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Abstract: This study investigates the synthesis of mono metallic (copper and silver) and bi-metallic (copper/silver 
core/shell) conductive nanopigments for inkjet printing. Polyethylene glycol (PEG) was used as a main reducing agent 
followed by polyvinylpyrrolidone (PVP) as a capping and dispersing agent. From the XRD, TEM, and SEM analyses, the 
synthesized mono and bi metallic particles were confirmed to be in a nano scale with particle size 7, 8.5 and 15.5 nm for 
copper, silver and copper/silver core/shell, respectively. The prepared nanopigments were included in inkjet ink 
formulation and printed on flexible polyethylene terephthalate (PET) films. The printed ink films were sintered at various 
temperatures (110, 150, 200). The results revealed that the resistivity of these particles was reduced by sintering and the 
resistivity of Cu, Ag and Cu/Ag patterns sintered in air at 200 ºC for 30 min were 3.1, 2.99 and 4.14 µΩ-cm, respectively. 
The obtained results were in a good agreement with the published ones and insured the promising using of our products 
in metal-based inkjet printed circuit boards (PCB). 
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1. INTRODUCTION  

Printed electronics by means of inkjet printing have 
received great attention in recent years [1]. Inkjet-
printed electronics have many advantages in reducing 
consumption of raw materials, eco-friendly, simplicity 
and high productivity process over the conventional 
printing processes [2]. It has opened a new world of 
low-cost printed circuit boards based on conductive 
metal nanoparticles aiming at high-volume electronic 
market areas [3]. The printing of conductive patterns on 
flexible substrates has been achieved for various 
applications, including flexible electronic displays [4], 
flexible antennas [1], solar cells [5] and sensor for 
diagnosis using various conductive nanopigments such 
as carbon, silver and copper.  

Silver nanoparticles have been used in different 
applications such as catalysis, optics, and surface-
enhanced Raman scattering [6]. Noble metals such as 
gold and silver have mainly been utilized in printing 
highly conductive elements in electronic devices [7]. 
Moreover, the printing of metal inks, especially those 
containing silver nanoparticles, has been found to be a 
very powerful tool for direct patterning of electrically 
conductive interconnects in electronic devices [8]. The 
high price of silver nanoparticles despite their high  
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conductivity and the increasing demands of reducing 
production cost led to find alternative nanopigment in 
conductive ink [9]. Copper as a cheap and conductive 
material was found more favorable for this approach 
[7]. Its advantages lie in that Cu nanoparticles are 
cheap, have high yields under mild reaction conditions 
and have short reaction time [9]. Nanocopper inks have 
been used for printing of flexible conductive surfaces in 
diodes, transistors, low-cost sensors, electrical circuits 
and radio frequency identification tags (RFID tags) [10].  

Cu nanoparticles have been synthesized through 
different methods such as thermal decomposition [11], 
metal salt reduction [12], microwave heating [13], 
radiation methods [14], microemulsion techniques [15]. 
Cu nanoparticles can easily oxidize to form copper 
oxide. To avoid oxidation, the reduction methods are 
usually performed under an inert atmosphere (argon, 
nitrogen) [16], inorganic solvents [17] or microemulsion 
systems [18] and in presence of protective polymers 
[19] or surfactants [20]. Bimetallic or multi-metallic 
nanoparticles can be synthesized by the co-reduction 
of two or more kinds of metal ions forming nanoalloys. 
Reductive deposition of one kind of metal ion over 
another reduced metal nucleus results in forming 
core/shell nanoparticles [21]. 

In this work, is reported the synthesis of a stable Cu 
and Ag nanoparticles and nano Cu/Ag core/shell 
particles combining the properties of both copper and 
silver using a simple method. The prepared 
nanoparticles were used as pigments in inkjet 
conductive ink formulation. These inks were printed on 
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flexible PET films and sintered at various temperatures 
to obtain the optimum conductivity (lower resistivity) 
with good performance. The preparation of bimetallic 
aimed at reducing production cost of the ink upon using 
copper nanoparticles and to protect the copper 
nanoparticles from oxidation using silver as a shell. 

