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and Gregorio Cadenas-Pliego; gregorio.cadenas@ciqa.edu.mx

Received 18 January 2014; Accepted 28 April 2014; Published 28 May 2014

Academic Editor: Claude Estournès
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The synthesis of copper nanoparticles was studied by wet chemical methods using copper sulfate pentahydrate (CuSO
4
⋅5H
2
O) and

nitrogen ligands allylamine (AAm) and polyallylamine (PAAm) as stabilizers.The results suggest that the use of these ligands leads
to the exclusive formation ofmetallic copper nanoparticles (Cu-NPs).Theuse of partially crosslinked polyallylamine (PAAmc) leads
to nanoparticles (NPs) with low yields and high coating content, while linear PAAm leads to NPs with high yields and low coating
content.The chemical composition of the particles was determined by XRD and average particle diameters were determined by the
Debye-Scherrer equation. TGA analysis provided evidence of the content and thermal stability of the coating on the nanoparticles
and PAAm. The morphology, particle size distribution, and presence of PAAm coating were observed through TEM. The use
of AAm in the synthesis of NPs could be a good alternative to reduce costs. By using TGA, TEM, and DSC techniques, it was
determined that synthesized NPs with AAm presented a coating with similar characteristics to NPs with PAAm, suggesting that
AAm underwent polymerization during the synthesis.

1. Introduction

Since 1990, scientific and technological research on the
synthesis of inorganic nanoparticles has increased markedly
due to their interesting physical properties and potential
applications [1, 2]. This is mainly attributed because of their
small size, shape, composition, and high surface area to
volume ratio [3]. Particular attention has been given to metal
particles, especially copper particles due to the fact that they
exhibit unique physicochemical properties not seen in other
materials and differ from their mass-counterparts in proper-
ties such as catalytic [4], optical [5], electrical [6], electronic
[7], thermal [8], magnetic [9], and antimicrobial [10, 11].
Because of their attractive features nanoparticles of metallic
copper can be used in different fields at laboratory- and
industrial-scale production, for example, manufacture of
electrical and electronic devices, preparation of thin films,
high surface area catalysts in various chemical processes,

application in cancer cells treatment, additives in germicides
formulation, antibacterial materials [12, 13], additive for
lubricating oils to improve antiwear properties caused by
friction, and conductive inks and coatings [14].

Several synthetic methods for the preparation of copper
nanoparticles have been developed including thermal and
sonochemical reduction [15], metal vapor synthesis (MVS)
[16], electron beam irradiation [17], microwave irradiation
[18], reversemicelles [19], pulsed laser ablation [20], chemical
reduction in aqueous solution [21], and polyol process [22].
Most of the preparation methods have several factors that
limit their use in the synthesis ofmetal particles. For instance,
the method of metal evaporation in gas phase has a high cost
of startingmaterials and uses highly sophisticated equipment
[6]; meanwhile the synthetic route by pulsed laser ablation is
not a simple process, as it is inflexible and relatively costly
[20]. Among these synthetic strategies, the wet chemical
reduction is one of the most convenient methods because
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it has unique advantages over the other methods due to its
versatility, since water has the ability to solubilize a wide
variety of metallic salts, wherein the nanoparticles obtained
by this method have well defined shapes and sizes [3].
Compared to conventional methods, products are cheaper
and have higher purity [23], simple handling equipment is
used and completion time of synthesis is short, and it is easy
to scale up at an industrial level [6].The reducing agents com-
monly used in the wet chemical reduction synthesis include
formaldehyde [24], ascorbic acid [25], sodium hypophos-
phite [26], potassium borohydride and sodium [6, 27], and
hydrazine hydrate [28]. However, some reducing agents
are toxic and expensive, many of which have poor reductive
capacity and can also introduce impurities to the process [6].

