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Abstract A two-step synthetic method has been utilized to prepare copper-
silver (Cu@Ag) core-shell particles with thin Ag shell coated over a Cu core
of initial diameter of 8045 nm. The formation of core-shell particles is charac-
terized by transmetallation reaction on the surface of the Cu particles, where
copper atoms function as the reducer for silver ions. The morphological charac-
terization of Cu@Ag, reveals that excess supply of Ag-based reagent produces
nanostructures with enhanced core-shell diameter, increased shell thickness,
and agglomeration of Ag in the bulk surface; whereas limited supply of Ag
species results in nanoparticles with imperfect enveloping of Cu core - mak-
ing them susceptible to oxidation. Experiments with TGA and DSC, verify
that thermal stability of core-shell nanoparticles is achieved for the specimen
undisturbed by agglomeration and imperpect enveloping effects. Though the
electrical resistivity of Cu@Ag nanoparticles increases in general with larger
molar proportion of Cu, its increment rate is small for the limit [Cu]:[Ag]=4:1
and then higher beyond it. The sample with [Cu]:[Ag]=4:1, characterized by
higher thermal stability, slowest oxidation speed, lower electric resistivity(
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64.24 pf2-cm) and negligible agglomeration effect, is recommended for indus-
trial applications.

Keywords Cu@Ag core-shell nanoparticles - electric resistivity - thermal
stability - agglomeration - Oxidation

1 Introduction

Flexible electronics are widely used in radio frequency identification (RFE), so-
lar panels, paper electronics, smart labels organic light-emitting diode (OLE),
flexible circuit board (FPCB), etc. Specially, these devices need the metal-
lic nanoparticles (NP) suspensions or pastes as conductive inks to fabricate
the fine-pitch electrical line patterns. Recently, many investigations have been
focused on bimetallic nanoparticles, owing to their promising characteristics.
Both one-phase and two-phase alloy nanoparticles are of great interest for
their improved chemical [TL2L[3l4], catalytic [5], optical [6l[7], biological [8] and
plasmonic [9[I0] properties over their single-component counterparts [I1]. The
nanoparticles used within the flexible electronics devices should be character-
ized with excellent conductivity (least resistivity) and thermal stability. Thus,
there is a significant efforts from researchers to investigate these properties of
nanoparticles.

The top three metals with excellent electric conductivity are silver, copper,
and gold, among which the silver is the most conductive element (6.30 x10”
Siemens meter ! at 20 °C). Moreover, its also has some other excellent proper-
ties, such as thermal conductivity, very good reflectance, anti-bacterial nature,
corrosion-free capacity, etc. Despite these advantages, for the very much less
abundant in the earths crust, silver is considered to be an expensive metals,
which limits its wide commercial applications in the electronic packaging in-
dustry. It is well known that copper is much cheaper than silver and is the
second element with high conductance after silver. At the same time, copper
has got wide use as interconnecting materials in integrated circuits, owing to its
high conductivity (5.988 x107 Siemens meter—! at 20 °C) and excellent prop-
erty of electromigration resistance [I2]. However, due to copper nanoparticles
with a very large ratio of surface area to volume, under air condition even at
room temperature, it is extremely unstable to be rapidly oxidized into CuyO
or CuO, which will significantly decrease the electrical conductivity. The lower
thermal stability of Cu, is one of the main obstacles for using copper nanopar-
ticle as conductive materials in electrical/electronic industries. Hence, there
is a strong need to design a nanomaterial, that is characterized with smaller
electric resistivity, high antioxidant stability and low cost. Cu@Ag core-shell
nanoparticles, combining two materials, is a functional material with modi-
fied properties which can be designed to demonstrate improved physical and
chemical properties,optimized cost of overall material and possible prevention
of oxidation of Cu.

There are various methods to synthesis the Cu@Ag core-shell nanoparti-
cles, such as electrochemical deposition [I3], thermal evaporation [I4L[15.16],
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and chemical reduction processes [I7]. In present research, in order to precisely
control the core size, we employ the chemical reduction method to produce the
Cu nanoparticles firstly. Silver ammonia solution is utilized for preparation of
Ag shell over the Cu. The solution is chosen as it advantageous for decreasing
the galvanic displacement reaction speed between Cu and Ag and subsequently
avoiding the possible nanoparticles agglomeration. In this research, the rela-
tive weight composition of Cu and Ag in the Cu@Ag core-shell nanoparticles
was changed in order to study about the optimization of electric resistivity
and thermal stability of the nanomaterials.

