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Cu-Ag particles with homogeneous cover-silver layer were synthesized by electroless plating of
copper particles with silver sulfate using eco-friendly sodium citrate (SC) as reducing agent,
dispersant and chelating agent in an agqueous system. The influences of sodium citrate/Cu and
sodium citrate/Ag ratios on Ag coatings of Cu powders were investigated. Ag formed a dense
coating on the surface of Cu powders at a molar ratio of SC/Cu=0.25/1 and SC /Ag=8/1. SEM
(scanning electron microscopy) showed a uniformity of Ag coatings on Cu powders. SEM images
and EDS (The energy dispersed spectrometry) analyses also revealed that Cu cores were covered
by Ag shells on the whole. The measurement of oxidation resistance of Cu-Ag particles shows
closer resistivity (6.25x10Q « cm) than pure Ag (9.25x10°Q » cm) without CuO (-1 1 1) and Cu,0
(111) and peaks were detected after heat-treatment at 350°C for 4 h.
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INTRODUCTION

Silver and copper are widely used in many fields such as
electronic industries (Lee et al., 2008; Park et al.,
2007), sensors (Athanassiou et al., 2006), catalysis
(Ranu et al., 2007), and optical or biological devices due
to their high electrical conductivity. Because of the rare
content of silver in the earth’s crust and easy oxidization
of copper, their applications is strongly limited. Thus,
Cu-Ag core-shell (Cu-Ag) particles instead of single
copper or silver particles is currently considered to be an
advisable option in electronic industry in order to solve
the above problems (Hai et al., 2006).

Generally speaking, particles with core-shell structure
can be synthesized by vacuum process such as
evaporation, sputtering (Wang et al., 1997), electroplating
(Takeshima et al., 1990) and electroless plating (also
called spontaneous displacement reaction) (Feldstein,
1981), etc. Itiswidely accepted that silver can be deposited
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on many substrates by electroplating (Vaskelis et al.,
1996). However, electroplating and vacuum processes
are not feasible for commercial purposes depending on
the efficiency of the particles which is extremely low. The
spontaneous displacement reaction of silver coating
that can be achieved on copper particle has a higher
deposition rate than electroplating, although there are still
difficulties in the reducing process steps which forms a
well silver coating on the surface of copper particle.
According to literature, the rate of replacement
reaction is very important and it has great impact on
the final product. Xu et al. (2003) reported a synthesis of
silver coating on fine copper particle via Cu displacement
with silver nitrate/ ammonium hydroxide solution. The
guantity of ammonia controlled the rate of copper
dissolution. Mancier et al. (2010) prepared the Cu-Ag
core-shell nanoparticles by ultrasound-assisted
electrochemistry followed by a displacement reaction.
Ethylenediaminetetraacetic acid (EDTA) was used as the
chelating agent to control the rate of Ag-Cu displacement.

In the aforementioned references, many of these
synthetic methods are difficult for mass-production scale
due to their low efficiency or the inadequacy of precious



equipment. Furthermore, in most of the processes,
sodium borohydride (NaBH,), hydrazine hydrate (N,H, -
H,O) were used as reducing agent, hexadecyltrimethyl
ammonium bromide (CTAB), polyvinylpyrrolidone (PVP)
and Ethylenediaminetetraacetic acid (EDTA), etc. were
used as dispersant and chelating agent, respectively,
which are poisonous or hard to be removed from the final
products. Recently, sodium citrate (NasCsHsO;) was
found to be more widely used for replacing the above
chemicals as multifunctional agent (Teramoto et al.,
2000; Yangetal.,2010), suchasareducing, dispersant,
chelating agent, etc., and it also suppresses the
precipitation of copper hydroxides in Cu-Ag
spontaneous displacement reaction (Boca et al., 2009;
Gils et al., 2010; Kumar and Reddy, 2010; Xu et al.,
2003; Yang et al., 2010).

In this paper, we reported a simple and novel
method to synthesize Cu-Ag particles using silver
sulphate, copper particles, SC (Sodium citrate) as
starting materials at room temperature. As compared
with the results reported previously, this method is a
relatively green synthetic method because the starting
materials come from SC which serve as a multi-
functional agents such as reducing agent, dispersant
and chelating agent, and are nontoxic and easily avail-
able. Furthermore, the Cu-Ag particles prepared by
this method have greater potential for application in
many fields.

MATERIALS AND METHODS
Materials

Silver sulphate (Ag.SO.) was gotten from Solar Technology
Inc., Taiwan, SC (NazCsHs07) was from Union Chemical Works
Ltd., Taiwan, copper particles with median size 7.36 ym was
supplied by Oriental Happy Enterprise Co., Ltd., Taiwan. All
chemicals were used as received without further purification.