Unlike noble metals such as gold (Au) and silver (Ag),
copper metal particles can not be obtained from the simple
reduction of precursor salts in aqueous solution, since cupric
oxide (CuO) and cuprous oxide (Cu

2
O) could be generated

during the process due to the presence of a large amount
of water molecules. To protect copper nanoparticles against
chemical oxidation during preparation and storage, some-
times the synthesis takes place in a nonaqueous medium
using a low concentration of precursor and generally under
inert atmospheres of Ar or N

2
[29]. Occasionally, the above is

not sufficient to prevent the oxidation of copper nanoparticles
since their surface is very reactive. This makes necessary
the use of stabilizers or agents such as water-soluble coating
polymers, surfactants, or coordination ligands that have
functional groups that can form complexes with copper ions
present in the medium [3]. Compounds which are frequently
used to meet the above include surfactants tetraethylenepen-
tamine [30], cetyltrimethylammoniumbromide (CTAB) [31],
tetraoctylammoniumbromide [32], and polyelectrolytes such
as polyethyleneimine (PEI) [33], polyethylene glycols (PEG)
[34], polyvinylpyrrolidone (PVP) [35], polyetheretherketone
(PEEK) [36], and polyallylamine (PAAm) [37]. These mate-
rials can act as surface protectors, have the function of con-
trolling size, size distribution, and shape of particles, and also
prevent agglomeration thereof.

Here, we report the synthesis of copper nanoparti-
cles using hydrazine hydrate (N

2
H
4
⋅H
2
O) as a reducing

agent, allylamine (AAm), linear polyallylamine (PAAm), and
partially crosslinked polyallylamine (PAAmc) as stabilizing
nitrogen agents. The synthesis was performed using different
ratios of nitrogen ligands and using a constant concentration
of NaOH and N

2
H
4
⋅H
2
O.

2. Experimental

2.1. Materials and Reagents. Copper(II) sulfate pentahy-
drate (CuSO

4
⋅5H
2
O), hydrazine hydrate solution (50–60%),

poly(allylamine) solution (PAAm) (Mw ∼ 17 000, 20wt%
aqueous solution), and sodium hydroxide (98.8%) were
obtained from Sigma-Aldrich and were used without pre-
vious purification. PAAmc was obtained by PAAm’s warm-
ing at 40∘C for two months. The moles of PAAm were
calculated by the molecular weight of the repeating unit
[CH
2
–CH(CH

2
NH
2
)] of 57 g/mol. Different molar ratios of

nitrogen ligands/CuSO
4
⋅5H
2
Owere used.The reactions with

PAAmc used higher H
2
O/CuSO

4
⋅5H
2
O molar ratios due to

the lower solubility of the ligand in H
2
O.

2.2. Synthesis of Copper Nanoparticles. The synthesis of cop-
per nanoparticles was performed using wet chemical reduc-
tion in atmospheric air; the following procedure describes
the synthesis of NPs R4. In a flat bottom flask CuSO

4
⋅5H
2
O

(0.5 g, 2.0mmol) was added, which was dissolved in 30mL of
distilledwater undermagnetic stirring for 10minutes at 60∘C.
Then 0.065 g of PAAm was dissolved in 10mL of distilled
water and then added in a dropwise manner and stirred for
10 minutes. Subsequently, 33mL of NaOH (0.5M) was added
dropwise and allowed to react for 30 minutes followed by the
addition of 2.4mL (76.9mmol) of hydrazine. The reaction
mixture was maintained at 60∘C with constant stirring. The
nanoparticles were recovered by centrifugation at 15,000 rpm
and 25∘C; solids were washed two times with distilled water
and one time with ethanol. Final product was dried at 60∘C
for 2 hours; the NPs R4 were obtained as a black powder
(0.0952 g, 75%).

The yields were determined by the following equation:

Yield% = [
Experimental yield
Theoretical yield

] × 100, (1)

theoretical yield = [(g, CuSO
4
⋅5H
2
O)/(Molecular weight,

CuSO
4
⋅5H
2
O)] × [(63.5 g Cu)/(1mol Cu)], experimental

yield = (g, Sample R1–R4)(% Cu)/100; % Cu = 100 − % loss
mass at ≤600∘C (Figure 6).

2.3. Characterization Techniques. X-ray diffraction (XRD)
technique was employed in order to know the oxidation state
and chemical stability of the synthesized copper nanopar-
ticles on a Siemens D-5000 diffractometer with a scanning
interval in the 2𝜃 range of 30 to 80∘ with a scan speed of
0.02∘/s; the radiation employed was copper K𝛼 with a wave-
length of 1.54056 Å; values of 25mA and 35 kV were used
for intensity and voltage, respectively. The average particle
diameter was determined from the XRD diffractograms of
each sample based on the Debye-Scherrer equation taking
the most intense peak for calculation [38, 39]. Transmission
electron microscopy (TEM) was used in order to observe
the morphology and particle size distribution of the copper
samples on a FEI Titan high-resolution electron microscope
operating at 300 kV.

