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Abstract Microwave heating was applied to synthe-
size copper colloidal nanoparticles by a polyol method
that exploits the chelating and reducing power of a
polidentate alcohol (diethylenglycol). The synthesis
was carried out in the presence of eco-friendly
additives such as ascorbic acid (reducing agent) and
polyvinylpirrolidone (chelating polymer) to improve
the reduction kinetics and sols stability. Prepared
suspensions, obtained with very high reaction yield,
were stable for months in spite of the high metal
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concentration. In order to optimize suspensions, syn-
thesis parameters were modified and the effects on
particle size, optical properties, and reaction yield were
investigated. XRD analysis, scanning transmission
electron microscopy (STEM), and DLS measurements
confirmed that prepared sols consist of crystalline
metallic copper with a diameter ranging from 45 to
130 nm. Surface plasmon resonance (SPR) of Cu
nanoparticles was monitored by UV-Vis spectroscopy
and showed both a red shift and a band weakening due
to nanoparticle diameter increase. Microwave use
provides rapid, uniform heating of reagents and
solvent, while accelerating the reduction of metal
precursors and the nucleation of metal clusters, result-
ing in monodispersed nanostructures. The proposed
microwave-assisted synthesis, also usable in large-
scale continuous production, makes process intensifi-
cation possible.

Keywords Copper - Nanoparticles -
Colloid - Polyol synthesis - Microwave

Introduction

In recent years, great interest has been devoted to the
synthesis of metal nanoparticles in order to explore
their special properties and potential applications. It
is mainly noble metals, due to their optical, catalytic,
and thermal properties, that are being exploited
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(Lu et al. 2009; Zheng et al. 2007; Dotzauer et al.
2009; Singh and Raykar 2008) despite their costli-
ness. Among them, copper nanoparticles represent an
ideal compromise between cost and interesting prop-
erties, becoming an industrially important material.
In fact, they are widely studied for applications in
different fields, such as optical (Tanabe 2007) and
magnetic devices (Gritaonandia et al. 2008), in
catalysis (Son et al. 2004; Sarkar et al. 2008; Haq
and Raval 2007), environmental remediation (Liu
et al. 2007), as antibacterial agents (Kim et al.
2006a), or in heat exchangers (Liu et al. 2006; Nada
et al. 2008). In fact, an innovative technique for
improving heat transfer entails using ultra-fine solid
particles dispersed in the base fluids; nanoparticles
prevent the sedimentation.

Moreover, copper nanoparticles in the colloidal
form, i.e., nanofluids, have many new applications
and advantages. For example, due to their extraor-
dinary thermal conductivity, they have recently
proved to be of great interest as better coolants
than conventional particles (microscale), as they
avoid any increase in pressure drop in the flow field
(Daungthongsuk and Wongwises 2007). Further-
more, copper nanofluids are also being studied as
an antifriction liquid in motor oil that permits less
wear among motor metal components (Yu et al.
2008), although the lubricating power could be
assured only by a perfect particle dispersion. A key
point is the availability of nanoparticles in the
colloidal form, which are technologically highly
significant, because they improve the industrial
scale-up process, by permitting the use of continu-
ous flow systems and guaranteeing the safety of
work environments.

For the preparation of copper nanoparticles, sev-
eral synthesis routes have been described, such as
precipitation (Zhu et al. 2004a), thermal decomposi-
tion (Kim et al. 2006b), microemulsion (Lisiecki and
Pileni 1993), surfactants solution (Wu and Chen
2004), reduction in alcoholic medium (Nakamura
et al. 2007; Park et al. 2007), microwave-assisted
techniques (Nakamura et al. 2007; Zhu et al. 2005),
and vacuum vapor deposition (Liu and Bando 2003).
However, most articles involve the precipitation of
solids (Cha et al. 2006; Zhao et al. 2004; Zhu et al.
2004b, 2005; Fievet et al. 1993; Wu et al. 2006; Sun
et al. 2005; Yang et al. 2006). Only a few reports
have focused on the achievement of stable
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nanosuspensions (Huang et al. 1997; Sidorov et al.
1999) and, even if a small number deal with high
solid content, essential for large-scale production
(Wu and Chen 2004; Ren et al. 2005; Kobayashi et al.
2009), no environment-friendly reagents are used.

