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Abstract

We describe herein the synthesis of metallic copper nanoparticles in the presence of poly(vinylpyrrolidone), employed as a protecting agent, via
a polyol method in ambient atmosphere. The obtained copper particles were confirmed by XRD to be crystalline copper with a face-centered cubic
(fcc) structure. We observed monodisperse spherical copper nanoparticles with a diameter range 45 & 8 nm. The particle size and its distribution
are controlled by varying the synthesis parameters such as the reducing agent concentration, reaction temperature, and precursor injection rate. The
precursor injection rate plays an important role in controlling the size of the copper nanoparticles. On the basis of XPS and HRTEM results, we
demonstrate that the surface of the copper is surrounded by amorphous CuO and that poly(vinylpyrrolidone) is chemisorbed on the copper surface.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

During the last two decades, a substantial body of research
has been directed toward the synthesis of metal nanoparticles in
efforts to explore their special properties and potential applica-
tions [1-4]. Among various metal particles, copper nanoparti-
cles have attracted considerable attention because of their cat-
alytic, optical, and electrical conducting properties [5—8]. Cop-
per nanoparticles are particularly attractive for application in
printed circuit boards (PCBs) and flexible electronics.

Metal nanopowders can be used as a key constituent for
preparing the paste or ink from which conductive tracks are
patterned by either screen printing or ink-jet printing. The melt-
ing point (7y,) of nanomaterials can be dramatically lowered by
decreasing the size of the material relative to their bulk coun-
terparts [9]. This low temperature melting ability makes metal
nanopowders potentially suitable materials for use in printed
electronics, since they can be annealed at lower temperatures to
form conductive films of low resistance.
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Currently, mainly noble metals such as gold and silver are
being exploited, despite their costliness. In this regard, cop-
per is a good alternative material as it is highly conductive and
much more economical than Au and Ag. Several methods have
been developed for the preparation of copper nanoparticles, in-
cluding thermal reduction [5], sono-chemical reduction [5,10],
metal vapor synthesis [6], chemical reduction [7], vacuum va-
por deposition [8], radiation methods [11], microemulsion tech-
niques [12—-14], and laser ablation [15].

Most of the aforementioned methods utilize an oxygen-free
environment to synthesize copper as it readily oxidizes in air.
Lisiecki et al. [16] prepared copper nanoparticles in an aqueous
solution using sodium dodecyl sulfate as capping molecules.
They employed a glove box to prevent oxidation of the par-
ticles. Joshi et al. and Wu et al. independently reported the
synthesis of copper nanoparticles in an aqueous system un-
der a nitrogen atmosphere [10,17]. Unlike to other techniques,
in the present study, we have developed a polyol method for
the preparation of highly monodisperse copper nanoparticles
in air. Use of nonaqueous solvent as a reaction medium al-
lows us to minimize the copper surface oxidation. Furthermore,
poly(vinylpyrrolidone) added as a dispersing agent also effec-
tively prevents the oxidation process. A key advantage of polyol
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Fig. 1. SEM images and particle size distribution of synthesized copper particles as a function of the amount of reducing agent: (a) 12.75 mmol (sample #1);
(b) 17.53 mmol (sample #2); and (c) 19.13 mmol (sample #3). Scale bar = 100 nm. The arrows represent an impurity phase.

process-based nanoparticle synthesis is that the reaction kinet-
ics can be easily controlled, as demonstrated by Fievet et al.
[18-21]. We have controlled the size and size distribution of
the particles by varying experimental parameters such as the
amount of reducing agent, reaction temperature, and precursor
injection rate.

2. Experimental
2.1. Preparation of copper particles

Poly(N-vinylpyrrolidone) (PVP, M,, = 40,000, Sigma-
Aldrich), acting as a capping molecule, was dissolved in di-
ethyleneglycol (DEG, 99%, Sigma—Aldrich). Sodium phosphi-
nate monohydrate (NaH;-PO,-H»O, Junsei), used as a reducing
agent, was added to the DEG solution and the solution was
heated to reaction temperatures. The aqueous solution of cop-
per(Il) sulfate pentahydrate (98%, Sigma—Aldrich) was then
injected into the hot reaction medium via a syringe pump.

The injection rate of the Cu salt solution was varied from 2
to 8 ml/min. After 1 h of reaction, the solution was cooled to
room temperature and the particles were separated by centrifu-
gation and then washed with methanol. The detailed reaction
conditions employed in the particle synthesis are summarized
in Table 1.