Thermogravimetric analysis (TGA) was employed to
analyze the thermal behavior of Cu particles and the thermal
stability of coating using a DuPont Instruments 951 analyzer.
Operating conditions were a heating rate of 10∘C/min. and
air atmosphere with a gas flow of 50mL/min.The runs of the
samples were carried out from 30∘C to 600∘C in N

2
atmo-

sphere. Once 600∘Cwas reachedN
2
atmosphere was changed

for O
2
.

Differential scanning calorimetry analyses (DSC) were
performed on a modulated TA Instrument 2920, at a heating
rate of 10∘C/min on a temperature range from −40 to 160∘C.
Through a second heating cycle the thermal and mechanical
history of the samples was eliminated.



Journal of Nanomaterials 3

Table 1: Results of the synthesis of copper nanoparticles by wet chemical reduction method.

Sample PAAm/Cu AAm/Cu Chemical composition Average diameter (nm) Yield (%) Ligand (%)
R1∗ 2.00 0.0 Cu 13.0 52.0 30.3
R2 0.0 97.0 Cu 30.0 36.0 5.6
R3 0.11 0.0 Cu 24.0 86.0 3.2
R4 0.46 0.0 Cu 19.0 75.0 5.1
Molar ratios of reagents in the synthesis of copper nanoparticles using a N2H4/Cumolar ratio of 38.0 and a NaOH/Cumolar ratio of 8.0. ∗Partially crosslinked
PAAm.

3. Results and Discussion

3.1. Effect of Nitrogen Ligands PAAmandAAmon the Synthesis
of Copper Nanoparticles. Table 1 presents the results obtained
in the synthesis of nanoparticles obtained by wet chemical
reduction method and Figure 1 shows the XRD diffrac-
tograms of copper nanoparticles identified as R1, R3, and R4
and synthesized under different PAAm/Cumolar ratios: 2.00,
0.11, and 0.46, respectively. Diffractogram of nanoparticles
obtained using AAm (R2) is also shown. In Figure 1, it
can be seen that all particles synthesized using nitrogen
ligands exhibit three reflections located at 2𝜃 = 43.4, 50.5,
and 74.0∘, attributed to the (111), (200), and (220) crystal
planes, respectively, belonging to pure copper with face-
centered cubic symmetry (FCC) [40, 41] and corresponding
to the diffraction pattern of metallic copper (JCPDS number
04-0836) [42], as shown at the bottom of this figure. In the
case of diffractogram R1, besides the signals described above,
some small signs located at 2𝜃 = 35.9 and 38.6∘ (shown in the
black dashed circle on the diffractogram) are presented; this
suggests the start of an oxidative process.The yields obtained
when PAAm was employed as a ligand, R3 and R4, were 86%
and 75%, respectively.The use of PAAmc (R1) and AAm (R2)
led to lower yields of 52% and 36%, respectively. The per-
centage of ligand or particle coating was higher when using
PAAmc (30.3%). The use of PAAm and AAm led to low per-
centage of coating and the use of AAm ligand led to a higher
percentage of nanoparticle coating despite having a much
lower molecular weight than linear PAAm (see Table 1).

The particle diameter (𝐷) for the indicated samples
was determined by the Debye-Scherrer equation [38, 39] as
follows:

𝐷 =

0.94𝜆

𝛽 cos 𝜃
, (2)

where 𝜆 is the copper wavelength (1.54056 Å), 𝜃 is the
Bragg diffraction angle, and 𝛽 is the half-width of the most
intense diffraction peak. The average diameter calculated for
the synthesized nanoparticles is shown in Table 1. Particles
obtained with AAm (R2) showed the larger particle diameter
of 30 nm; this suggests that polymeric ligands promote the
formation of small particles and is more evident when using
PAAmc (R1), as the average diameter of these particles was
13 nm.