The one-step synthesis approach is particularly
important for obtaining suspensions involving parti-
cle nucleation directly into the fluid, while avoiding
particle separation and re-dispersion steps; it also
ensures a better control over particle dispersion and
size. The fact of dealing constantly with suspensions
represents an essential process goal for the develop-
ment of large-scale production.

Among the one-step synthesis methods, polyol-
mediated synthesis, developed to prepare nanosized
metal and alloy particles, allows an accurate and
reproducible control of the mean diameter of the
particles in a broad size range and the mixing of the
reactants at the molecular level (Fievet 2000). In this
procedure, “polyol” stands for polyalcohols with a
high boiling temperature, which are able to dissolve
inorganic salts. For metal nanoparticle preparation,
the polyol method was applied because of its
moderate reducing properties and also for its chelat-
ing effect which avoids the agglomeration of particles
during the synthesis. Preparation of mono- or poly-
metallic particles of cobalt, nickel, copper, and noble
metals in the submicrometer and nanometer size
range has been reported (Viau et al. 2001; Chakroune
et al. 2003; Wang et al. 2006; Zhu et al. 2004b).
Recently, this method has received considerable
attention because of its simplicity and the advantage,
over most other methods, of preparing high-purity
metals, oxides, and a variety of other materials
(Feldmann and Jungk 2001; Feldmann and Jungk
2002; Hammarberg et al. 2009).

A novel microwave-assisted polyol synthesis of
copper nanosuspensions is described here: this
method has been developed by evaluating the influ-
ence of different synthesis parameters on the suspen-
sion features, while focusing particularly on the
process aspects, which are essential for the scale-up
to a continuous microwave flow system, suitable for
large-scale production. Since suspension stability—
although rarely dealt with by the literature on copper
nanoparticles—represents a key point for the indus-
trial scale-up, we aim to obtain stable Cu nanosus-
pensions, also by improving the colloidal stability
over time.
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All the chemical reagents used in this experiment
were analytical grade (Sigma-Aldrich).

The typical synthesis procedure is illustrated in
Scheme 1. First, the chelating agent (polyvinylpirr-
olidone, PVP K30, Mw 55000) was completely
dissolved in 105 mL of diethyleglycol (DEG), and
this solution was heated to the synthesis temperature
in a microwave oven under magnetic stirring. Once
the synthesis temperature was reached, two DEG

Table 1 Synthesis conditions for the preparation of Cu particles

solutions, containing the proper quantities of either
the reducing agent (35 mL of C¢HgOg solution) or the
metal precursor (20 mL of Cu(ac),-H,O solution),
were added to the hot PVP solution; the reducing
agent solution was poured first, followed by the metal
ion solution a few minutes later.

After Cu(ac), addition, the green solution turned
dark red, thus indicating the immediate nucleation of
metallic copper particles. The PVP amount was kept
for all samples at a molar ratio of 5 between PVP
repetitive units and metal, while, to study the influence
of temperature, the heat treatment was performed in
the 60—170 °C temperature range. Particular attention
was paid to the study of the ascorbic acid and copper
acetate addition into the initial PVP solution, because
process parameters such as addition order and tem-
perature proved to be key points for the industrial
scale-up. In particular, the effect of both the order and
the temperature at which the reagents (ascorbic acid
and copper acetate) were added into the solution,
before or after heating started, was carefully evaluated.
The synthesis conditions used for producing the
different Cu particles are summarized in Table 1. All
the obtained suspensions did not evidence any precip-
itation until several weeks later.

In addition, in order to evidence the effect of
microwave irradiation on the formation of copper
nanoparticles, some syntheses were carried out under
the same reaction conditions (samples H-t and H2-t),

Sample T (°C) [Cu®*] (mM) [Cu] (%wt) S¢ @DLS (nm) SD (nm) PDI Reaction
yield (%)

A 200 16.6 0.09 \ 154 +6 0.20 94

B 170 16.6 0.09 2.5 133 +5 0.08 100

Reducing agent effect

C 170 332 0.18 1 238 +8 0.11 95

D 170 332 0.18 2.5 130 +5 0.06 100

E 170 332 0.18 5 155 +2 0.10 100

F 170 332 0.18 15 176 +4 0.10 100

D2 170 332 0.18 2.5 215 +15 0.20 -

Temperature effect

G 140 16.6 0.09 2.5 105 +2 0.06 100

H 100 16.6 0.09 2.5 90 +2 0.03 100

I 60 16.6 0.09 2.5 111 +4 0.07 100

For each sample the ratio [nPVP/nCu(ac),] was kept at 5. Time synthesis is 10 min except for sample A synthesized for 50 min.
Sample D2 was synthesized as sample D, but exchanging the injection order of the reagents (C¢gHgOg and Cu(ac),)

% Ascorbic acid to metal ion molar ratio
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Fig. 1 Temperature and output power profile during micro-
wave heating to 100 °C

but using conventional laboratory heating systems
(without using microwave irradiation).