2 Experimental Section
2.1 Materials and Reagents

Copper sulfate pentahydrate (CuSO4-5H20), ammonia (NH3-H0), pure ethanol
(CoH50H) and sodium hypophosphite monohydrate (NaHyPOo-H20O) were

supplied by Tianjin Kemiou Chemical Reagent Co., Ltd, Tianjin, China. Polyvinylpyrroli-
done (PVP, Mw = 30,000) and silver nitrate (AgNOj3) were obtained from
Sinophram chemical reagent Co., Ltd, Shanghai, China. All these agents were

used in experiment without further processing. Moreover, deionized water pro-

duced by pure water produce machine (Shanghai hhitech, Master-S15). All

solutions was used in all experiments for the preparation of all solutions and

washing glasswares.

2.2 Cu nanoparticles synthesis

Synthesis of Cu nanoparticles was accomplished using chemical reduction
method in [18]. CuSO4-5H50 was utilized as an initial reagent and NaHoPOo-Ho O
was selected as a reducing agent to reduce Cu™t ions of a solution into Cu
species. PVP was used as a capping agent during the reduction reaction. As
shown in Fig. [I(a), 5 g CuSO4 and 0.02 g PVP were dissolved completely
in 100 mL deionized water, a aqueous solution containing 0.02 M CuSO4 was
firstly prepared as solution A. Then, 6.36 g NaH;PO2-HyO was dissolved com-
pletely in 100 mL of distilled water to form the solution B . Finally, solution
B was added to solution A under constant stirring of 500 r/min. With the
molar ratio of NoHy and CuSO4 maintained at 3, the reaction was allowed
to proceed at a temperature of 80 °C for 30 min. After the color of the mix-
ture solution completely converted from blue to reddish brown as shown in
Fig. [1} the heater power was turned off. Then, the mixture was allowed to
cool naturally to room temperature for proceeding towards extraction of Cu
nanoparticles. The products obtained were separated through centrifugation
at 3000 rpm and then dried in the vacuum oven for 5 h at 50 °C .
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Fig. 1 A schematic diagram to illustrate the procedures for preparation of (a) Cu and (b)
Cu@Ag nanoparticles via chemical reduction method.

2.3 Preparation of Cu@Ag core-shell nanoparticles

In order to prepare Cu@Ag core-shell nanoparticles, the Cu nanoparticles at-
tained in were washed thoroughly with ethanol to remove the excess
of reducing agent, and then put into 300 mL beaker containing 50 mL dis-
tilled water (Fig.[I[b)). Inside another 150 mL beaker containing 50 ml water,
AgNOg3 compound was dissolved to produce tan colored precipitate of AgsO.
The amount of AgNOg3 put into the water was governed by the targeted mo-
lar ratio between Ag and Cu in the final core-shell particles, namely, 1, 2,
3, 4, 5 and 6. Then, dilute ammonia solution (NH3.H20) was subsequently
added dropwise into the beaker containing AgoO precipitates. With the ad-
dition of dilute ammonia solution and maintenance of continuous stirring to
the content of beaker, the precipitation would slowly start to disapper and
form a clear solution. The clear solution formed from this dissolution reaction
is the silver ammonia solution. The silver ammonia solution was subsequently
poured into the beaker with Cu nanoparticles, and under constant stirring of
500 r/min, the reagents interact to form Cu@Ag core shell nanoparticles. The
precipitated core-shell material was separated from the mixture by centrifuga-
tion and washed with ethanol + distilled water. After this, it was dried in the
vacuum oven for 5 h at 50 °C . With relative molar ratio maintained between
Ag and Cu during the initial preparation procedure, the resulting six types of
Cu@Ag core-shell particles, had the molar ratio between core Cu and shell Ag
as 1:1, 2:1, 3:1, 4:1, 5:1 and 6:1.