Preparation of Cu-Ag particles
The chemical reactions of copper particles, SC and Ag;SO4

systems occurs as shown in Equation (1) to (4) (Djoki¢ , 2008;
Vaskelis et al., 1996).

C,H.0,* +2Ag* —> C.H,0.2 +H"+CO,+2Ag (1)

(Ag),” +citrate” <> [(AQg)," --- (citrate)] (2)
Cu+ 2Ag* <> 2Ag + Cu* (3)
3Cu #+ 2C,H,0,* <> Cu,(C,H.0,), (4)

During the preparation of Cu-Ag particles, two solutions
denoted as A and B were first prepared. For preparing solution
A, 2.53 g Cu particles, 0.09 g SC and 100 ml of deionized
water were mixed at room temperature by a magnetic stirrer;
for preparing solution B, 1.17 g Ag>SO,, various amounts of
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SC and 250 ml of deionized water were mixed to form
[(Ag).*--(citrate)]. Detailed experimental design was shown in
Table 1. First, solution B was quickly dropped into solution A
with a magnetic stirrer at 1000 rpm. After the color of the
reacting solution change from red to purple and then dark
green, the reaction was ended by stopping the motion of the
magnetic stirrer which was immediately followed by the
filtration and cleaning process. The obtained composite
particles after single step filtration were washed at least 3
times with deionized water, and then dried.

Preparation of metal paste

To ascertain the oxidation resistance of synthetic powder, the
resistivity (p) of synthetic powders were investigated. The
prepared particles were mixed with an appropriate amount of
ethyl acetate-terpineol solution by a three-roll mill. The paste
was grounded to the required consistency, and screened on
the glass substrates for forming metal films, and then dried in
various conditions at air ambient.

Characterization

The morphologies of the synthetic particles were observed by
scanning electron microscopy (SEM)(SEM, JEOL JSM-7001F,
Japan). The median size (Dsp) of the particles was estimated
with a laser particle-size analyzer (DLS, Beckman Coulter,
Germany). The phase composition of the prepared particles
was determined by X-ray diffraction (XRD, DX-2500, Mainland
China) using CuKa radiation (A =0.1542 nm). The energy
dispersed spectrometry (EDS) of SEM (samples of
[SC]/[Cu]=0.25 and [SC]/[Ag]=8) and inductively coupled
plasma — optical emission spectrometer (ICP-OES) were also
used for the element identification of the products. The
oxidation resistance of synthetic particles was tested by
measuring sheet resistance of metal films which changed with
the various conditions of heating time and ambient
temperature. The sheet resistances of metal films were
measured with a programmable milli-ohm meter (ABM-3245) on
samples which have 10x10 mm? metal film patterns.

RESULTS AND DISCUSION

Effects of [SC]/[Cu] and [SC]/[Ag] ratios on Cu-Ag
particles synthesis

From the aforementioned functions of SC in this study,
the major influences of SC concentration on the
synthesis of Cu-Ag particles can be divided into two
parts: (1) effects of SC concentration on the Cu particles
dispersion and (2) effects of [SC]/[Ag] ratio on Cu-Ag
spontaneous displacement reaction.

In the cause of finding the effects of SC concentration
on the Cu patrticles dispersion, copper particles, various
amounts of SC and 100 ml of deionized water were
mixed to dissolve at room temperature with a
magnetic stirrer, and then the zeta potential of surface
particles was measured by Zeta Potential Analyser
(ZetaPlus 2002, Brookhaven, USA).

Generally, when the measuring modulus of zeta
potential is above -25 mV that can provide enough
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Table 1. Experimental conditions and characteristics of Cu@Ag particles.