Apparatus

The microwave system used is a Milestone MicroS-
YNTHplus, whose reaction chamber is fitted with
magnetic stirring, reflux system, and an optical fiber
temperature controller. The microwave power is
generated by 2 x 800 W magnetrons, with frequency
2.45 GHz. In order to respect the scheduled heating
ramps, the power is continuously supplied and
automatically modulated by a software program; for
each ramp only the maximum deliverable power can
be imposed. The power is automatically changed by
the instrument in order to follow the temperature
profile; Fig. 1 shows a typical temperature and output
power profile for a reaction at 100 °C.

Analytical characterization

Copper nanosuspensions were characterized by opti-
cal spectroscopy (UV—Vis), dynamic light scattering
(DLS), X-ray diffraction (XRD), inductively coupled
plasma-atomic emission spectrometry (ICP-AES),
and scanning transmission electron microscopy
(STEM).

UV-Vis extinction spectra were measured with a
Lambda 35 spectrophotometer (Perkin Elmer, UK),
using a quartz cuvette as sample-holder. Samples
were prepared by diluting the as-prepared colloidal
suspension with DEG in order to have the same metal
concentration for every sample.

Particle size distribution, based on hydrodynamic
diameter, was evaluated by a nanometric particle size
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analyzer, Zetasizer Nano S (Malvern Instruments,
UK); scattering data were recorded at 25 + 1 °C in
backscattering modus at a scattering angle of
20 = 173°. Before measurement, samples were prop-
erly diluted with DEG. Each result corresponds to the
average of five measurements, and each measurement
is averaged within 15 performed analyses. Hydrody-
namic diameter includes the coordination sphere and
the species adsorbed on the particle surface such as
stabilizers, surfactants, and so forth. DLS analysis
provides also a polydispersion index (PDI), ranging
from O to 1, to quantify the colloidal dispersion
degree; for PDI lower than 0.2 samples may be
considered monodispersed. Prepared samples show a
narrow, Gaussian-type particle size distribution (PDI
<0.2).

Diffraction patterns were collected on the synthe-
sized samples dripped onto a glass slide and dried at
100 °C in air atmosphere for 2 h. Analyses were
performed by a D500 diffractometer (Siemens, Ger-
many) operating with Ni-filtered Cu Ko radiation
(35-52° 20 range, 0.02 s™', 3 s time-per-step).

Unreacted metal cations were detected by ICP-
AES in order to determine the reaction yield. Samples
were prepared as follows: 50 mL of synthesized
colloid was poured into a semi-permeable osmotic
membrane (Visking tube), which was submerged in a
de-ionized water bath. Osmotic pressure caused the
exchange of unreacted cations into the external water
and the water entry into the tube. After 1 h, the
equilibrium was attained and the external liquid
underwent ICP (Liberty 200, Varian, Australia)
quantitative analyses (Cu line 324.754 A, plasma
power 1.20 kW, plasma flow 15 L min~', sample
pump rate 15 rpm).

Particles were observed under a field emission
scanning electron microscope (FESEM, Supra 40,
Zeiss, Germany) equipped with an electron detector
unit working in a transmission mode (GEMINI®
multi mode STEM detection system, Zeiss, Germany)
that provides images, similar to TEM analysis,
collected at 20 kV. Specimens were prepared by
dropping the colloidal suspensions, previously diluted
in water (1:300), onto a metal grid coated with a
polymer film. Drops were evaporated at room tem-
perature in ambient atmosphere. Average particle
size, standard deviation, and percentage shown in the
histogram were calculated on more than 100 parti-
cles, by analyzing different images.
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Table 2 Samples synthesized at 100 °C by changing the reagents injection temperature: 100 °C (after heating ramp) and 25 °C

(before heating ramp)

Sample Reagents injection DLS (nm) SD (nm) PDI Instability index
temperature (°C) (Anm/day)