2.2. Characterization

Phase composition and crystallinity of the synthesized cop-
per particles were investigated using an X-ray diffractome-
ter (XRD, DMAX2500, Rigaku) employing CuK o radiation
(1.51059 A). The morphology of the copper particles was inves-
tigated via scanning electron microscopy (SEM, JSM-6500F,
JEOL) and the particle size distributions were obtained by im-
age analysis. The surface compositions of the copper particles
were investigated by X-ray photoelectron spectroscopy (XPS,
ESCALAB 22i-XL, VG Scientific Instrument) and the sur-
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Table 1
Synthesis conditions for the preparation of copper particles using the injection
method

Sample ID Reducing agent Reaction temperature Injection rate  Cu salt
(mmol) °0) (ml/min) (mmol)

#1 12.75 200 2 20

#2 17.53 200 2 20

#3 19.13 200 2 20

#4 17.53 200 8 20

#5 17.53 170 8 20

#6 17.53 140 8 20

#1 17.53 200 6 20

#8 17.53 140 2 80

#9 17.53 140 6 80

#10 17.53 140 8 80

face morphology was examined by high resolution transmission
electron microscopy (HRTEM, JEM-4010, JEOL).

3. Results and discussion
3.1. Influence of reducing agent

In a typical polyol process, a polyol liquid such as di-
ethyleneglycol acts not only as a reaction medium but also as
a reducing agent. However, in the case of copper nanoparticle
synthesis, the reducing ability of diethyleneglycol is insufficient
to reduce the copper ions because copper is easily oxidized
to either CuO or Cu,O in air atmosphere [22]. We introduce
NaH,;PO;,-H;O0 as a reducing agent. NaH>PO;,-H,O is gener-
ally used in aqueous chemical reduction for the preparation of
copper particles. It produces oxidation reaction represented by
the equation

H,PO, + H,0 — HyPO; + 2HT +2e7, (1)

in an acidic condition, releasing electrons. The released elec-
trons are utilized to reduce copper ions as shown in the equation

Cu?t +2¢~ — Cu. 2)

According to the equations, the rate and amount of the electrons
supplied to the copper ions are determined by sodium phosphi-
nate. In this study, we control the synthesis reaction kinetics by
adjusting the amount of the reduction agent.

Fig. 1 shows SEM images of particles synthesized with vary-
ing amounts of reducing agent. At low reducing agent concen-
tration (12.75 mmol), the reducing rate of the copper precursor
is sluggish and consequently only a few nuclei are formed at
the nucleation step. Precipitating copper atoms at the later pe-
riod of the reaction are mostly involved in particle growth by
collision with already generated nuclei rather than in the for-
mation of new particles. This reaction mechanism leads to the
formation of larger sized particles, as shown in Fig. la. With
increasing reducing agent concentration, the enhanced reduc-
tion rate favors the generation of more nuclei, resulting in the
formation of smaller copper particles (Fig. 1b). At a higher
reduction rate (19.13 mmol), the number of precipitating metal-
lic clusters steeply increases and considerably more nuclei are
produced during a single event of the nucleation period. Even-
tually, the size of particles decreases because the amount of

(b)

Critical supersaturation level (C,;)

Concentration (C)

Concentration (C)

Fig. 2. Schematic illustration of nucleation and growth mechanisms based on
LaMer’s model: (a) mechanism for polydisperse particles and (b) mechanism
for monodisperse particles.

solute available for particle growth per growing particle de-
creases with the increasing number of nuclei. The reaction at
higher reducing agent concentration also leads to the forma-
tion of an unidentified impurity phase, as shown in Fig. lc.
In a polyol process, the dissolved metal ions are not directly
reduced into a neutral metal species, but transformed into an
intermediate solid phase comprised of hydroxyethyleneglyco-
late or corresponding alkoxide radicals prior to nucleation step.
Then, the re-dissolved metal ion from the intermediate solid
phase is consumed in nucleation and growth processes [23,24].
In this regard, it is considered that the intermediate solid phase
itself is reduced in the presence of extremely high reducing
agent, forming unidentified impurity phase.

