table 1 indicate that the rise of pH value from 1 to 3
modifies the value of x (the composition refers to Cu).
The quantification data in Table 2 show that the elements
in sample M1-300R are Ni, Cu and a small amount of O.
The presence of oxygen may be attributed to a partial
re-oxidation of the alloy during sample handling [33,34].
Carbon and oxygen levels are high after the reduction
stage in samples M2-300R and M3-300R due to the fact
that carboxylates from metal carboxylates are not
completely removed during the calcination stage, which
is in line with the results reported in the corresponding
IR spectra (Fig. 2(b)). The presence of N is also detected
in sample M3-300R, which confirms the existence of
NigN observed by XRD (Fig. 3(b)). The dispersion of the
data obtained by EPMA shows that the rise of pH value
in the original solution produces an increase of
compositional heterogeneity of the final products.

The results of solids characterization indicate that
the pH value has a marked effect on the products formed
during the synthesis of Cu—Ni alloy. A Cu—Ni alloy with
the mole ratio of Cu to Ni closer to 1:1 was obtained
when the precursor was prepared at pH value of 1,

Maria de los A. CANGIANO, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3664—3677

Table 1 Lattice parameter and alloy composition of reduced
solids obtained at 300 °C

Sample alA Composition (Cu,Ni,_,)
M1-300R 3.562 Cuy.4:Nig ss
M2-300R - -

M3-300R 3.599 Cuy g3Nig 17

whereas the alloy did not form when the precursor was
prepared at pH value of 1.6, and a Cu-rich alloy was
obtained when working at pH value of 3.

4.2.2 Calcination at 400 °C and reduction

4.2.2.1 Chemical bonding and functional groups

The solids calcined at 400 °C were identified as
M1-400, M2-400 and M3-400. Figure 5(a) shows the IR
spectra of these samples. The spectrum corresponding to
M1-400 shows a single band in the 450 cm™' zone, which
belongs to the metal—oxygen vibration of Ni and Cu
oxides. The spectra of M2-400 and M3-400 show two
low-intensity bands: a wide one at 1500 cm ', and the
other one in the 450 cm ' zone, which correspond to
carboxylates from metal carboxylates and metal—oxygen
vibration of oxides, respectively.

Figure 5(b) corresponds to the IR spectra of
reduction products. The spectrum corresponding to
MI1-400R indicates that the final product does not
contain impurities. The results obtained for M2-400R
and M3-400R are almost identical to those of the
calcined samples (Fig. 5(a)), suggesting that the total
combustion of organic matter is not attained.
4.2.2.2 Crystalline structure

The XRD patterns of the solids presented in
Fig. 6(a) show that the products with thermal treatment
at 400°C have a low crystallinity. However, the
comparison of NiO and CuO files in the XRD pattern of
sample M1-400 leads to the conclusion that the three
peaks correspond to the mixture of Cu and Ni oxides.
The XRD pattern of sample M2-400 shows peaks around
at 26 of 42.93° and 49.58°, which may belong to NiO
and CuO, respectively. The peaks at 26 of 43.29°
corresponding to NiO, and at 26 of 41.78° and 48.65°
corresponding to NizN, are observed in the XRD pattern
of sample M3-400.

Table 2 Chemical composition of reduced solids obtained at 300 °C (mass fraction, %)

M1-300R M2-300R M3-300R
from O Ni Cu C N O Ni Cu C N o Ni Cu C N
No. 1 2 49 49 - - 121 384 377 118 - 151 300 300 183 6.6
No. 2 3 48 49 - - 10.0 403 40.0 9.7 - 52 404 410 104 3.0
No. 3 3 49 48 - - 91 420 399 9.0 - 121 284 287 220 8.8
Average 2.6 487 487 - - 104 402 392 102 - 10.8 329 333 169 6.1
Std. dev. 06 06 06 - - 1.5 1.8 13 1.4 - 5.0 6.5 6.7 59 2.9
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Fig. 5 IR spectra of solids obtained at 400 °C: (a) Calcined
products; (b) Reduced products

