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a b s t r a c t

Copper nanoparticles are prepared in aqueous solution by reducing copper ions with hydrazine hydrate
in the presence of cetyl trimethylammonium bromide (CTAB) and polyvinylpyrrolydone (PVP) as stabi-
lizers. With only CTAB was used as stabilizer, copper nanoparticles are aggregated and partially oxidized
to Cu2O. When both PVP and CTAB were used, dispersed copper nanoparticles with 56 nm diameter were
obtained. Copper nanoparticles are simply mixed with poly (3,4-ethylenedioxythiophene)/poly(styrene-
sulfonate) (PEDOT/PSS) in aqueous solution to form conducting composite. The effect of copper weight
percent and surfactants on the conductivity and stability of the composite has been investigated.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Due to high conductivity, noble metal nanoparticles (as gold,
silver and copper) have been attracted for decades. Among these
metals, copper nanoparticles still have more attraction because
of the low cost. Recently, gold and silver nanoparticles are widely
concerned [1–4], while copper nanoparticles are difficult to be
applied because they are easily oxidized in ambient air. To protect
copper nanoparticles against oxidation and agglomeration, the
synthesis can be done with capping agents by many methods such
as chemical reducing process, polyol process, microemulsion,
c – irradiation and thermal decomposition [5–10]. Cationic, anio-
nic or nonionic surfactants and polymers were used as capping
agent to protect copper nanoparticles and control the size and
shape of the particles [11–14].

Since the discovery in 1977, conjugated polymers have become
greatest applications in electronic fields and solar cell [15–17].
Nanocomposites of metal and conducting polymers have received
a great attention due to the high potential of the materials for
electrocatalysts, chemical sensors and microelectronics [18]. Many
studies [19–22] have been focused on the interaction between
metals and conjugated polymers to improve the conductivity of
the materials as a hybrid conducting ink which has many applica-
tions such as inkjet printing, printed circuit, and solar cells. Conju-
gated polymers, such as polyaniline and polypyrrole, were widely
used as materials for hybrid ink. The problem is that those kinds
ll rights reserved.
of polymer are hardly soluble in organic solvents. So polymer mod-
ification or deposition processes were used to prepare the compos-
ite [23–26]. These processes are not proper for preparing copper
composite because the copper would be easily oxidized and it is
also difficult to control the composition of materials. In this work,
the copper nanoparticles were synthesized by chemical reduction
and mixed with water soluble conducting polymer PEDOT/PSS to
study the conductivity of the incorporated composite by control-
ling the proportion of the mixing components. We supposed that
this method is more convenient than the other kinds of method
mentioned above. Here, we report a method to synthesize copper
nanoparticles in aqueous solution in the presence of CTAB and
PVP. With both PVP and CTAB, the copper nanoparticles are well
protected from oxidation. The nanoparticles are well dispersed in
ethanol or water, so that they can be easily mixed with PEDOT/
PSS in water to form a hydrophilic incorporated paste.
2. Experiment details

2.1. Materials

Copper chloride (CuCl2, 97%), cetyl trimethylammonium bro-
mide (CTAB, 95%), polyvinylpyrrolydone (PVP, Mw = 10.000 g/mol)
and hydrazine hydrate (N2H4�xH2O, x � 1.5, 50–60%, 1.029 g/ml at
25 �C) were purchased from Aldrich. Ammonia solution (28–30%,
0.89 g/ml at 25 �C) was obtained from Jin Chemical Pharmaceutical
Co., Ltd., Korea. For composite preparation, poly (3,4-ethylenedi-
oxythiophene)–poly(styrenesulfonate) solution (PEDOT/PSS,
1.3 wt% in water) and sodium dodecylbenzenesulfonate (SDBS,
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Technical Grade) were obtained from Aldrich. To make compari-
son, commercial silver nanoparticle powder (99.9%) was purchased
from ABC Nanotech Co. Deionized water (DI water) was obtained
from Milli-Q Instrument (0.22 lm, Millipore). All chemicals were
used without further purification.