H 100 90 +2 0.07 9

H2 25 84 +1 0.08 0

H-t 100 85 +2 0.17 3

H2-t 25 130 +3 0.12 1

Samples H-t and H2-t were prepared using a traditional heating system

Results and discussion

Stable copper nanosuspensions were synthesized by a
microwave-assisted polyol route and, in order to
improve the system, both synthesis and process
parameters were evaluated. Table 1 lists the samples
prepared by varying synthesis parameters (metal ion
concentration, reducing agent amount, and synthesis
temperature), while Table 2 reports the samples
obtained by changing some process parameters, such
as the reagents’ injection temperature or heating
mode. Sample A was prepared via polyol-mediated
route as reported by Zhao et al. (2004), but adding
PVP as chelating agent and replacing ethylenglycol
(EG) with diethylenglycol (DEG). In fact DEG, due
to its molecular structure, provides a better chelating
action, and its higher boiling point (245 °C) makes it
possible to avoid an excessive bubble formation.

In this first reaction, the synthesis was carried out
by dissolving the metal salt, copper acetate, in DEG;
then, in order to maximize the reducing power of
DEG, the mixture was rapidly heated to 200 °C by
microwave irradiation. After 50 min the precipitation
of the metal occurred. During this step, the surface of
the growing particles was complexed by DEG as a
chelating agent, thus preventing particle growth and
aggregation. However, in order to further improve the
colloidal stability, PVP was also added.

Figure 2a shows the different steps in the Cu®"
reduction during this synthesis. These phases are
clearly observed, due to the slow reaction rate. At
first, the precursor solution was green in color, a
typical feature of copper acetate, with a weak UV-
Vis absorption peak at 725 nm; then, after 30 min, a
peak appeared at 450 nm (Fig. 2b), corresponding to
the formation of the yellow intermediate state, Cu,O
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Fig. 2 a Color changes indicating the reaction advancement.
b UV-Vis absorbance spectra corresponding to different
reaction stages; SPR bands of Cu® and of Cu,O are indicated
by the arrows. ¢ Enlargement of the part of spectra corre-
sponding to the peak of Cu,O in the sample collected at 40 min
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(Zhao et al. 2004). Lastly, some intermediate states
corresponding to a mixture of metal and oxide were
detected, and after 50 min the suspensions acquired
the characteristic red copper color and the extinction
spectrum typical of copper nanoparticles (Lisiecki
et al. 1996; Yeh et al. 1999; Creighton and Eadont
1991) was detected at approximately 590 nm (Khan-
na et al. 2009).

Reducing agent influence

The preparation of sample A presented a series of
disadvantages, such as the high temperature (200 °C)
needed to guarantee the right polyol reducing power,
together with a very long reaction time (50 min);
therefore, the following syntheses were performed by
adding ascorbic acid as the reducing agent, in order to
increase the reducing rate at lower temperatures also.
The first test (sample B) indicated that the introduc-
tion of the reducing agent was fundamental for
improving the reaction. In fact, thanks to the fast
reduction induced by ascorbic acid, the synthesis
temperature dropped from 200 to 170 °C, and the
reaction time from 50 to 10 min, thus resulting in a
decrease both in the particle size, from 154 to 133 nm
(Table 1), and in the PDI, from 0.2 to 0.08. Further-
more, while sample A after 2 weeks exhibited the
formation of precipitate and a solution color shift
from red to blue-greenish (typical of Cu®' cation),
sample B showed a colloidal stability of about
2 months, without any color change. In fact, ascorbic
acid, providing an antioxidant effect (Wu et al. 2000),
also improved the colloidal stability. This key role of
the ascorbic acid addition can be explained by the
fact that the precursor reduction rate is strictly linked
to the following metal nanoparticle nucleation and
growth processes. The introduction of ascorbic acid
greatly increases the reduction rate, by inducing a
rapid and massive nucleation and leading to small
particle dimensions and homogeneous particle size
distribution.