2. EXPERIMENTAL 
2.1. Materials  

Silver Nitrate (AgNO3. 99 %, Sigma-Aldrich) and 
Copper Acetate Trihydrate (Cu(CH3COO)2.3H2O, 95 %, 
El-Nasr) were used as a silver and copper precursor, 
respectively. Polyethylene glycol (PEG, Mw=6000, Carl 
Roth) was used as a reducing agent. 
Polyvinylpyrrolidone (PVP Mw= 40000, Sigma-Aldrich) 
was selected as a protective polymer and dispersing 
agent. Ethanol (C2H5OH, 95 %, El-Nasr) was used as a 
solvent in preparation of metallic nanoparticles. For ink 
formulation; vinyl chloride/vinyl acetate copolymers 
(Binder) and Cyclohexanone and Ethylene glycol 
ethers (Cellosolve) were chosen.  

2.2. Preparation of Mono Metallic Copper and Silver 
Nanoparticles 

For preparation of mono metallic copper and silver 
nanoparticles, initial trials were done using different 
concentrations of copper acetate and silver nitrate. 
Solutions of 0.1, 0.01 and 0.001 mMol were prepared. 
It was found that 0.01 mMol was the suitable 
concentration of both copper and silver ion salts. Their 
higher concentration (0.1 mMol) caused agglomeration 
of the prepared nanoparticles, while the very diluted 
concentration (0.001 mMol) yielded low percent of the 
nanoparticles. In addition, the effect of pH on the 
stability of the prepared nanoparticles was studied at 
various pH values. Acidic and alkaline solutions caused 
precipitation of the metal. The suitable pH of the media 
was found to be nearly neutral (pH = 7.4). 

For a typical preparation of Cu or Ag nanoparticles 
in ambient atmosphere, 0.01 mMol of copper acetate 
trihydrate [Cu(CH3COO)2.3H2O] or silver nitrate [AgNO-
3] were added to 50 ml (0.01 mMol) polyethylene glycol 
and 50 ml (0.01 mMol) polyvinylpyrrolidone in a single-
neck round-bottom flask. Then the mixture was 

magnetically stirred with 10 ml ethanol until complete 
dissolution of copper or silver salts. The mixture 
solutions were then heated to 80 ºC for about 2 hours. 
At the end of the reaction time, the solutions were left 
to cool down to room temperature (solution A for Cu 
and solution B for Ag). The suspended particles were 
separated by centrifugation and were washed with 
ethanol for several times before vacuum drying at 40 
ºC for1 hour and packing for further testing. 

2.3. Preparation of bi Metallic Copper/Silver 
(Core/Shell) Nanoparticles 

The synthesis of bi metallic core/shell nanoparticles, 
has been done in two main steps: 

1. Synthesis of mono metallic nanoparticles (M1) 
which in this case is core. 

2. Synthesis of bimetallic nanoparticles by adding 
the second metal ion salt (M2

+
(aq)) to the first 

metal salt solution one.  

Figure 1 shows the schematic preparation of M1/M2 
core/shell [22]. 

Preparation of Cu/Ag Core/Shell Nanoparticles  

Copper nanoparticles (solution A) was prepared (as 
mentioned before) and then heated for 15 min at 80 ºC. 
25 ml (0.01 mMol) of silver nitrate were added to the 
solution during stirring at a constant rate and heated for 
another 3 hours; a grayish black colloidal solution was 
formed (solution C). The resulting particles were 
separated by centrifugation and washed with ethanol. 
Afterwards they were exposed to vacuum drying at 40 
ºC for one hour and packed for further testing.  

The prepared Cu, Ag and Cu-Ag nanoparticles are 
shown in Figure 2.  