2.2. Synthesis of copper nanoparticles

In this process, two equal volume solutions of reactants were
prepared: Solution A was prepared by adding 0.555 g of CuCl2 into
100 ml aqueous solution of 0.1 M CTAB (3.64 g) and 1.6 � 10�3 M
PVP (1.6 g) to form a 0.04 M copper (II) solution. This solution
was bubbled with argon gas to remove oxygen. Then, 1.0 ml of
ammonia solution was added to solution A to adjust pH up to 10.
In solution B, 100 ml aqueous solution of CTAB and PVP with the
same concentrations as solution A was bubbled with argon gas in
a capping reactor to remove oxygen and maintain an inert environ-
ment. Then, 4 ml of hydrazine hydrate was injected to form a
0.64 M solution of hydrazine. For reaction, solution B was heated
to 60 �C in a water bath, and then solution A was injected into solu-
tion A dropwise. The mixture was stirred vigorously for 6 h. Tem-
perature was maintained at 60 �C during the reaction time.
Copper nanoparticles were separated by centrifugation and
washed 3 times with water and ethanol alternately to remove
reactants and capping agents and then dried in a vacuum at room
temperature for 3 h to yield final product. To study the effect of
capping agents, several experiments were carried out with differ-
ent concentrations of CTAB and PVP. Different reaction tempera-
tures were also applied to get the optimum condition on the
temperature effect for the synthesis procedure.

2.3. Preparation of copper paste

A 0.025 g of PEDOT/PSS was mixed with 2.3–3.1 ml of DI water
and 0.05–0.25 g of SDBS. The solution was stirred and bubbled
with argon gas simultaneously for 1 h. Then, 0.025–0.075 g of syn-
thesized copper powder was added. The paste was stirred vigor-
ously for 12 h under argon flux. Copper composite was coated on
glass slide (1 � 1 cm2) by spin coating (300 rpm, 1 min). Coated
paste was dried in a vacuum for 12 h. Weight percent of copper
powder, polymer and SDBS were varied on the range as shown in
Table 1 to study their effects on conductivity of paste and to get
the optimum one.

2.4. Characterizations and measurements

Copper nanoparticles were characterized by using X-ray pow-
der diffraction (XRD), transmission electron microscopy (TEM),
FTIR spectroscopy and UV–Vis spectroscopy. Resistivity of copper
paste was measured by using four point probe method, and
cross-section of the film was checked by scanning electron micros-
copy (SEM) to define the thickness of pastes. The XRD patterns of
Table 1
Conductivity of pastes with different compositions. The weight percent valu

Content samples PEDOT/PSS (wt%) Cu (wt%

1 0.5 0
2 0.5 0.5
3 0.5 0.5
4 0.5 0.5
5 0.5 1
6 0.5 1
7 0.5 1
8 0.5 1.5
9 0.5 1.5

10 0.5 1.5
the samples were recorded using the Cu Ka radiation (k =
1.54056 Å) of a Rigaku X-ray diffractometer operating at 40 kV
and 150 mA at a scanning rate of 0.02� per step in the 2h range
of 10� 6 2h 6 80�. TEM was performed on JEOL, JEM-2010 and JEOL
JEM 2100F transmission electron microscopes operating at 200 kV.
A small amount of the powder sample was dispersed into ethanol
(99.9%), and a drop of it was placed over a carbon coated micro-
scopic copper grid (300 mesh size). FTIR spectra were acquired
with a Nicolate Avatar 330 Spectrophotometer. The UV–Vis optical
absorbance of the nanoparticles was measured using an Agilent
8453 Spectrophotometer. SEM was performed on the field emis-
sion scanning electron microscope (FE-SEM) Hitachi S-4300. Resis-
tances of pastes were measured on 2420 3A Source Meter with four
point probes. The specific resistance of paste (q) was calculated
using the following equation [27]:

q ¼ 2pt
ln 2

V
I

� �

When R = V/I is the value that was read in the measurement instru-
ment, the conductivity is calculated by the following equation:

C ¼ 1
q
¼ ln 2

2ptR

where C is the conductivity (S cm�1), t is the thickness of paste film
(cm), and R is the resistivity of paste film (O).
3. Results and discussion

3.1. Effect of CTAB and PVP concentration

Fig. 1 shows the TEM images of copper nanoparticles synthe-
sized with (a) 0.025 M, (b) 0.05 M and (c) 0.1 M CTAB at 60 �C. At
low concentration of CTAB, copper nanoparticles were aggregated
(Fig. 1a and b). At the concentration of 0.1 M CTAB, nanoparticles
with the size of 50 nm are obtained (Fig. 2c). CTAB is transformed
to cetyl trimethylammonium hydroxide (CTAOH) [28] at high pH
and binds to copper surface. The electrostatic interaction between
oxy in hydroxyl group and positive charge of copper surface pre-
vents the agglomeration of particles. XRD patterns of samples were
shown in Fig. 2a–c. The diffraction peaks appearing at 2h = 43.2,
50.2 and 73.8� correspond to the (111), (200), (220) planes of
Cu nanoparticle crystal. The peak at 2h = 36.3� is assigned to the
(111) plane of cuprous oxide (Cu2O) crystal. Even though the con-
centration of CTAB is increased, the peaks of Cu2O still appear in all
samples. CTAB can form micelles in water at concentration higher
than the critical micellar concentration (cmc) of 0.1 mM in water at
pH = 10 [29]. In the presence of Cu2+ ions, the cmc values of CTAB
were increased [30]. When adding N2H4, Cu2+ is reduced to Cu
nanoparticles, resulting in the decrease in cmc value. CTAB mole-
cules leave the Cu surface to bind in micelles. Thus, the copper
nanoparticles are easily oxidized because of the decrease in CTAB
es were calculated before mixing.