In order to observe the morphology and particle size dis-
tribution each sample was analyzed by TEM. Figure 2 shows
a TEMmicrograph of particles R1.The presence of monodis-
persed spherical particles embedded within the matrix of
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Figure 1: XRD diffractograms of copper nanoparticles synthesized
by chemical reduction with different PAAm or AAm/Cu molar
ratios.

polymeric ligand PAAmc was observed.The particle size dis-
tribution of this sample based on the count of ∼220 particles
is shown at the upper left side of the histogram in Figure 2.
In this figure, a size distribution was observed with relatively
close interval sizes ranking between 0.5 and 11 nm with an
average diameter of 3.9 nm, which was slightly lower than the
one calculated with the X-rays through the Debye-Scherrer
equation with a value of 13.0 nm (see Table 1).

The synthesis of nanoparticles using AAm, identified as
R2, was also analyzed by TEM (Figure 3). This micrograph
illustrates a set of nanoparticles embedded in a mass of
nitrogen ligand; its appearance is very similar to the coating
present in the micrograph of Figure 2, corresponding to
PAAmc.The particles, which form part of the polymer mass,
present spherical and semispherical morphologies and are
relatively scattered. According to the histogram of particle
size distribution shown in Figure 3, a closed behavior is
experimented with sizes within the range of 1 to 19 nm with
an average diameter of 6.0 nm. TEM analysis confirmed that
theAAm ligandused in the synthesis of particles polymerized
during the oxidation and reduction processes of the reaction.
The coating of nanoparticles (Figure 3) is very similar to
that observed coating when PAAmc was used (Figure 2); this
suggests that the PAAm synthesized in situ may also have
a certain degree of crosslinking. As previously mentioned,
TGA analysis also gave evidence of the presence of PAAmas a
coating in particles R2. In order to obtain further evidence,
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Figure 2: TEMmicrograph of copper nanoparticles R1 synthesized by chemical reduction with a PAAm/Cu molar ratio of 2.00.

the particles were analyzed by differential scanning calorime-
try (DSC). The thermogram presented a transition glass at
25∘C, which may correspond to PAAm ligand. This value is
higher than that reported in PAAm (𝑇

𝑔
= −6

∘C) and is
explained by the coordination of amino groups to copperNPs
and possible crosslinking of PAAm.

Particles synthesized with a PAAm/Cu molar ratio of 0.11
and labeled as R3 are shown in the TEM micrograph of
Figure 4. In this micrograph, the following can be observed:
individual copper particles with sizes in the range of 20 to
110 nm approximately and hemispherical and hexagonalmor-
phologies, as well as polycrystalline aggregates of nanoparti-
cles with sizes between 100 and 200 nm and subparticles with
diameters of approximately 20 to 50 nm and hemispherical
shapes. The particle size obtained by the Debye-Scherrer
equation for this sample was 24 nm (see Table 1), which lies
within the range measured by TEM.

Figure 5 shows a TEMmicrograph of the particles synthe-
sized with a PAAm/Cu molar ratio of 0.46 and identified as
R4. The micrograph shows (bottom left side) isolated parti-
cles with sizes between 20 and 30 nm, where it can be noticed
that these particles agglomerate forming larger particles with
hemispheric morphologies. The presence of subparticles can
also be observed (pointed arrow) and the histogram shows
the particle size distribution with an average diameter of
55 nm (upper left side). The particle size determined by the

Debye-Scherrer equation was 19.0 nm (Table 1) and is within
the range observed by TEM. The black arrow points out the
enlargement of a polycrystalline aggregate of nanoparticles
whose surface is wrapped by a thin layer of PAAm with a
thickness of about 5 nm, acting as a surface coating.

Determination of average particle diameter by XRD
and TEM leads to different results. The differences can be
explained in terms of (1) morphologies and sizes of the
agglomerates, (2) basic operating principles of the instru-
ments, (3) sample preparation of each analysis, and (4) limi-
tations of each instrument [43]. When the particles are delin-
eated by a well defined boundary and the particle size distri-
bution is narrow, a good correspondence between XRD and
TEM is observed.

The weight percentages of copper nanoparticles, ligand,
and volatiles were determined by TGA analysis in each of
the particles synthesized R1–R4 (Figure 6). The results of the
thermograms are shown in Table 2. The maximum degra-
dation temperatures of R1–R4 were determined by the first
derivative TGA (dTGA) curves (not shown in Figure 6) and
were compared with the neat PAAm thermogram.