2.4. Formulation of Inkjet Conductive Ink 

For inkjet ink preparation, the nano pigments (Cu, 
Ag and Cu/Ag) were separately dispersed in the binder 
mixture of vinyl chloride/vinyl acetate copolymer by 
stirring at constant rate for one hour, and then the 
solvents cyclohexanone and ethylene glycol ethers 
(Cellosolve) were added and stirred for 15 min. Table 1 
shows the formulation of inkjet conductive ink [23]. 

 
Figure 1: Schematic representation preparation of M1/M2 core/shell. 
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Figure 2: As prepared (a) Cu, (b) Cu-Ag and (c) Ag 
nanoparticles. 

 

Table 1: Conductive Ink Formulation 

Constituents Percent 
(wt/wt %) 

Pigments (Metallic nanoparticles) 33.33 

Binder (vinyl chloride/vinyl acetate copolymer) 6.67 

Solvent (cyclohexanone and ethylene glycol 
ethers (Cellosolve)) 

60 

Total  100 % 

 

2.5. Printing of Inkjet Conductive Inks on PET Films  

The formulated inks were printed on flexible 
Polyethylene Terephthalate (PET) films using hp 
Deskjet d1600 printer. Many trials were done to obtain 
uniform and smooth film thickness of printed inks. The 
patterned films were dried at 65 °C, and subsequently 
sintered at various temperatures 110, 150 and 200 °C 
to obtain good patterns with the lowest possible 
resistivity. 

2.6. Materials Characterization  

The purity, formed phases and crystallite sizes of 
Cu, Ag and Cu/Ag core/shell nanoparticles were 
investigated by X-ray powder diffraction (XRD, D/Max 
2500 PC, Rigaku, Japan) using Cu target operating on 
40 kV and 100 mA (with a scan speed of 4°/min) with 
Cu-Kα radiation of wavelength equals 1.54059 Å. The 

θ -2θ scan was done in the range 0◦–80◦. The 
morphology and size distribution of the particles before 
and after sintering were characterized by transmission 
electron microscope (TEM, JEM-2100, Japan) 
operated at 200 kV. Samples for TEM investigation 
were prepared by placing a drop of colloidal dispersion 
on the carbon-coated copper grid and then allowing the 
drops to dry in air. Surface scan was performed using 
scanning electron microscope (SEM, S-4800, Hitachi, 
Japan) at a voltage of 2.0 kV. Gloss is a property that 
refers to the quality of luster, or ability of the surface to 
show an image. A micro glossmeter was used, at an 
angle of 75 to measure the gloss of printed films. 

The resistivity of the printed patterns was measured 
by a 4-point probe (QuadPro-301, Russia). The thermal 
characteristic of the printed copper, silver and copper-
silver core/shell inks were analyzed with a thermal 
gravity analyzer (TGA: STA 499C, NETZSCH); it was 
measured in the temperature range of 280–800 °C, at 
a rate of 10 °C/min and in 3% H2 atmosphere. 

3. RESULTS AND DISCUSSION 
3.1. Characterization of Mono Metallic 
Nanoparticles 

The XRD patterns of the prepared copper and silver 
nanoparticles are shown in Figure 3. Three 
characteristic peaks for metallic copper (Cu, JCPDS 
card #(04-001-3178)) are observed at 2θ = 43.2°, 
50.6°, 74.1°, respectively, Figure 3a. The peaks belong 
to XRD planes (111), (200) and (220), respectively. On 
the other hand, four main characteristic peaks at 2θ = 
38.1º, 44.29º, 64.5º, 77.45º are observed in Figure 3b. 
These peaks belong to XRD planes of metallic silver 
(Ag, JCPDS card # 03-065-2871) (111), (200), (220) 
and (311), respectively. The crystallite size could be 
calculated for the prepared nanoparticles using Debye-
Scherrer's formula, as follows: 

τ = k λ / β cos θ 

Where τ  is the mean of the crystallite size, k = 0.9 
is a correction factor accounts for particle shapes, λ  is 
the wavelength of Cu target (Kα radiation), β is the full 
width at half maximum (FWHM) of the most intense 
diffraction peak, θ is the Braggs diffraction angle. The 
average crystallite sizes of copper and silver 
nanoparticles are around 6 and 8.8 nm, respectively. 