2.4 Characterization of Cu and Cu@Ag core-shell nanoparticles

In order to characterize the as-prepared Cu and Cu@Ag core-shell nanopar-
ticles, they were further subjected to ultrasonication (Ultrasonic cleaner JP-
0408, 10L) based dispersion in ethanol for 15 min, after the initial process of
centrifugation and washing with ethanol. About 4-6 droplets of nanoparticle-
ethanol suspension were poured down onto a clean silicon sheet (4 x 4 x 1
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mm? ) and after air drying, the sample of Cu and Cu@Ag nanopartices were
ready for SEM characterization. Field emission scanning electron microscopy
(Zeiss Supra 55 FESEM) equipped with energy disperse X-ray spectroscopy
(OXFORD ISIS-3, EDS) was conducted to determine the nanoparticles size
and morphology. The crystallite size and phases of the Cu nanoparticles were
investigated by X-Ray diffractometer (XRD-6000). The sample was exposed
to Cu Ko radiation (A=1.54056 A) with the scanning speed of 2 deg/min.
Similarly, the XRD patterns were obtained for Cu@Ag core-shell nanoparti-
cles. It is to be noted that the intenisty and peaks of XRD patterns are very
useful in confirming about the formation of nanoparticles [19,20,27]22]

The thermogravimetric analysis system (DSC822/TGA /SDTA851, Switzer-
land) was carried with a heating rate of 10 °C/min to investigate the thermal
stability of six kinds of Cu@Ag core-shell nanoparticles, for TGA test in at-
mospheric condition and for DSC under nitrogen environment. Moreover, for
the resistivity measurements, the testing sample was prepared by pressing the
as-prepared nanopowders into a slice under an axial pressure of 20 MPa in
a steel die, and cutting to a size of 10 x 10 mm. The electrical resistivity
was determined from the experimental measurement with digital conductivity
meter (Xamen Tianyan Sigma2008B).

3 Results and Discussion

3.1 Formation process of as-prepared Cu@Ag core-shell
nanoparticles

The synthesis of the Cu@Ag core-shell nanoparticles according to Fig. |3} Aque-
ous dispersion of Cu nanoparticles are prepared with the use of NaHsPOo-Ho O
as reducing agent. Moreover, for changing the value of redox potential and tai-
lor the reactivity of the species in a given metal-reducing-agent system needs
skillful manipulations of metal complex chemistry. Firstly, at the beginning
of the reaction, metal precursors were quickly reduced by HoPOS ! because
of the apparently higher redox potential of HoPOg ! than Cu?* according to
table [1} The mechanism of Cu?** reduction by HoPOy ! can be described as:

Cu®t 4+ H,PO, + H,O —> 2Cul + H,PO; + 2H™
At the same time, evolution of HyPO, ' can be wirriten as:

H,PO, + H,0 —> H,PO; + 2H
2H — H2

During the reaction process of copper sulfate solution and hypophosphite so-
lution, the blue copper sulfate solution becomes colorless then turns green,
and finally turns red wine with Cu nanoparticles formed. Fig. [2] shows the
X-ray diffraction patterns for the as-prepared copper nanoparticles used in
this experiment. From Fig. three dominant peaks can be seen at 43.30,
50.43 and 74.13 represent (111), (200) and (220) crystal planes of metallic Cu,



6 Shengyan Shang ! et al.

(111)

As prepared Cu NPs J
JCPDS File No.04-0836

Intensity ( a.u.)

—{>— (200)
_r. (220

20 20 60 80
2Theta ( degree)

Fig. 2 XRD patterns and SEM image of Cu nanoparticles.

which confirmed that the resultant particles are pure fcc Cu. It is obvious that
there is no oxide peak(s) in the XRD pattern of copper nanoparticles, which
suggests the nanoparticles were protected well by the PVP without oxidation
when it was exposure to the atmosphere. It will give a excellent condition
for preparation of Cu@Ag core-shell nanoparticles by XRD analysis. Further
more, the average crystallite size d of the samples can be estimated using
the Debye-Scherrers equation:

kA
- AN 1
BWCOSH ( )

k = 0.94 (shape factor ), A is the Cu-K,, radiation of wavelength (1.5406
A), Buri is the full width at half maximum (FWHM) in radians and 6 is the
scattering angle. From Scherrer’s formula and full-width at half maximum
(FWHM) data [23], the mean crystallite size of Cu were obtained as 80 + 5
nm. The internal figure of Fig. [2] shows the FE-SEM images of the copper
nanoparticles.