) SDBS (wt%) L conductivity (S cm�1)

0 9.64 � 10�4

1 2.74 � 10�3

2 4.63 � 10�4

5 3.41 � 10�5

1 7.23 � 10�3

2 8.27 � 10�4

5 5.93 � 10�5

1 2.94 � 10�4

2 1.38 � 10�5

5 4.36 � 10�7



Fig. 1. TEM images of copper nanoparticles with [CuCl2] = 0.04 M, [N2H4] = 0.64 M and (a) 0.025 M CTAB; (b) 0.05 M CTAB; (c) 0.1 M CTAB (d) 1.27 � 10�2 M PVP. Reaction
temperature: 60 �C.

Fig. 2. XRD patterns of copper nanoparticles with different concentrations of CTAB.
[CuCl2] = 0.04 M, [N2H4] = 0.64 M and (a) 0.025 M CTAB; (b) 0.05 M CTAB; (c) 0.1 M
CTAB (d) 0.1 M CTAB + 4 � 10�4 M PVP (e) 0.1 M CTAB + 8 � 10�4 M PVP (f) 0.1 M
CTAB + 1.6 � 10�3 M PVP. Reaction temperature: 60 �C.

Scheme 1. Schematic drawing of synthesis procedure.
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concentration on the surfaces. PVP was used to improve the cap-
ping effect on copper nanoparticle surface. Fig. 2 shows the XRD
patterns of Cu nanoparticles synthesized with 0.1 M of CTAB and
different concentrations of PVP. When the concentration of PVP
is increased, the peak of Cu2O in XRD pattern is decreased. And,
at the concentration of 1.6 � 10�3 M, there is no peak of Cu2O in
XRD pattern. With large molecular weight of 10,000 g/mol, PVP
can cover the CTAB bilayers [31] on the surface of Cu nanoparticles
and prevent the formation of micelles (as shown in Scheme 1). The
hydroxyl groups with the formation of partial positive surface
charge on the metal nanoparticles [32] can bind to the surface of
metal nanoparticles more easily than PVP. CTAOH molecule can
dominate the formation of bilayers on the surface of copper nano-
particles, and PVP will cover outside. By this way, PVP can restrict
the micelle formation of CTAB and protect Cu nanoparticles from



Fig. 3. TEM images and size distribution of PVP–CTAB stabilized copper nanopar-
ticles (average diameter: 56 nm). [CuCl2] = 0.04 M, [N2H4] = 0.64 M, [CTAB] = 0.1 M,
[PVP] = 1.6 � 10�3 M. Reaction temperature: 60 �C.

Fig. 4. FTIR spectra of (a) PVP; (b) CTAB; (c) PVP–CTAB stabilized copper
nanoparticles (Cu NPs) and UV–Vis absorption of copper nanoparticles in ethanol.
[CuCl2] = 0.04 M, [N2H4] = 0.64 M, [CTAB] = 0.1 M, [PVP] = 1.6 � 10�3 M. Reaction
temperature: 60 �C.

1 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
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oxidation and agglomeration. Fig. 3 shows the TEM images of Cu
nanoparticles synthesized with 0.1 M CTAB and 1.6 � 10�3 M PVP
at 60 �C. The dispersion of Cu nanoparticles stabilized by both
PVP and CTAB was also better than the one stabilized by only CTAB.
Average diameter of copper nanoparticles is 56 nm. We also syn-
thesized copper nanoparticles with only PVP to study the effect
of capping agent on controlling particle size and distribution.
Fig. 2d shows the TEM image of copper nanoparticles prepared in
the presence of PVP at 1.27 � 10�2 M concentration. The synthesis
of copper nanoparticles includes two important stages: nucleation
from the homogeneous solution and growth of nuclei. As N2H4 is a
strong reducing agent, the nucleation takes place rapidly in the
high growth rate. The growth of copper nuclei is also fast because
of the high surface energy of copper nanoparticles. In comparison
with CTAB, PVP has longer chain molecules and would give more
gaps for the nuclei so the growth of nuclei in PVP is faster than
the growth in CTAB. PVP chains also have neutral charge and
hydrophilic properties that cannot interact with copper nanoparti-
cles surface as well as CTAB. Thus, all of the particles were agglom-
erated in bigger size when only PVP is used as shown in Fig. 2d. The
presence of CTAB forms bilayers on the surface of copper nanopar-
ticles. These bilayers work as a barrier to the growth of Cu nano-
particles and increase the dispersion of Cu nanoparticles.