The particle characteristics of the synthesized copper are de-
termined by the nucleation and growth mechanisms. When the
reduction rate of copper ions exceeds the consumption rate of
copper clusters by particle growth, the concentration of reduced
copper atoms (C) likely remains over a critical supersatura-
tion level (Ccj) for longer time or fluctuates around Ceyi;. This
allows an extended nucleation period or multiple nucleation
events and, in turn, the growing period of each nucleus will dif-
fer (Fig. 2a). Therefore, the final particles exhibit broader size
compared to that of particles grown at the same rate after a sin-
gle nucleation event (Fig. 2b).
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Fig. 3. SEM images and particle size distribution of synthesized copper particles as a function of the reaction temperature: (a) 200 °C (sample #4); (b) 170 °C

(sample #5); and (c) 140 °C (sample #6). Scale bar = 100 nm.

3.2. Influence of reacting temperature

Fig. 3 shows SEM images of copper particles synthesized
at different temperatures. With decreasing reaction tempera-
ture, the size of the resulting particles becomes smaller and
the size distribution is also narrowed. At 200 °C, the obtained
particle size was 53 & 13 nm (Fig. 3a), whereas that at the syn-
thesis temperature of 140°C was 45 & 8 nm (Fig. 3c). When
copper salt solution is injected into a reaction medium main-
tained at 200 °C, the color of the medium in the vicinity where
the precursor solution is added changes from light yellow to
dark red. This indicates that copper particles are rapidly gener-
ated when the precursor solution is injected. A high reducing
rate at the temperature of 200 °C allows instantaneous multi-
ple nucleations to occur when the precursor solution is added
dropwise. The resulting particles at this condition exhibit a rel-

atively broad size distribution due to uneven particle growth and
coagulation of the primary particles.

In contrast to the reaction at 170 and 200 °C, the color of
the reaction medium changes to light blue rather than dark red
when the precursor solution is injected at 140 °C. The aque-
ous solution of copper ions has a blue color. This indicates that
there is no immediate reduction of copper ions upon addition
to the reaction medium. After approximately 10 s, the solution
suddenly turns dark red, indicating nucleation. If the number
of nuclei is large enough to lower the concentration of copper
atoms below the critical supersaturation level, no further nucle-
ation occurs and the nucleated particles continue to grow. Coag-
ulation of the primary particles would be unlikely because the
thermal energy is not sufficient for vigorous particle movement.
Under these nucleation and growth conditions, as depicted in
Fig. 2b, the resulting particles are relatively monodisperse. At
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Fig. 4. SEM images and particle size distribution of copper particles synthesized at 200 °C as a function of the precursor injection rate: (a) 2 ml/min (sample #2);

(b) 6 ml/min (sample #7); and (c) 8 ml/min (sample #4). Scale bar = 100 nm.

temperature lower than 140 °C, however, the reaction medium
remains light blue in color, implying that the copper ions do not
undergo reduction to copper atoms.

3.3. Influence of injection rate

We also controlled the injection rate of the copper salt pre-
cursor to the PVP dissolved polyol medium. Fig. 4 shows SEM
images of particles with synthesized different precursor injec-
tion rates at 200 °C. The particles become smaller and nar-
rower as the injection rate is increased. At an injection rate of
2 ml/min, the obtained particle size was 63 &= 17 nm (Fig. 4a),
whereas that at 8 ml/min was 47 £+ 14 nm (Fig. 4c). The in-
jection rate determines the amount of copper ions per unit time
to be reduced. When the reduction rate is high enough to re-
duce copper ions as soon as they are supplied, the precursor

injection rate will be equal to the production rate of copper
atoms. The concentration of copper atoms slowly reaches Cei
at slow injection of the precursor. The nucleation rate is slug-
gish and the number of nuclei is small. Therefore, the resulting
particles are large and broad. In contrast, fast injection of the
precursor results in a steep increase in the concentration of cop-
per atoms, permitting a short burst of nucleation and generating
many nuclei. This leads to smaller particles with better mono-
dispersity.

The influence of the precursor injection rate varies depend-
ing upon the reaction temperature. Fig. 5 shows SEM images
of particles synthesized with different precursor injection rates
at 140 °C. Contrary to the previous results, the particles tend to
become larger and broader as the injection rate is increased. At
2 ml/min, the obtained particle size was 60 = 10 nm (Fig. 5a)
whereas that at 8 ml/min was 68 &£ 20 nm (Fig. 5c). If the reac-
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Fig. 5. SEM images and particle size distribution of copper particles synthesized at 140 °C as a function of the precursor injection rate: (a) 2 ml/min (sample #8);

(b) 6 ml/min (sample #9); and (c) 8 ml/min (sample #10). Scale bar = 100 nm.

tion rate is too fast at lower temperature, the generation rate of
copper atoms exceeds the rate of consumption of copper atoms
by particle growth and multiple nucleations may occur, result-
ing in polydisperse particles.