On the basis of these results, the amount of
reducing agent, expressed as ascorbic acid to metal
molar ratio (§), was optimized. Table 1 lists the
samples prepared at 170 °C for different S values; it
can be seen that for the two concentrations used (16.6
and 33.2 mM) both particle size and PDI decreased
for § = 2.5, corresponding to a dynamic equilibrium
between reduction, nucleation, and growth, as
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Fig. 3 Nucleation and growth schemes: a nucleation speed too
high, multistep nucleation, b nucleation speed too low,
¢ optimized experimental conditions: nucleation and growth
equilibrium

described by the scheme (Fig. 3) inspired by LaMer’s
theory on particle nucleation (LaMer and Dinegar
1950). In fact, if the reduction rate is too slow, such
as in sample A, free of ascorbic acid, or sample C,
with a sub-stoichiometric S value, only a few nuclei
are generated and the growth step is enhanced,
resulting in a particle size increase (Fig. 3b). Like-
wise, particle dimensions also increase if the reduc-
tion rate is too fast, as in sample F, which shows a
large ascorbic acid excess, because numerous nuclei
are formed and nucleation occurs in both multiple-
step dissolution and crystallization phenomena
(Fig. 3a).

The reaction yields were very high for all samples
(Table 1); nevertheless, the reaction completion was
achieved only for samples with an § ratio higher than
2.5, even at the lowest synthesis temperature (sample I).
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Reaction yield represents a key point for large-scale
production in order to both optimize the process and
know the actual suspension solid content.

Influence of synthesis temperature

The role of temperature on nucleation and growth
phenomena was investigated by synthesis at temper-
atures ranging from 60 to 170 °C, while keeping the
copper concentration (16.6 mM) and ascorbic acid to
metal ion ratio (2.5) constant (Table 1).

On the basis of DLS, sample H (Fig. 4), synthe-
sized at 100 °C, shows the smallest particle diameter,
because at this temperature a dynamic equilibrium
between nucleation and growth was reached
(Fig. 3c). Otherwise, low synthesis temperatures
drove the system toward a situation of poor nuclei
formation, followed by a progressive and constant
growth (Fig. 3b), while higher temperatures induced
a strong nucleation that developed through a multi-
step process with a subsequent excessive particle
growth (Fig. 3a).

The optical spectra of copper samples, achieved at
different synthesis temperatures, exhibit a strong
absorption in the visible region, called surface
plasmon resonance (SPR). Surface plasmons (SPs)
are charge-density oscillations confined to metal
nanoparticles. The excitation of SP by an electric
field at an incident wavelength, where resonance
occurs, results in strong light scattering, the appear-
ance of intense SP absorption bands, and the
enhancement of local electromagnetic fields. The

140

B
130

120

DLS size (nm)
3

60 80 100 120 140 160 180
Temperature (°C)

Fig. 4 Particle size (by DLS) of samples achieved with
different synthesis temperatures. Time reaction 10 min, con-
centrations of metal ions: 16.6 mM, [nPVP/nCu2+] =5 and
[I’lC(,HgOs/ﬂCll(%lC)z] =25

Wavelength (nm)

Fig. 5 UV-Vis spectra of samples obtained at different
synthesis temperatures: B (170 °C), G (140 °C), H (100 °C),
I (60 °C)

frequency (i.e., absorption maxima or color) and
intensity of SPR absorption bands are characteristic
of the type of material and are highly sensitive to the
size and shape of the nanostructures as well as to their
surrounding environments (Hutter and Fendler 2004;
Lisiecki et al. 1996; Kreibig and Genzel 1985). In
Fig. 5 it can be seen that a more intense and narrower
band characterizes samples H and I, which have small
particle dimensions. In fact, SPR, which is typical of
metal nanosized particles, is suppressed for larger
particles, because they become more similar to the
bulk state (Yeh et al. 1999; Wu et al. 2006; Slistan-
Grijalvaa et al. 2005). However, SPR does not occur
with very small particles, ones with a diameter below
4 nm, since the intensity of their optical band
becomes low (Lisiecki and Pileni 1993; Lisiecki
et al. 1996; Khanna et al. 2009).

XRD analysis showed that no oxide or organome-
tallic compounds were formed and, even at the lowest
synthesis temperature (60 °C), only metallic copper
is obtained (Fig. 6a). This pattern showed peaks at
43.3 and at 50.5° 20, which were attributed to those
of face-centered cubic metal copper (JCPDS card no.
4-0836).

Influence of the way of reagents addition

Reagent addition order

Synthesis was performed by adding the metal
precursor after the reducing agent, because it was

supposed that by pouring the metal salt in a strong
reducing ambient a faster and more massive
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Fig. 6 XRD analysis: a sample I synthesized at 60 °C,
b sample H2 (aged 2 months)

nucleation would be fostered, thus avoiding an
excessive particle growth. However, in order to
verify this hypothesis, sample D2 was synthesized
in the same way as sample D, but by reversing the
reagents’ order (first the metal salt and then the
reducing agent). Results clearly confirmed the
hypothesis, showing for the sample D2 a coarsening
of particle size by DLS (Table 1), together with a red
shift of the SPR band, which moved from 590 to
603 nm. Thus, the importance of tuning synthesis
parameters to control nucleation and growth phe-
nomena is stressed.