Fig. 4 shows the FTIR spectra of (a) PVP, (b) CTAB and (c) CTAB–
PVP stabilized Cu nanoparticles. The peaks at 2920 cm�1 and
2850 cm�1 are assigned to the CH2 stretching vibrations of alkyl
chains in PVP and CTAB. The peaks at 1670 cm�1 are assigned to
C@O stretching in PVP. The broad peak from 3500 cm�1 to
3000 cm�1 is assigned to the OH stretching vibration of CTAOH.
The peaks at 1478 cm�1 and 1430 cm�1 are assigned to be CAN
vibrations in PVP and CTAB, respectively [30]. Compared with
CTAB and PVP spectrum, those peaks in copper sample are little
blue shifted. This can be explained by the interaction of PVP and
CTAOH with Cu surface. Those peaks appearing in FTIR spectrum
of Cu sample matching with those in individual PVP and CTAB indi-
cate the presence of capping layer of PVP and CTAB on the surface
of Cu nanoparticles. As the PVP has hydrophilic properties, the cop-
per nanoparticles can be dispersed better in the presence of both
PVP and CTAB in aqueous solution than in the presence of only
ionic surfactant. This is significant when the copper nanoparticles
need to be dispersed in the water medium to prepare pastes with
PEDOT/PSS. UV spectrum in Fig. 4 shows the surface plasmon
absorption band at 618 nm of copper nanoparticles in ethanol.

3.2. Effect of temperature

The effect of temperature on the synthesis of copper nanoparti-
cles was studied. The reducing process of Cu2+ to Cu0 involves two
steps:

Cu2þ !e Cu1þ !e Cu0

Fig. 5 shows TEM images and XRD patterns of the synthesized
Cu nanoparticles at (a) room temperature (RT), (b) 60 �C and (c)
90 �C, respectively. At room temperature, XRD patterns show that
Cu2O was formed on the product while there was no peak of
Cu2O in XRD patterns at higher temperature. This means that the
reducing process of copper takes place partially at low temperature
and completely done at higher temperatures. However, the
increase in temperature would lead to the agglomeration of the
copper nanoparticles as shown in Fig. 5.

3.3. Preparation of copper paste

Without using SDBS, the copper paste is easily oxidized after
stopping Argon gas flowing in short time. The change of paste color
from brown-blue1 to green-yellow indicates the formation of Cu2O



Fig. 5. TEM images and XRD patterns (in column) of samples synthesized at (a) room temperature, (b) 60 �C, (c) 90 �C. [CuCl2] = 0.04 M, [N2H4] = 0.64 M, [CTAB] = 0.1 M,
[PVP] = 1.6 � 10�3 M.

Fig. 6. Color change of copper pastes after exposed in ambient air after 1 day. The color change from gray to yellow indicates the oxidation of copper nanoparticles.
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as shown in Fig. 6. The presence of SDBS not only prevents the oxi-
dation but also disperses copper powder into polymer solution.
Table 1 presents the conductivity of pastes with different composi-
tions. Fig. 7 displays the specific conductivity of pastes versus SDBS
concentration. When the concentration of SDBS is increased from
1 wt% to 5 wt%, conductivity of copper paste is decreased. Surfac-
tants act as barrier of charge transport. The increase in SDBS con-
centration will decrease the conductivity of solid conducting
pastes because of the increased inter-distance and decreased
contact area between the particles of the networks in the pastes
[33–37]. The paste with 1 wt% of SDBS shows the highest conduc-
tivity compared with others. This is fit with what was reported in
the work of Wang et al. [38]. The paste of 1 wt% of SDBS is treated
at 100 �C for 1 h to remove water completely. There is no signifi-
cant change in conductivity, indicating that moisture or ionic con-
ducting of SDBS has no effect on the conductivity of paste. The
inset in Fig. 7 displays the relationship between specific conductiv-
ity of paste with 1 wt% of SDBS and Cu powder/PEDOT-PSS weight
ratio (R). The conductivity of paste is increased when the ratio R is
increased from 0 to 2/1. Fig. 8 shows the cross-sectional images of
paste with R = 1/1, R = 2/1 and R = 3/1. At R = 1/1 (equivalent to
25 wt% of copper powder in drying paste), we cannot see the cop-
per particles (Fig. 8a), while we can find copper particles with
about 2 lm in R = 2/1 (equivalent to 40 wt% of copper powder in
drying paste) as shown in Fig. 8b and c. At low weight percent of
copper nanoparticles, the amount of SDBS is sufficient to disperse
copper nanoparticles into the polymer solution. The surfaces of
copper nanoparticles would be covered with a lot of SDBS mole-