cul/iAg® Solution A Solution B
Sample n[no‘gr[ rfﬂl [SC]/[Cu] Cu SC for 0.015M [SCI/[Ag"] SC for
molar ratio particles(g) dispersant(g) Ag2SO4(ml)  Molar ratio  chelating(g)
1SC 5.3 0.25 2.53 0.09 250 32 9.6
2SC 5.3 0.25 2.53 0.09 250 16 4.8
3SC 5.3 0.25 2.53 0.09 250 8 2.4
4 SC 5.3 0.25 2.53 0.09 250 4 1.2
58C 5.3 0.25 2.53 0.09 250 2 0.6
6 SC 5.3 0.25 2.53 0.09 250 1 0.3
7 SC 5.3 0.25 2.53 0.09 250 0.5 0.15
8 SC 5.3 0.25 2.53 0.09 250 0 0
9 SC 5.3 0 2.53 0 250 0 0
Figure 2 shows the relationship between the
-20 4 . average particle size (Dsg) of synthetic particles and
. — TN\ different synthetic parameter of [SC]/[Ag] molar ratios
S 40 = that showed a straight line (Y=6.923+0.06214X, R*=
E | / 0.9359). This result strongly suggest that the Dgq of
g s synthetic particles was directly proportional to the
g 90 [SC]/[Ag] molar ratio. It can be seen that the Ds, of
g particles increases when the molar ratio of [SC]/[Ag]
[ increased. This is probably due to the excess SC,
N which is adsorbed on the Cu-Ag surface and inversely
cause the agglomeration of particles. This result is
-100 similar to the findings of Hackley’s research (1997).
The evidence will be determined later.
120 4 \ Figure 3 shows the relationship between the reaction
n time of spontaneous displacement of Cu by Ag and
different synthetic parameter of [SC]/[Ag] molar ratios
140 — T T T T 1 that showed a straight line (Y=9.1659 + 4.07359X,
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Figure 1. Zeta potential of Cu particles surface at the different
[SC)/[Cu] molar ratios.

electrostatic force todisperse particles(Hiemenz, 1986).

As shown in Figure 1, the zeta potential increased
when the [SC]/[Cu] molar ratio falls between 0 and
0.0078, and then decreased between 0.0078 and
0.125 but when the [SC]/[Cu] molar ratio was
increasedto 0.25, the highest modulus of zeta potential
was measured (-125 mV). This phenomenon may be
caused by the effect of electrolyte concentration.
When the SC concentration increased, the electrical
double layer will be compressed and then recharged.
The addition of SC leads to an obvious increase of
negative charge on Cu surface particles, indicating
the chemical adsorption type it has. The measured
results shows that the molar ratio of [SC]/[Cu]=0.25
can provide the highest electrostatic force for particles
dispersion.

R?=0.9794). This result indicate that the reaction time
was directly proportional to the [SC]/[Ag] molar ratio. It
has been shown that the required reaction time
increased when [SC]/[Ag] ratio increased from 0.5 to
32. This result indicated that when SC is overdosed,
the rate of Cu-by-Ag replacement reaction will reduce,
and then bigger Cu@Ag will be formed by reducing
the nucleation rate of silver.

Figure 4 shows the SEM images of Cu-Ag composite
particles with different [SC]/[Cu] and [SC]/[Ag] molar
ratio. In Figure 4a, smaller Ag particles with dendritic
morphology were already separated from Cu particles
if SC was not present. It can be clearly seen in Figure
4b that the Ag coating was insufficient on Cu surface
with a molar ratio of [SC]/[Cu]=0.25 and [SC]/[Ag]=0.
Figure 4c shows that more complete coated particles
canbeproduced withinthe molarratio of [SC]/[Cu]=0.25
and [SC]/[Ag]=8. Figure 4d shows that the size of Ag
particles on Cu surface were between 50~150 nm.
The results indicated that when SC was added, it may
provide nucleation sites for Ag® on the Cu surface,
otherwise Ag particles will randomly be precipitated
from the solution. Figure 4e shows the cross sectional
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Figure 2. Tendency of Cu-Ag Dso with different [SC]/[Ag] molar ratios.
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Figure 3. Tendency of the reaction time with different [SC]/[Ag] molar ratios.

image of synthetic particles. It can be clearly seen
that each particles have a white shell of Ag and a
dark core of Cu and the thickness of Ag layers were
between 0.2~1.3 ym.

Table 2 summarizes the elemental analysis of silver
and copper weight% of the synthetic particles by
ICP-OES. As the results shown, the Cu-Ag particles
contains 64.14~65.51 weight% of Cu, 34.49~35.86
weight% of Ag. It can be clearly seen, that the concent-
ration of SC did not significantly affect the final reduction
rate of silver and the loss rate of copper. The result

indicated that in the synthetic process, the SC only
function as the dispersant and chelating agent, but
notreducing agent. Further SEM-EDS analysis of Cu-Ag
particles were also presented in Figure 5. Figure 5
shows the SEM-EDS analysis of the synthetic
particles with molar ratio of [SC]/[Cu]=0.25 and
[SC]/[Ag]=8 and contain small amount of oxygen and
carbon, which were possibly introduced from three
sources: (1) the adsorption of CgHsO; on synthetic
powders surface, (2) oxidation of synthetic powders,
or (3) background value from carbon conductive tape.
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Figure 4. SEM images of Cu@Ag particles with (a) [SC]/[Cu]=0 and [SC]/[Ag]=0, (b) [SC]/[Cu]=0.25
and [SC]/[Ag]=0 (c) [SC)/[Cu]=0.25 and [SC]/[Ag]=8; (d) enlarged synthetic particles in selected area
of (c), (e) cross section image of synthetic particles with [SC]/[Cu]=0.25 and [SC]/[Ag]=8.