Figure 6(b) shows the XRD patterns of the
reduction products. The Cu, Ni and Niy;N files are also
presented. The XRD pattern of M1-400R solid has three
peaks, and each of them is in an intermediate position
between the two peaks corresponding to each pure metal,
which means that the Cu—Ni solid solution forms. In the
case of sample M2-400R, the peak observed at 26 of
43.29° may belong to either the Cu (111) peak, or the
NiO (400) peak, since both diffraction peaks overlap.
Furthermore, the presence of NiO is possible due to the
fact that the band corresponding to the metallic oxides
appears in the IR spectra of this sample. The XRD
pattern of sample M3-400R shows two peaks at 26 of
43.78° and 51.03°, which are slightly displaced to an
intermediate position between those corresponding to
each pure metal. Two peaks located at 26 of 41.78° and
48.65°, which belong to NiyN, are also observed in this
XRD pattern.
4.2.2.3 Morphology

The SEM and TEM images of the reduced solids are
presented in Fig. 7. Figures 7(a), (d) and (g) show that
the morphology of each solid is similar to those of the
samples described in Section 4.2.1.3. The TEM images
(Figs. 7(b), (e) and (h)) reveal that the three samples
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Fig. 6 XRD patterns of solids obtained at 400 °C: (a) Calcined
products; (b) Reduced products

prepared at different pH values are formed by small
spherical grains. The histograms corresponding to
samples M1-400R and M2-400R (Figs. 7(b) and (e))
indicate that the solids are formed by grains whose sizes
range from 5 to 12 nm. An increase of particle size from
5 to 20 nm is observed in the sample prepared at pH
value of 3 (Fig. 7(h)). These experimental results indicate
that crystallite sizes slightly grow as the pH value
increases.

4.2.2.4 Chemical composition

Tables 3 and 4 show the values of the lattice
parameter a and the alloy compositions (both of them
were calculated from data obtained by XRD), and the
quantification values of the reduced solids obtained using
EPMA, respectively.

These results indicate that a solid solution with a
composition close to 1:1 forms from a solution with pH
value of 1. When the pH value used in the precursor
preparation is 1.6, the Cu—Ni alloy is not obtained, and a
Cu-rich alloy is produced at pH value of 3.

4.2.3 Calcination at 500 °C and reduction
4.2.3.1 Chemical bonding and functional groups

The precursors M1-D, M2-D and M3-D were
calcined at 500 °C, and the corresponding products were
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Fig. 7 SEM (a, d, g) and TEM (b, e, h) images and grain size distribution (c, f, i) of reduced solids: (a—c) M1-400R; (d—f) M2-400R;
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Table 3 Lattice parameter and alloy composition of reduced
solids obtained at 400 °C

Sample alA Composition (Cu,Ni; )
M1-400R 3.564 Cuy4sNig ss
M2-400R - -

M3-400R 3.580 Cuyg 2Nig 33

called M1-500, M2-500 and M3-500. These solids were
later reduced under the same conditions as indicated in
Section 3.2.4. The resulting solids were called M1-500R,
M2-500R and M3-500R, respectively.

Figure 8(a) shows the IR spectra of the calcination
products. A single band, which belongs to the metal—
oxygen vibration of Cu and Ni oxides, is observed in the
spectrum of sample M1-500, and no bands are observed
in the spectra of M2-500 and M3-500. These results
suggest that the oxides form at pH value of 1, and the
calcination products could be Cu and Ni in metallic
state or an alloy between both elements when the pH
values are 1.6 and 3. This hypothesis is supported by the
XRD results, which are reported in the following
sections.

Figure 8(b) shows the IR spectra of the reduction

products corresponding to the solids previously calcined
at 500 °C. No bands are observed in these spectra.
4.2.3.2 Crystalline structure

Figure 9(a) presents the XRD patterns of calcined
solids. The peaks at 26 of 35.53°, 37.27°, 38.73°, 43.29°,
48.74° and 62.91°, which correspond to a mixture of Cu
and Ni oxides, are seen in the XRD pattern of M1-500.
The peaks at 20 of 44.06°, 51.28° and 75.46° and at 260
of 43.85°, 51.11° and 75.25° are seen in the XRD
patterns of M2-500 and M3-500, respectively. These
peaks are located in an intermediate position in relation
to those for pure Cu and Ni. The results show that the
alloy of Cu and Ni is formed during the calcination of
solids M2-D and M3-D at 500 °C. This phenomenon is
attributed to the presence of a reducing agent, probably
CO and/or C which is generated by the incomplete
combustion of Cu and Ni citrates. These results are in
agreement with those shown in Fig. 8(a), and suggest
that the calcination of the sample prepared at pH value of
1 at 500 °C results in a mixture of CuO and NiO.
Conversely, when the samples are prepared at pH values
of 1.6 and 3 and calcined at 500 °C, a solid solution of
Cu—Ni is obtained.
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Table 4 Chemical composition of reduced solids obtained from precursors calcined at 400 °C (mass fraction, %)
ltem MI1-400R M2-400R M3-400R
O Ni Cu C N (0] Ni Cu C N (0] Ni Cu C N
No. 1 48 477 475 - - 7.6 413 422 8.9 - 9.3 359  36.6 14.0 4.2
No. 2 43 48.1 47.6 - - 7.5 409 40.8 10.8 - 5.7 40.7 408 8.8 4.0
No. 3 3.2 482 48.6 — - 9.4 393  40.1 11.2 - 179 248 268 210 9.5
Average 4.1 48 479 - - 8.2 40.5 41.0 103 - 10.9 33.8 34.7 14.6 5.9
Std. dev. 08 03 06 - - 1.0 1.0 1.0 1.2 - 6.2 8.1 7.1 6.1 3.1
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Fig. 8 IR spectra of solids obtained at 500 °C: (a) Calcined products; (b) Reduced products
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Fig. 9 XRD patterns of solids obtained at 500 °C: (a) Calcined products; (b) Reduced products