Fig. 7. Relationship between specific conductivity of paste and SDBS weight
percent with different weight ratio Cu powder/polymer. Inset: relationship
between specific conductivity of paste and weight ratio of Cu powder: polymer at
1% weight of SDBS. The numbers upon each point in the chart describe the weight
percent of Copper powder in paste after drying. Cu nanoparticles were obtained at
[CuCl2] = 0.04 M, [N2H4] = 0.64 M, [CTAB] = 0.1 M, [PVP] = 1.6 � 10�3 M. Reaction
temperature: 60 �C.
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cules as well as CTAB and PVP, so that the contact surface area be-
tween copper and polymer is decreased. When the weight percent
of copper powder is increased, the thickness of capping layer with
SDBS is decreased. Copper nanoparticles would be agglomerated to
form bigger size resulting in the larger contact surface area so that
conductivity of paste is increased. The drop of conductivity when
the weight ratio R is increased to 3/1 (equivalent to 57 wt% of cop-
per powder in drying paste) can be explained by the separation of
copper powder from the paste as shown in Fig. 8d. As reported in
Lee et al. [39], the metallic nanoparticles are dispersed within
the conducting polymer, where the weight ratio of the conducting
polymer to the metallic nanoparticles ranges from 1:1 to 3:1. As
Fig. 8. SEM images of cross-section of pastes with 1% (wt.) of SDBS and different weight
nanoparticles were obtained at [CuCl2] = 0.04 M, [N2H4] = 0.64 M, [CTAB] = 0.1 M, [PVP]
the weight ratio is increased, mobility of the device comprising
the paste formulation decreases. Tani et al. [40] also reported that
the high weight percent of copper should cause the break of
substrate when copper pastes with more than 60 wt% copper pow-
der were treated at high temperature. In our work, the conducting
polymer is not only conductors but also connectors of copper
nanoparticles. Thus, this can enhance the conductivity of the paste
materials as shown in the results. The use of surfactant with suit-
able concentration can protect the copper nanoparticles from the
oxidation without reducing the conductivity of paste. The copper
paste prepared at weight ratio R = 2/1 (equivalent to 40 wt% of cop-
per powder in drying paste) with 7.23 � 10�3 S cm�1 of conductiv-
ity shows the higher conductivity compared with pristine PEDOT/
PSS in the previous works (below 10�3 S cm�1) at the same condi-
tion [41,42]. Although the conductivity of the copper paste pre-
pared in this study is lower than that reported in other metal
paste such as gold or silver paste [43,44], the work gives a critical
point on the protection of copper nanoparticle ink with surfactants.
On the other hands, the preparation is simply carried out at room
temperature with fit for copper nanoparticle and easy-decomposed
polymer. This method is also economical because the copper
precursors are cheap and the copper weight percent is less than
40%. The enhancement of conductivity could be utilized for suit-
able purposes.
4. Conclusion

In summary, copper nanoparticles with average diameter of
56 nm were synthesized by chemical reduction. PVP and CTAB
not only prevent the agglomeration but also protect the copper
nanoparticles from the oxidation. The CTAB–PVP stabilized copper
nanoparticles can be dispersed in ethanol or water well, and this
enables to prepare hydrophilic incorporated materials with PED-
OT/PSS. With 1 wt% of SDBS as surfactant, copper composites are
more homogeneous and stable in ambient air. The increase in the
concentration of surfactant would result in the decrease in conduc-
percent ratio between Cu powder and PEDOT/PSS (a) 0:1 (b) 1:1 (c) 2:1 (d) 3:1. Cu
= 1.6 � 10�3 M. Reaction temperature: 60 �C.
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tivity because of the increased inter-particle distances and the de-
creased contact areas among the Cu nanoparticles. The conducting
paste of Cu powder/PEDOT–PSS with weight ratio of 2:1 shows the
higher conductivity compared with pristine conducting polymer,
while increasing the ratio to 3:1 results in the phase separation
and the decrease in conductivity.
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