At the second step, the dilute ammonia solution have reaction with AgNOg
forming silver ammonia solution to prevent the reduction of silver ions in
solution to form free silver nanoparticles. The chemical reaction process about
this as follows:

d

Ag™ + 2NH;-H,0 — Ag(NH;)," + 2H,0
Finally, galvanic displacement reaction on the surface of Cu nanoparticles
are processed between the copper atoms and the residual [Ag(NHj)o]™ ions.

Cu + Ag(NH;),m — Cu®" 4+ Ag| + NH;

After reaction, Cu@Ag core-shell nanoparticles are obtained. It should be
mentioned that the whole process is environmentally friendly without being
too time or energy consuming. The reaction equations are as follows:
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Table 1 Changes in the redox potential of ions for complex chemical reaction.

Redox system Eo(V)  Reference
Cu?t +2¢ — Cu° +0.342  [24]
H,PO5 + H,O — H,PO; + 2HT + 2¢°  -0.3
Agt + e — Ag° +0.799
[Ag(NHz)o] " + ¢ — Ag’ +0.38  [26]
Al
—I— m —h Step 1: Synthesis of
A Cu nanoparticles
cuz+ Capping agent ~ Reducing agent Cunanoparticles
DQ{P_‘Q
e Q%() o Step 2: Preparation
+ %* - ODOO% * of silver ammonia
W ¢%® solution
Ag NH,H,0 Ag(NH,),*
o ¥ 8 o O'.o. Step 3: Formati
Bo < g Cu@Ag ® ep 3: Formation
‘ +©<héh[d§\ e ¢ Core-shell Nps® @ e® ® of Cu@Ag .
(Y] <>0 T —— .. "X LJ ® shell nanoparticles
® s%® ®ee®
Cunanoparticles  Ag(NH,),* Cu@Ag core-shell NPs

Fig. 3 Schematic mechanism that explains the transmetallation method during the prepa-
ration Cu@Ag nanoparticles.

3.2 Morphology and size of Cu@Ag core-shell nanoparticles

SEM images and corresponding elemental line scanning results of obtained
particles as function of the [Cu]/[Ag] are shown in Fig.[d] In the figure, for line
scanning results, cyan color corresponds to Ag element and red color represent
Cu element in the core-shell nanoparticles. From the results of elemental map-
ping line scans in Fig. al)—(fl), it can be verified that the surface of core Cu
were coated either completely or partially with Ag shells. When the molar ra-
tio of [Cu]/[Ag] is 1 in Fig. 4] (a), the results of EDS composition profiles along
the yellow line in inner image Fig. [4] (al), can be utilized to conclude that the
nanoparticle’s outer surface is nearly all Ag, which also can be speculated from
Fig.[6] Afer galvanic displacement, the Ag content outside of the nanoparticle
is increased with the Ag content at the nanoparticle surface. Therefore, excess
of Ag contributed to the agglomeration between as prepared Cu@Ag core-shell
nanoparticles. With the molar ratio of [Cu]/[Ag] increasing, the Cu@Ag core-
shell nanoparticles are less agglomerated and this corresponds to the limit of
supply of Ag. The agglomeration effect is pronounced for Cu:Ag of 1:1, 1:2
and 1:3. For the molar ratio of [Cu]/[Ag] is 4 in Fig. [f{d1), the surface of
Cu is uniformly coated with Ag. For the nanoparticle attained with [Cu]/[Ag]
molar ratio at 5, Cu and Ag staggered appeared, which means Ag partially
appear on the surface of Cu nanoparticles. Moreover, as the [Cu]/[Ag] molar
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ratio approaches 6, the elemental line scanning results shows a large junk of
Cu core (red colored zone) not covered by Ag, thus rendering it susceptible to
oxidation.

It can be concluded from above that the [Cu]/[Ag] molar ratio strongly in-
fluence the structure and the extent of Ag covering the surface of Cu nanopar-
ticles.The EDS results indicate that the optimized Cu@Ag core-shell nanos-
tructures can be formed when the initial [Cu]/[Ag] molar ratio is 4:1, as with
this ratio both the extremely opposite features - (i) agglomeration of excess
Ag, and (ii) risk of oxidation of uncovered Cu due to low supply of Ag, can be
prevented.