Reagent addition temperature

The reagents (reducing and metal precursor) are
injected by the standard procedure only when the
solution has reached the synthesis temperature, in
order to maximize the nucleation rate and avoid
secondary reactions during the heating ramp. Never-
theless, a process simplification, particularly for
industrial scale-up, could be achieved by adding
reagents at ambient temperature at the beginning of
the reaction, while avoiding the injection at high
temperature. In order to appraise this hypothesis,
sample H2 was prepared in the same conditions as
sample H, but adding reagents at ambient tempera-
ture, in order to verify the microwave effect on this
procedure. Moreover, two other samples, H-t and H2-t,
were obtained in the same way as samples H and H2,
but by using a traditional heating system instead of a
microwave (MW) device (Table 2).

Compared to sample H, the addition of reagents
before microwave heating, as in sample H2, caused a
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Fig. 8 Different heating ramps provided by MW and tradi-
tional heating system

slight decrease in particle size, while in sample H2-t,
the same addition before traditional heating produced
a massive particle growth. These phenomena are
confirmed by the red shift of 20 nm in the SPR band
of sample H2-t and also by its broadening (Fig. 7).
This effect can be explained by the different
thermal rates provided by microwaves against tradi-
tional heating (Fig. 8): the former is so fast that even
if some nuclei form during heating, they are quickly
carried to the optimal temperature of 100 °C. In
contrast, the latter is so slow that, if some nuclei are
generated during heating, they need a long time to
reach the equilibrium temperature, thus giving rise to
the growth phenomena before reaching 100 °C.
Moreover, microwaves ensure homogenous heat-
ing, resulting in suspensions with a low PDI
(Table 2). In addition, by periodic measurement of
particle size during a 40-day storage, an instability
index, expressed as nm per day, was determined for
each sample. The best stability in nanoparticle size
was achieved by both microwave heating and adding
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metal salt and ascorbic acid at the beginning of the
reaction (sample H2). When the reagents are absent
during the heating ramp, as in sample H, the
dielectric heating probably induced some degradation
phenomena on the chelating agent, by limiting its
protective function during the storage time. There-
fore, the injection of reagents before microwave
heating is the optimal procedure.

Similarly, the sample achieved by adding the
reagents before traditional heating (H2-t) shows a
lower instability index than sample H-t. Nevertheless,
in this case the difference between indexes is smaller
than that of samples synthesized by microwave
heating, probably because during the traditional
heating ramp a lower degradation of the chelating
agent occurs. H2-t presents coarser particle dimen-
sions and seems to be less exposed to aggregation. As
a consequence, unlike with the microwave method,
for traditional heating the optimum synthesis strategy
proved to be the hot injection of metal salt in a
strongly reducing ambient.

For the optimized sample H2, the XRD pattern
remained unchanged after 2 months (Fig. 6b), thus
indicating that the PVP coating, together with the
action of the antioxidant ascorbic acid, prevents the
Cu nanoparticles from oxidation, even if nanosus-
pensions are exposed to air.

Scanning transmission electron microscopy anal-
ysis performed on sample H2 (Fig. 9a) shows a
homogeneous particle size distribution, confirming
the low PDI value assessed by DLS, with a mean size
of 46 nm and a standard deviation of 9 nm; the size
distribution calculated by the image analysis is shown
in Fig. 9b. As reported elsewhere (Altincekic and
Boz 2008; Lee et al. 2008; Mullaugh and Luther
2010; Murdock et al. 2008; Tso et al. 2010),
microscope analysis may deviate so much from the
DLS value for various reasons. First, the laser
scattering technique measures the hydrodynamic
diameter comprehensive of PVP and coordinated
molecules. In order to show that the hydrodynamic
diameter of synthesized samples may differ so much
from STEM analysis, a measure of a DEG solution
containing only PVP (in the same amount as sample
H2) was performed. PVP solution provides a DLS
signal (graph not shown) with two peaks at different
sizes (at 10 and 56 nm). Moreover, by adding
ascorbic acid (in the same amount as sample H2),
the size distribution changes and the second peak