The XRD patterns of the reduced solids (Fig. 9(b))
show three peaks for the studied pH values, and each of
them is in an intermediate position between those
corresponding to the peaks of each pure metal. These
results indicate that, when calcination is performed at
500 °C, the Cu—Ni alloy is formed after the reduction
stage, independently of the pH value at which the
precursors were prepared.

By comparing Figs. 9(a) and (b), it is inferred that
almost no structural changes produce between the
samples M2-500 and M3-500 and these samples after
reduction (M2-500R and M3-500R). This supports the
previous hypothesis about the presence of a reducing

agent, since the formation of a Cu—Ni alloy is obtained
during the calcination stage.
4.2.3.3 Morphology

The SEM images of the products derived from the
reduction process (Figs. 10(a), (d) and (g)) show the
morphologies of these solids, which are similar to those
observed in Figs. 7(a), (d) and (g).

The TEM images (Figs. 10(b), (¢) and (h)) show
that the three solids are formed by spherical grains, with
a grain size distribution of 12—14 nm for M1-500R,
5—45 nm for M2-500R and 25-35 nm for M3-500R. The
grain size grows as the original solution pH value
increases.
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Fig. 10 SEM (a, d, g) and TEM (b, e, h) images and grain size distribution (c, f, i) of reduced solids: (a—c) M1-500R; (c—f) M2-500R;
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4.2.3.4 Chemical composition

Tables 5 and 6 report the values of the lattice
parameter a, the alloy composition (both obtained by
XRD), and the quantification values obtained using
EPMA, respectively. The elements in sample M1-500R
are Cu, Ni and a small amount of O coming from the
partial re-oxidation of the alloy. The elements in samples
M2-500R and M3-500R are Ni, Cu, C and O. The
presence of C is due to the fact that this element was not
completely removed during the calcination stage.

Table 5 Lattice parameter and alloy composition of reduced
solids obtained at 500 °C

Sample alA

Composition (Cu,Ni;_,)

MI1-500R  3.570 Cug 52Nig 4
M2-500R 3.561 Cuyg.4,Nig sg
M3-500R 3.563 Cuyg 44Nig 56

The experimental results indicate that a Cu—Ni solid
solution forms after the reduction of the samples calcined
at 500 °C. The increase of pH value slightly modifies the
composition of the alloys, and the Cu—Ni alloy with a
composition close to 1:1 is attained at pH value of 1.

4.3 Summary of pH value effects and calcination
temperature

The results indicate that the characteristics of
Cu—Ni nanoalloys synthesized by the citrate-gel method
depend on the initial solution pH value and the
calcination temperature.

4.3.1 Morphology
4.3.1.1 Particles

The surface morphology of the particles in the
reduced sample changes with increasing the pH value. A
flat surface is observed at low pH value, a surface with
more pores and cracks is observed at an intermediate pH
value, and a rougher surface is visible at a high pH
values. These results indicate that NHyNO; formed
during the preparation stage of the precursors, when
starting from solutions with pH values of 1.6 and 3,
accelerates the process of self-combustion.

Consequently, a larger and more rapid evolution of
gasses occurs, and an increase of the number and size of
pores is produced [17].