Fig. [5| shows the change in average diameters of core-shell nanoparticles
when the relative molar proportion of Cu and Ag in the initial reagents is var-
ied. As the molar ratio [Cu]/[Ag] increases, the mean diameter of the Cu@Ag
core-shell particles reduces. For an example, at [Cu]:[Ag] = 1:1, when Ag is
relatively excess, the diameter of the overall structure is 213+17 nm. When
the content of Ag is reduced , that is at [Cu]:[Ag] = 6:1, the nanoparticles
have a diameter of 10245 nm. Considering the size of initial Cu nanoparticles
as 8015 nm, it can be inferred that greater supply of Ag in the initial reagent
solution , can enhance the shell thickness. In this present study, owing to the
limitations in tracking the accurate interface between core and shell materials,
the numerical values of Ag shell thickness could not be outlined experimen-
tally. However, this work has been successful in quantifying the overall Cu@Ag
core-shell thickness in relation to the initial concentrations of constituting ele-
ments; and thus subjectively predicting the Ag shell thickness. Park et al [27],
have utilized FIB-SEM to locate the interface of silver-coated copper powders,
and find out the measured dimensions of silver coating. A similar approach
could be considered as a possible future work to resolve the interface between
Cu core and Ag shell of our present study. The experiments with variation
in core diameter , as outlined in [2§], can also be conducted in future. The
Cu core diameter’s size can also potentially influence thermal stability and
electrical resitivity of the resulting core-shell nanoparticles.

3.3 Thermal stability of synthesized Cu@Ag core-shell
nanoparticles

To investigate the stability of the as-prepared Cu@Ag core-shell nanoparticles,
XRD results of the Cu@Ag core-shell nanoparticles synthesized with different
[Cu]/[Ag] molar ratios after 3 month, are presented in Fig. [6] Considering the
two main peaks, the intensities of Ag (111) peaks seem to decrease gradually
and vice versa for those of Cu (111) with increasing Cu:Ag atomic ratios.
However, for Cu@Ag core-shell nanoparticles with [Cu]/[Ag] molar ratio 4,
even ater 3 months in ambient air, there was no obvious peaks correspond to
oxides appeared in the spectra of the Cu@Ag core-shell nanoparticles, which
shows the excellent air-stability of sample of [Cu]/[Ag] molar ratio at 4.
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Fig. 4 The SEM images and EDS composition profiles along the yellow line of Cu@Ag
nanoparticles synthesized at different molar ratio of [Cu]/[Ag], are shown in (a)-(f). The
cyan and red colored line scans respectively represent Ag and Cu elements in the core-shell
nanostructures.
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Fig. 5 The mean or average diameter of the core-shell Cu@Ag nanoparticles decreases
with the reduction in relative molar concentration of Ag material.
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Fig. 6 The XRD spectra of Cu@Ag core-shell nanoparticles for 3 months with different
[Cu]/[Ag] molar ratio.
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Fig. 7 TGA curve (a) and DSC (b) of the Cu@Ag core-shell nanoparticles with a heating
rate of 10 °C/minl.

The TGA plot of the Cu@Ag core-shell nanoparticles are shown in Fig. a).
More or less, there is a slight decrease on the TGA curve below 200 °C, which
comes from the loss of the absorbed water and decomposition of some cap-
ping agent on the surface, corresponding to the endothermic peak at about
200 °C in the DSC thermograph in Fig. b). After TGA carve slight decrease
on the TGA curve below 200 °C, then the plot keeps rising before 300 °C,
which shows the oxidation behavior of the Cu@Ag core-shell nanoparticles.
There is no weight loss above 300 °C as all the products have been converted
to oxides completely [29]. For the [Cu]/[Ag] molar ratio at 1, 2 and 3, there
exists a smaller slope for slow oxidization and bigger slope for quick oxidiza-
tion on the TGA plot, indicating that slow oxidization is due to the oxidation
of Ag in context of the [Cu]/[Ag] molar ratio at 6. At the same time, the rapid
oxidation at such lower molar fraction of Ag (e.g. [Cu]/[Ag] molar ratio at 6)
is attributed to the Cu that are not totally covered by Ag and are exposed to
atmospheric oxygen . Over all, the sample with [Cu]/[Ag] molar ratio at 4 has
the minimal weight gain among all the experimental Cu@Ag nanoparticles.
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Fig. 8 The measured values of electrical-resistivity for thin sheet made by pressing Cu@Ag
nanoparticles.