Table 2. Elemental analysis of silver and copper
wt% in Cu@Ag particles.

Sample Cu (%) Ag (%)
1sC 65.41 34.59
2SC 65.51 34.49
3SC 65.39 34.61
4 SC 65.41 34.59
5SC 65.46 34.54
6 SC 65.30 34.70
7 SC 65.14 34.86
8 SC 64.16 35.84
9 SC 64.18 35.82

To ascertain the surface adsorption of SC, the
fourier transform infrared (FTIR) spectra were recorded
on Cu-Ag particles as depicted in Figure 6. For
comparison, the spectrum recorded for neat SC is
also superimposed in the same figure. In Figure 6a,
symmetric (vs) and asymmetric (vas) Vibrations
respectively emerged at the ranges of 1440-1350 and
1650-1550 cm™ which correspond to a characteristic
stretching vibration of COO™ groups. The bands
between 2400-2375 and 3550-3300 cm™ respectively
correspond to a characteristic stretching vibration of

C—-0 groups (from ambient air) and OH™ groups (H,O).

Figure 6b shows the presence of bands at 1410 and
1575 cm™* which indicated that CsHsO, have existed
on the particles surface.

The SEM cross-sectional image and EDS line-scan
analysis were presented in Figure 7 for further analysis
of synthetic powders. It can be clearly seen that in
Figure 7b, the intensities of carbon and oxygen also
detected an internal area of Cu-Ag powders and it can
be determined as the background value in EDS
analysis.

Oxidation resistance of Cu-Ag particles

A series of performance tests were carried out at
350°C for 4 h in ambient air on Cu-Ag particles. The
x-ray diffraction (XRD) pattern of Cu-Ag particles
have been recorded after different molar ratios of
[SC])/[Cu] and [SC]/[Ag]. Figure 8c to j shows the XRD
pattern of Cu-Ag particles before heat treatment and
only copper and silver were detected: Cu (1 1 1)
orientation at 43.316°; Cu (2 0 0) at 50.448°, Cu (2 2
0) at 74.124° and Ag (1 1 1) orientation at 38.114°;
Ag (2 2 0) at 64.441°, Ag (3 1 1) at 77.395° (Cu:
JCPDS 04-0836, Ag: JCPDS 65-2871). Furthermore,
It can be seen in Figure 8j that strong Ag (1 1 1) and
Cu (1 1 1) peaks were identified with [SC]/[Ag]=0. The
result is same as the SEM finding. When SC was not
present, Ag and Cu particles both have strong peaks
depending on complete structure. In Figure 4c-i, the
peaks of Ag (1 1 1) were decreased when SC was
added, and Cu (1 1 1) decreased with increasing
[SC]/[Ag] ratio, then increased when the molar ratio of
[SCl/[Ag]=16 and 32. This phenomenon can be
explained by adding SC which helps to form a silver
coating on the copper powdered surface. Thus, when
the Ag coating is dense and sufficient, the intensity of
Cu (111) peaks decreased. Consequently, the Ag
coating can be completely formed on Cu powders with
[SCI/[Ag]=8/1.

Figure 9 shows the XRD pattern of Cu-Ag particles
after heat treatment. Figure 9b, c, e, f, g, h and i
shows the presence of the Cu,O and CuO phase
which was observed in the XRD pattern, indicating
that Cu was partially oxidized at the molar ratios of
[SCI/[Ag] =32/1, 16/1, 4/1 , 2/1, 1/1, 0.5/1 and 0/1. In
Figure 9a, pure Cu particles were also tested and it
presented stronger Cu,O and CuO peaks than
synthetic Cu-Ag particles. Table 3 summarizes the
changes in intensity of CuO (-1 1 1) and Cu,O (11 1)
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Figure 5. SEM micrograph of EDS analysis of Cu-Ag particles with [SC]/[Cu]=0.25 and

[SC)/[Ag]=8.
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Figure 6. FT-IR spectra of (a) pure SC and (b) Cu-Ag
particles.