TEM images in Figure 4a,b shows that 
agglomerated copper nanoparticles have a quasi-
spherical shape with average particle size up to 7 nm. 
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Whereas Figure 4c,d shows that silver nanoparticles 
have well defined spherical shape with average particle 
size up to 8.5 nm. The protective shell in Figure 4b is 
due to capping agent PVP [24]. The high dispersivity of 
silver nanoparticles indicates that they are much more 
stable than copper nanoparticles. The particle size 
distribution of the prepared copper and silver 
nanoparticles that were obtained from TEM images 
confirmed that the prepared materials were formed in 
nano scale. These results are in agreement with that 
obtained XRD results.  

3.2. Characterization of bi Metallic and Core/Shell 
Nanoparticles 

Figure 5 shows two main characteristic peaks at 2θ 
= 38.4º, 44.6º which indicate the presence of 
copper/silver (core/shell). From Scherrer's formula, the 
average crystallite size of copper/silver nanoparticles 
was about 8 nm. 

Figure 6a-b shows the TEM images of the 
synthesized copper/silver bi metallic nanoparticles. The 
figure shows the presence of core/shell. This result is in 

 

 
Figure 3: XRD pattern of (a) copper nanoparticles (b) silver nanoparticles.  
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Figure 4: TEM images of (a,b) synthesized copper nanoparticles and (c,d) synthesized silver nanoparticles. 

 

 
Figure 5: XRD pattern of copper/silver (core/shell) nanoparticles. 
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Figure 6: TEM images of (a, b) synthesized copper/silver bi metallic (core/shell) nanoparticles. 

agreement with the obtained data from XRD results 
(Figure 5). TEM images show that the particle size of 
the prepared copper/silver nanoparticles was found to 
be in nano scale (about 15.5 nm). 

4. CHARACTERIZATION OF CONDUCTIVE INKJET 
PRINTED FILMS 

4.1. SEM Analysis 

SEM images of copper, silver and copper/silver 
nanoparticles printed samples sintered at 110 and 200 
ºC for 30 min are shown in Figure 7a-e. The sintered 
Cu and Ag nanoparticles printed films at 110 ºC appear 
as agglomerated needles as shown in Figure 7a and 
7c, respectively. The degree of agglomeration 
increased at 200 ºC for both Cu and Ag nanoparticles 
printed sintered films, as shown in Figure 7b and 7d, 
respectively. The particles form continuous and well 
distributed films, which consistent is with the decrease 
in resistivity with increased temperature Table 2). In 
Figure 7e, the particles of copper/silver (core/shell) 
sintered at 200 ºC show lack of continuous film rather 
agglomerated particles leading to increasing the 
resistivity.  

4.2. Films' Resistivity Measurements 

Table 2 illustrates the results of films' resistivity 
measurements of each printed patterns at various 
sintering temperatures 110, 150 and 200 ºC. The 
results show that the resistivity of all films decreased as 
the sintering temperature increased. This may be due 
to particles agglomeration and/or coalescence. Silver 
nanoparticle based ink printed films had the lowest 
resistivity at all sintering temperatures. The lowest 
obtained resistivity of ink patterns of copper, silver and 

copper/silver nanoparticles sintered at 200 °C for 30 
min were 3.1, 2.99 and 4.14 µΩ-cm, respectively 
compared with the bulk Cu wire resistivity which is 1.67 
µΩ-cm. The difference may be due to film discontinuity 
and/or thin printed film. Lee et al. [9] reported 4.4 µΩ-
cm film resistivity when they annealed printed copper 
samples at 320 ºC for 20 min which is higher than the 
one obtained in our work. The reported values for 
copper and silver printed samples at various 
temperatures were also found to be higher than our 
obtained results [2, 25-29].  