3.4 Electrical resistivity of as-prepared Cu@Ag core-shell
nanoparticles

The results for electrical resistivity of the sheet made from pressing Cu@Ag
coreshell nanoparticles, are presented for several composition proportions of
Cu and Ag in Fig. |8} The results for the resistivity values are in the same
order of the resistivity values for Ag nanoparticles presented in [30] and Cu-
Ag nanoparticles reported in [I3]. As shown in Fig. 8] the electrical resistivity
increases in general with the increased molar proportion of Cu in the core-shell
particles. However, it is interesting to note that the slope of resistivity curve
is very low upto the molar composition [Cu]:[Ag] = 4:1. When the molar com-
position of Cu is increased beyond this limit i.e. when [Cu]:[Ag] = 5 and 6,
the resistivity values shoot up very high. At [Cu]/[Ag]=1:1 and [Cu]/[Ag]=4:1,
average values of electric resitivity (p) are 60 pf2-cm and 64.2 pf2-cm respec-
tively whereas the average magnitude of resistivity rises to 72.9 pf2-cm at
[Cu]/[Ag]=5:1 and to 83.7 pf2-cm at [Cu]/[Ag]=5:1.

Among the samples containing lower proportion of Ag ([Cu]/[Ag]=6:1, 5:1
and 4:1; the sample [Cu]/[Ag]=4:1, is characterized with the smallest mag-
nitude of electrical resistivity and this value is not so high as compared to
[Cu]/[Ag]=1:1. Thus, optimization of materials costs and electrical conduc-
tivity properties, the sample [Cu]/[Ag]=4:1 can be selected appropriate for
industrial applications.
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4 Conclusions

In this research, air-stable Cu@Ag core-shell nanoparticles were synthesized by
two-step synthetic method, and based upon the molar proportion of Cu and Ag
in the core-shell nanostructures, they have been characterized for morphology,
thermal stability and electrical resistivity properties. The following conclusions
can be drawn from the study:

1. The molar composition of Cu and Ag during the procedure of nanoparti-
cles synthesis greatly influences the morphology of the resultant coreshell
nanoparticles. At excess supply of Ag reagent (e.g. [Cul:[Ag] = 1:1), ag-
glomeration of bulk Ag interferes with the formation of individual core-shell
nanostructure. At limited supply of Ag (e.g. [Cu]:[Ag] = 6:1), most of the
Cu cores are not completely enveloped by Ag shell, thus rendering the Cu
susceptible to thermal oxidation. An optimized molar composition (inter-
mediate supply of Ag), needs to be employed to solve the oppositely faced
agglomeration and oxidation phenomena.

2. The Cu@Ag core-shell diameter increases with an increase in the initial
molar proportion of Ag reagent.

3. From XRD and TGA results, considering the samples held for 3 months
at room temperature and subjected to same magnitude of heating speed,
the Cu@Ag nanoparticles with [Cu]/[Ag] molar ratio at 4:1, were observed
with the slowest oxidation rate and thus are considered the one with the
highest thermal stability.

4. The electrical resistivity of Cu@Ag nanoparticles, in general, has been ob-
served to increase with the increment in the content of Cu. The incre-
ment rate of resistivity is quite small upto the sample [Cu]:[Ag] = 4:1, and
for samples with Cu content higher than this limit, the increment rate is
quite larger. For equal molar fraction of Cu and Ag in the nanostructures
([Cu]:[Ag] = 1:1 ), the mean value of measured electrical resistivity Cu@Ag
core-shell nanoparticles is 61.74 pf2-cm. This value is just 64.24 pf2-cm for
sample [Cu]:[Ag] = 4:1, whereas it is around 83.7 p{2-cm for test specimen
[Cu:[Ag] = 6:1.

5. In practical applications requiring enhanced electrical conductivity prop-
erties, higher thermal stability, reduced agglomeration effects, lowered ma-
terial cost; the test specimen [Cul:[Ag] = 4:1, can be selected as the sample
characterized with optimum properties.
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