No morphology changes in the alloy particles are
observed in the calcination temperature range.
4.3.1.2 Grains

The geometry of grains is roughly spherical, and the
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Table 6 Chemical composition of reduced solids obtained at 500 °C (mass fraction, %)
Ttem MI1-500R M2-500R M3-500R
o Ni Cu C (0] Ni Cu C (0] Ni Cu C
No. 1 73 437  49.0 - 0.1 44.5 54.5 0.9 1.2 47.4 50.5 0.9
No. 2 49 478 473 - 0.7 49.1 48.7 1.5 4.7 40.6 44.5 10.2
No. 3 49 484 467 - 0.4 48.6 49.4 1.6 4.1 36.8 41.5 17.6
Average 57 46.6 477 - 0.7 49 48.7 1.6 33 41.6 455 9.6
Std. dev. 1.4 2.5 1.2 - 0.3 0.4 0.7 0.1 1.8 5.4 4.6 8.4

size distribution of grains is heterogeneous in all the
cases. The calcination temperature and pH value of the
initial solution do not affect these features, which
suggests that they depend on the preparation conditions
of the gel (the stirring of solution, the formation stage of
gel and the drying conditions), which are similar in all
the cases.

4.3.2 Grain size

The increase of grain size with the rise of pH value
at a calcination temperature of 500 °C can be attributed
to the fact that a solid solution forms during the
calcination stage of the solids prepared at pH values of
1.6 and 3. Consequently, a subsequent heating during
reduction can produce the increase of crystallite
size [19-21]. The production of the solid solution in the
calcination stage is a consequence of the presence of
reducing species, which are generated by the incomplete
combustion of Cu and Ni citrates.

4.3.3 Composition and structure

The differences in the composition and crystalline
structure among the alloys obtained from samples
prepared at different calcination temperatures and pH
value are attributed to the fact that the solids obtained
have a heterogeneous chemical composition. This
heterogeneity is produced because other chemical
species besides Cu and Ni, such as NH4;NO;, NigN and
carbonous residues, are present, since they are generated
during the synthesis stage of the alloys at pH values
higher than 1.

The previous studies based on the experimental
evidence and theoretical thermodynamic calculations
have made it possible to propose the following reaction
mechanism for the formation of Cu—Ni alloy [29]:

Stage 1

CuO+H,— Cu+H,0 %)
Stage 2

2Cu+NiO—>CuO~+Cu—Ni 6)

The CuO presenting in the oxide mixture is reduced
by H, according to Reaction (5). Cu diffuses towards the
unreduced NiO, and then is incorporated into the Ni
lattice to form Cu—Ni alloys. The CuO formed in stage 2
is later reduced according to Reaction (5).

The proposed mechanism is thermodynamically
supported by the value of calculated electronic energy
change (—256.0 kJ/mol), obtained for the reaction of
7Ni+7Cu—>Cu;Ni; [29]. These authors reported that the
Cu—Ni alloy with a 1:1 molar ratio formed according to
this mechanism when the mixture of Cu and Ni oxides
was homogeneous.

In the particular case of this study, the chemical
heterogeneity of the solid mixtures hinders the diffusion
of Cu formed in the first stage of the proposed
mechanism. This would explain the presence of
unreacted NiO in some of the final products, pure Cu—Ni
alloys, and Cu—Ni alloys unpurified with carbon, oxygen
and nitrogen, according to Tables 1—6.

5 Conclusions

1) Cu—Ni nano-alloys with different compositions
were prepared using precursors synthesized by the
citrate-gel method, varying the initial solution pH value
and the calcination temperature. Both the parameters
significantly affect the structural characteristics of the
alloys, their composition and grain size.

2) The calcination of the precursor prepared at pH
value of 1 at different temperatures allows the formation
of Cu and Ni oxides in all the cases. The crystallinity of
the oxide mixtures increases as the calcination
temperature increases. The reduction of these oxide
mixtures allows the formation of Cu—Ni alloys whose
composition gradually approaches molar ratio of 1:1 as
the calcination temperature increases. Thus, the alloys
have no impurities coming from carbon residues, and
show similar morphological characteristics with small
differences in grain size.

3) A Cu—Ni alloy with carbonous residues forms at
pH value of 1.6 during the reduction stage of the solid
previously calcined at 500 °C. However, the alloy is not
obtained at other calcination temperatures of 300 and
400 °C.

4) The formation of NiyN is observed in the
decomposition stage of the precursor, when the initial
solution pH value is 3. This compound is present in the
alloys formed in the reduction stage, except when the
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calcination was performed at 500 °C. The Ni content of
the alloys gradually increases when the calcination
temperature rises. The morphologies of the solids are
similar, and the size of the grains grows as the
calcination temperature increases.
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