4.3. Gloss Measurements 

Figure 8 shows the gloss percentage of the printed 
films at different sintering temperatures. The figure 
shows that as the sintering temperature increased the 
gloss of the printed samples increased. This might be 
due to particles' agglomeration or coalescence forming 
continuous ink film. This caused increasing of the 
smoothness and consequently the gloss percentage of 
the printed films. Printed Ag nanopigment samples 
have higher gloss percentage than other printed 
samples; this may be due to the higher stability of silver 
nanoparticles which led to good dispersion. 

4.4. Thermogravimetric Analysis (TGA) 

Figure 9a-c shows the thermogravimetric analysis 
(TGA) of all printed samples at different sintering 
temperatures. As shown in Figure 9a the printed 
copper samples show good thermal stability up to 380 
ºC, and then start to decompose and end at about 480 
ºC. Also the sintering temperature of the printed copper 
samples affects their thermal stability as shown in 
Figure 9a, the greater thermal stability was found to be 
at 200 ºC close to that of PET films. Figure 9b 
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Figure 7: SEM of the printed samples with different nanoparticles and sintered at different temperatures (a) copper at 110 ºC (b) 
copper at 200 ºC (c) silver at 110 ºC (d) silver at 200 ºC (e) copper-silver at 200 ºC. 

 

Table 2: Film Resistivity Results of Printed Samples 

Sintering temperature 110 ºC 150 ºC 200 ºC 

Cu 21.4µΩ-cm 11.3 µΩ-cm 3.1µΩ-cm 

Ag 19.9 µΩ-cm 10.8 µΩ-cm 2.99 µΩ-cm 

Cu/Ag 23.5 µΩ-cm 12.7 µΩ-cm 4.14 µΩ-cm 
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Figure 8: Gloss percentage of the printed films at room temperature (RT) and sintered films at 110, 150 and 200 ºC for 30 min. 

 

  

 
Figure 9: TGA of printed samples with the synthesized (a) copper (b) silver (c) copper/silver nanoparticles. 

illustrates TGA of printed silver nanoparticles, which 
shows good thermal stability for all printed silver 
samples at different sintering temperatures. There 
exists a continuous weight loss at the temperatures 
ranging from 380-480 ºC, except for the printed silver 
samples which was sintered at 200 ºC. This shows 
great thermal stability up to 500 ºC, after which it was 

decomposed from 500-540 ºC. Figure 9c shows the 
thermal stability of sintered printed copper/silver 
nanoparticles. It has lower thermal stability at 110 ºC 
sintering temperature. The stability increasing with 
increased sintering temperature TGA results for printed 
copper, silver and copper/silver samples are consistent 
with the results of resistivity measurements.  
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5. CONCLUSION  

In this study mono metallic copper and silver 
nanoparticles and bi metallic copper/silver and 
silver/copper nanoparticles were prepared successfully 
from ionic liquids of the corresponding precursors. 
Several trials were done by using different 
concentrations of both copper and silver ion salts. The 
suitable concentration was found to be 0.01 mMol. pH 
affected the stability of the prepared nanoparticles, the 
suitable pH of the media being nearly neutral (pH = 
7.4). The results of XRD and TEM confirmed that their 
crystallite and particle sizes were in nanoscale. The 
prepared nanoparicles were used as nanopigments for 
inkjet inks formulations. The lowest obtained resistivity 
for ink patterns of copper, silver and copper/silver 
nanoparticles sintered at 200 °C for 30 min were 3.1, 
2.99 and 4.14 µΩ-cm, respectively which are lower 
than the recently reported work in literature. Silver 
nanoparticles show the lowest resistivity of ink patterns 
sintered at 200 ºC, its value was 2.99 µΩ-cm. These 
results were confirmed by studying the morphology and 
stability of nano pigment by SEM and TGA, 
respectively. The obtained results insured the 
promising use of the obtained products in metal-based 
inkjet printed circuit boards (PCB) at lower resistivity 
and lower sintering temperature. 
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