The thermogram of neat PAAm shows three weight-loss
events; the first event is located in a temperature range of ∼30
to 200∘C and is attributed to water evaporation. The second
loss is between temperatures of ∼200 and 494∘C; the temper-
ature where significant weight loss of ligand is most apparent
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Figure 3: TEMmicrograph of copper nanoparticles R2 synthesized by chemical reduction with a AAm/Cu molar ratio of 97.0.

Figure 4: TEMmicrograph of copper nanoparticles R3 synthesized
by chemical reduction with a PAAm/Cu molar ratio of 0.11.

is known as maximum degradation temperature and in the
case of PAAm was 440∘C. This value is very close to that
reported in the literature [44, 45]. The third and final stage of
material loss is between 600∘C and 620∘C and is assigned to
the degradation of pyrolytic carbon from the polymer ligand
due to the entrance of an oxygen source. The formation and

thermal degradation of this type of coal have been reported
in previous work [46].

The thermograms of R1–R4 presented a weight-loss pat-
tern similar to that observed in neat PAAm. From 30∘C to
200∘C a weight loss assigned to volatile water and ethanol
can be appreciated (Figure 6). In the case of particles R1 the
value was 9.5% and was greater than the value presented in
particles R2–R4 (Table 2); this is attributed to the higher
solvent retention of partially crosslinked PAAm. The second
loss of organic material occurs between 200 and 600∘C and
is assigned to the degradation of nitrogen ligand. The peak
decomposition temperature of particles R1 is very similar to
that presented by neat PAAm; a similar situation is observed
in R3 and R4. Nanoparticles R2 presented a peak decom-
position temperature of 354∘C; this temperature is 86∘C
lower than that observed in all the samples where PAAmwas
used for the synthesis; this suggests that during the synthesis
of particles R2 the AAm ligand polymerized forming PAAm
with low molecular weight and probably with a different
structure to the linear. After 600∘C R1 presented a similar
behavior to PAAm while particles R2–R4 showed a weight
gain; this is attributed to the oxidation of coppermetal caused
by the flow of oxygen to which it was subjected.
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Figure 5: TEMmicrograph of copper nanoparticles R4 synthesized through chemical reduction with a PAAm/Cu molar ratio of 0.46.
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Table 2: TGA results of copper nanoparticles obtained with ligands PAAm and AAm.

Sample PAAm/Cu Cu (%)∗∗ Ligand (%) Solvent (%) Maximum degradation temperature (∘C)
PAAm 0.0 0.0 86.0 14.0 ∼440.0
R1 2.00 60.2 30.3 9.5 ∼428.0
R2∗ 0.0 93.2 5.6 1.2 ∼354.0
R3 0.11 95.4 3.2 1.4 ∼440.3
R4 0.46 93.1 5.1 1.8 ∼441.1
∗Obtained with AAm ligand, ∗∗%Cu = 100 − % loss mass at ≤600∘C.
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The Cu percentage in nanoparticles R2–R4 was greater
than 90%while for R1 it was 60.2%.This value is attributed to
the lower coordination ability of partially crosslinked PAAm
used during the synthesis. Particles R1 presented 30.3% of
nitrogen ligand, a higher value than R2–R4 (Table 2). It is
clear that crosslinking reduces the coordination of the amino
groups but promotes retention of water and ethanol.

The use of AAm ligand during the synthesis of nanopar-
ticles R2 could be a good alternative to reduce the costs of the
synthetic method due to the fact that the price of AAm is less
than PAAm. Although the yield in R2 was low, the optimiza-
tion of the synthesis using AAm could be of academic and
industrial interest. In addition, the synthesis of nanoparticles
in the presence of a mixture of PAAm and AAm could be of
interest. These studies are currently underway in our group
and will be published in the near future.

4. Conclusions

Synthesis of metallic copper particles was achieved using
nitrogen ligands AAm and PAAm, leading to metallic copper
nanoparticles free of oxidized copper nanoparticles. The
average particle diameters determined by XRD were lower
than 31 nm. The use of PAAm promotes the synthesis of
particles with lowpercentage of coating and high yields, while
the use of partially crosslinked PAAm favours the preparation
of nanoparticles with high percentage of coating and moder-
ate yields.Theuse ofAAm in the synthesis of copper nanopar-
ticles does not have a significant effect on the particle size;
however, it may affect the yield. The TGA, DSC, and TEM
analyses of nanoparticles R2 using AAm suggest the in situ
formation of PAAm.
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