peaks in Cu-Ag particles after heat treatment. The
results show that when Cu-Ag particles were
synthesized with the molar ratio of [SC]/[Cu]=0.25 and
[SC]/[Ag]=8, no CuO (-1 1 1) and Cu,O (1 1 1) peaks
were detected. If the molar ratio of [SC]/[Ag] was
decreased to 4, then Cu,O (1 1 1) peak with 129
intensity will be detected. Otherwise, when the molar
ratio of [SC]/[Ag] was increase to 16 or 32, CuO (-1 1
1) and Cu,0O (1 1 1) peaks will be performed together
and the intensities will keep getting higher. This
results indicate that when the molar ratio of [SC]/[Ag]
=4, 2, 1, 0.5 and 1, the rate of Cu-by-Ag replacement
reaction become too fast that Ag could not form a
dense coating on the Cu surface. Furthermore, when
the molar ratio of [SC]/[Ag]=32 or 16, then the rate of
Cu-by-Ag replacement reaction can become slow, but
too much adsorbtion of SC will cause a rare Ag coating.

A series of electrical performance tests were carried
out on Cu-Ag powders with different [SC]/[Ag] ratios.
Heat-treatment in ambient air of printed patterns are
necessary because it will remove the solvent that cause
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Figure 7(a). SEM cross-section image of Cu-Ag particles with [SC]/[Cu]=0.25 and [SC]/[Ag]=8, (b)EDS line-scan analysis of

Cu-Ag particles with [SC]/[Cu]=0.25 and [SC]/[Ag]=8.
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Figure 8. XRD patterns of Cu-Ag particles before heat
treatment.

sintering between particles. Adjustment of the
heat-treatment temperature of the printed patterns
were exhibited in Figure 10. The resistivity of pure
copper particles was too high (15 Q - cm) as presented
in Figure 10. After 50°C for 4 hrs heat treatment, the
pure silver has the lowest resistivity which is
5.75x10™ Q - cm and the resistivity of 1 SC to 8 SC
are almost the same as 2x10° Q. The differences
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Figure 9. XRD patterns of Cu-Ag particle after 350°C 4 h
heat treatment.

between 1 SC to 8 SC cannot clearly be seen at
50°C for 4 h heat treatment except 9 SC. When the
molar ratio of [SC]/[Cu]=0 and [SC]/[Ag]=0, then the
resistivity of 9 SC is higher than others (3.6x10™" Q).
This may be caused by separated particles of silver
and copper, and the Cu will let the film resistivity to
increase. Furthermore, the resistivity of 3SCto 7 SC



Table 3. Effect of the thermal treatment of Cu@Ag particles.
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Peak intensity

After thermal treatment

Sample Before thermal treatment . . .
P (350°C, 4 h in ambient air)
CuO(-111) Cu,0(111) CuO (-111) Cu,0 (111)
1SsC 0 0 104 408
2 SC 0 0 153 537
3 SC 0 0 0 0
4 SC 0 0 0 129
5SC 0 0 240 113
6 SC 0 0 74 86
7 SC 0 0 132 159
8 SC 0 0 121 386
9 SC 0 0 530 982
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Figure 10. Resistivity variations of printed patterns as function of
heat-treatment temperature. The pattern with a size of 10 x 10
mm? were screen printed with 50 um thickness and head in
ambient air.
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and pure silver decreased drastically, but 1 SC, 2 SC
and 8 SC were increased after heat treatment at 350
°C 4 hrs. As presented by the aforementioned results
of XRD analysis, 1 SC, 2 SC and 8 SC have clear
Cu,O and CuO phase. The results indicated that
Cu-Ag particles with incomplete silver cover layer
cannot have enough prevention for oxidation of core
Cu and this can cause the film resistivity to increase.
Thus, after 350°C heat treatment for 4 h, Cu-Ag
powders with [SC]/[Cu]= 0.25/1 and [SC]/[Ag]=8/1
have a closer resistivity (6.25x10*Q - cm) as pure
Ag, and no Cu,0 and CuO phase were observed.

Conclusion

Cu-Ag particles with high oxidation resistance were
successfully fabricated by a simple green electroless
plating technique. The Ag coating on Cu surface was
improved by adding SC. SEM observations which
shows that the Cu-Ag composite powders do have
clear core-shell structure. In the synthesized process,
hindrance of SC played an important role in avoiding
aggregation of Cu and synthetic Cu-Ag powders
through —COOH bonding with powders. As the molar
ratio of [SC]/[Cu]=0.25 and [SC]/[Ag]=8 , a dense Ag
coating was obtained on the Cu surface. After 350°C 4
h heat treatment, the synthetic particles with only
34.61 wt% Ag has closer resistivity (6.25x10Q- cm)
as pure Ag (9.25x10°Q- cm) which was measured,
and no CuO (-1 1 1) and Cu,O (1 1 1) peaks were
detected.
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