3.4. Characteristics of copper particles

In addition to particle size and distribution, particle char-
acteristics were also investigated. Monodisperse Cu particles
(sample #6) were used for the phase and surface composition
analyses. The particles synthesized in ambient atmosphere were
determined to be phase-pure Cu without any impurity phase
such as CuO, Cu,0, or Cu(OH),. X-ray diffraction patterns
correspond to crystalline copper characteristic peaks with a
face-centered-cubic (fcc) crystal structure as shown in Fig. 6.
The same X-ray diffraction peaks were observed for the sample
stored for 30 days in ambient condition.
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Fig. 6. X-ray diffraction pattern of copper particles synthesized at 140 °C with
an injection rate of 8 ml/min (sample #6).
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Fig. 7. X-ray photoelectron spectra of Cu nanoparticles: the peaks from (a) Cu
2p3/2, (b) C 1s, and (c) O 1s.

Surfaces of copper particles are analyzed by X-ray photho-
electron spectroscopy (XPS) as shown in Fig. 7. We identified
a copper peak at 932.0 eV together with weak CuO peaks at
934.2 eV, as shown in Fig. 7a [23]. The existence of PVP is also
confirmed by XPS spectra of C 1s. The C 1s spectrum is com-
posed of four peaks and the binding energies of these peaks are
284.5 eV (C-H bonding), 285.3 eV (C-C bonding), 286.2 eV
(C-N bonding), and 287.9 eV (C=0 bonding). These binding
energies can be attributed to four types of carbon atoms in PVP.

5 nm

Fig. 8. HRTEM image of the synthesized Cu nanoparticles. The inset is the
selected area diffraction pattern.

The O 1s peak composed of two peaks, one placed at 531.2 eV
(C=0 bonding) and the other placed at 533.2 eV (C—OH bond-
ing). The O 1s peak from the carboxyl (C=0) oxygen atom at
531.2 eV shifts to higher binding energy relative to pure PVP,
indicating that the PVP is strongly chemisorbed to the surface
of copper particles [24]. This interaction is achieved by coor-
dination bond between Cu ions and PVP molecules, and Cu
ions are surrounded by PVP molecules prior to nucleation step
[25-27]. Thus, the chemically adsorbed PVP molecules can
prevent the copper particles from oxidation during the nucle-
ation and growth processes. However, incomplete prevention
from the oxidation takes place. The oxidation has two main
origins. The Cu nanoparticles were synthesized from water con-
taining polyol medium in ambient condition. Some oxygen dis-
solved in the reaction medium results in partial oxidation at the
surface of the Cu nanoparticles. Some oxidation may also occur
when the samples for analysis are prepared in air.

Fig. 8 shows an HRTEM image of the synthesized Cu par-
ticles. Most of the particles are single crystals, but some con-
tain a twin boundary. The surface of the particle is surrounded
by an amorphous layer with a thickness of ~1.5 nm. All the
selected area diffraction patterns correspond to face-centered-
cubic structured Cu, showing no crystalline CuO. Based on the
XPS and HRTEM results, it appears that the surface amorphous
layer consists of chemisorbed PVP and amorphous CuO.

4. Conclusions

We have synthesized copper nanoparticles in ambient at-
mosphere by a polyol method. The obtained copper particles
were confirmed to be phase-pure crystalline copper with face-
centered cubic (fcc) structure on the basis of XRD analyses.
Detailed surface analyses by XPS and HRTEM revealed that
the synthesized particles consist of single crystal Cu surrounded
by amorphous CuO and chemisorbed PVP with a thickness of
~1.5 nm. We have adjusted the synthesis parameters to control
the size and size distribution of the particles. Particle size de-
creases with increasing reducing agent concentration. The Cu
precursor injection rate plays an important role in controlling
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the particle size, whereas reaction temperature determines the
particle size distribution. We obtained relatively monodisperse
copper nanoparticles with a size range of 45 &8 nm at optimum
conditions.
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