(b) *
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=T LT ]
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10 100 1000
Size (nm)

Fig. 9 a STEM image of sample H2, synthesized with
[Cu®*] = 16.6 mM, [nPVP/nCu**] = 5, [nCgHgO4/
nCu(ac),] = 2.5, T=100 °C, t = 10 min. b Particle size
distribution calculated by STEM analysis, average diameter:
46 nm, standard deviation: 9 nm. ¢ Particle size distribution
obtained by DLS analysis on sample H2, average diameter:
84 nm, standard deviation: 1 nm, PDI = 0.08

shifts to a coarse size (acid and PVP probably interact
with each other, thus inducing a rearrangement of the
polymer). Probably after the nucleation of nanopar-
ticles the polymer conformation rearranges, so, due to
the complexity of the system, the signal observed
with only PVP and ascorbic acid cannot be subtracted
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automatically from the hydrodynamic diameter of
sample H2. Furthermore, since dispersed particles
can aggregate locally, the coarsest sizes in the DLS
distribution consist of agglomerates which strongly
influence the mean size, which becomes greater than
the average primary particle size calculated from the
STEM image.

Optical properties and particle size correlation

A correlation between SPR band sharpness and mean
particle size measured by DLS is clearly observed
(Fig. 10a): the coarser the particles, the weaker the
intensity of bands. This trend can be explained
because SPR, typical of nanosized metal particles, is

(a) 20 + Cu16.6mM
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Fig. 10 Correlation between a mean particle size by DLS and

SPR band areas, b mean particle size by DLS and wavelength
of maximum absorption

@ Springer

attenuated once their dimension becomes more
similar to the bulk state (Yeh et al. 1999; Khanna
et al. 2009). In addition, a coarser size brings about a
smaller particle number per unit volume, thus result-
ing in a decreased SPR band intensity (Lisiecki and
Pileni 1993). A linear correlation is appreciable
between particle mean diameter and SPR band area,
corresponding to the concentrations of two metal
ions: 16.6 and 33.2 mM. Since the high metal content
caused an increase in particle mean diameter,
absorption band properties also changed in a different
way for the two concentrations: for the same area
there are two different diameters. This can be
explained by the fact that, while DLS gives an
average among all particles in the 1-6000 nm range,
SPR revealed by UV-Vis absorbance is strictly
dependent on the nanometric fraction of particles.
Thus, in a sample with a high mean diameter, only
small particles can contribute to the absorbance peak,
behaving, in terms of the absorption peak area, as a
sample with smaller mean size. Furthermore, a red
shift of SPR bands is observed for particle increase
(Fig. 10b): data show two linear trends between
wavelength of maximum absorption and mean par-
ticle diameter, corresponding to the concentrations of
two metal ions. Since the particle size resulting from
DLS measurements does not refer to the metal
particle diameter, but to the hydrodynamic one, the
correlation is not perfectly linear. However, a higher
slope can be observed for the low solid content, thus
highlighting again the fact that SPR absorption is
more sensitive to small mean particle size.

Conclusions

Stable Cu nanosuspensions have been obtained by an
environment-friendly, —microwave-assisted polyol
synthesis, which can be scaled up for industrial
large-scale production.

The control over particle nucleation and growth
has been achieved by optimization of the reducing
agent content, synthesis temperature, reaction yield,
and the manner of injecting the reagents; therefore,
thanks to the microwave heating effect, there proved
to be a crucial improvement in terms of suspension
stability over time and process simplification. As a
result of this optimization, stable nanosuspensions
with a high solid concentration were obtained and



J Nanopart Res (2011) 13:127-138

137

their stability was improved, not only avoiding
precipitation for a period longer than 2 months, but
also reducing the particle growth during storage;
moreover, the optimized process made it possible to
avoid the injection of reagents at high temperatures.

The so-prepared suspensions are totally made up
of copper particles with a mean diameter of
46 + 9 nm, calculated by STEM analysis, and a
narrow size distribution also confirmed by DLS
measurements.

Optical properties of copper nanoparticles depend
on a 580-600 nm SPR band; a red shift was observed
for coarser dimensions, together with a linear correla-
tion between band sharpness and mean particle diam-
eter; however, peak intensity is selectively affected by
the smallest particle sizes, so that a mixture of small
and coarse particles may have better properties than
particles with an intermediate diameter.
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