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Abstract: Ni and Cu are the two most promising alterna-
tives to noble metals used in electrical conductive mate-
rials. However, Cu is susceptible to oxidation, while Ni ex-
hibits poorer electrical conductivity. To solve this problem,
Cu-Ni composite nanoparticles have been prepared in the
present work by successive hydrazine reduction based on
the different oxidation potential between Cu (II) and Ni (II).
The as-prepared products were characterized by XRD, FE-
SEM, EDS, and TG, and the electrical resistivity of which
was measured by four-probe method. A formation pro-
cess of the composite particles was proposed and demon-
strated. The Cu-Ni composite nanoparticles have a uniform
diameter of about 50nm, and exhibit higher oxidation tem-
perature than Cu and lower electrical resistivity than Ni.
This novel Ni-Cu structure and method might help solve
the problems associated with the oxidation of Cu and the
low electrical conductivity of Ni, which would further pro-
mote the application of base metal conductive powders.
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1 Introduction

Composite particles combining two or more components
in each individual particle usually exhibit novel or mul-
tiple properties and hence have much broader applica-
tions than their homogeneous single-component counter-
parts [1-4]. Therefore, new synthesis strategies to pre-
pare composite powders have attracted considerably in-
creasing attention in recent years, particularly if they are
straightforward to implement and can be applied to poten-
tially useful materials [5, 6].
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Metal powders with high conductivity, such as Au,
Pd, Ag, Cu, Ni, Co, and Al, are used as the conductive
fillers, which are applied to printed circuitboards, dis-
play touch panel electrodes, electromagnetic interference
(EMI) shielding, solar cell, and silicone rubber [7-10].
Conventionally, conductive materials and components are
usually made from noble metals such as Ag and Pd due
to their good electrical conductivity and high resistance
to oxidation. However, the increasingly high cost has con-
siderably limited its practical and industrial applications.
In recent years, base metals such as Ni and Cu are seen
as more economical alternatives to noble metals and are
extensively investigated[11-15]. Cu exhibits good electrical
conductivity as high as that of Ag, but susceptible to ox-
idation. To solve this problem, different approaches have
been explored to protect Cu from oxidation [16-18]. Com-
pared to Cu, Ni exhibits better oxidation resistance and
poorer conductivity. In order to overcome the problems
associated with the oxidation of Cu and the low electri-
cal conductivity of Ni, Ni-coated Cu particles have been
explored [19-22]. Kim report a highly effective strategy to
improve the chemical resistance of a Cu particulate film-
based electrode by coating a Ni protective shell on the sur-
face of the Cu nanoparticles without degrading their elec-
trical conductivity, and the electrical conductivity and re-
sistance to oxidation of the Cu@Ni electrodes could be
precisely controlled by adjusting the thickness of the Ni
shell [11]. In a typical coating technique, the core particles
are usually synthesized ahead, and then added into the
plating solution for coating [23]. It is known that passiva-
tion is always necessary for the synthesis of Cu nanoparti-
cles because fine Cu particle readily oxidizes in air [24, 25].
Therefore, surface treatment of Cu particles must be car-
ried out to remove the passive coat before Ni plating, which
would make the coating process complicated. There is also
some one-step method proposed. For example, Mancier
washed and dried the fresh copper powders under vac-
uum, and then immediately introduced them into silver
solution for coating [26]. However, it was still impossi-
ble to eliminate the oxygen contamination completely dur-
ing this process.

In the present work, a facile successive reduction
route to antioxidant Ni-Cu composite nanoparticles was
designed and demonstrated. The difference of oxidation
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potential between Cu (I) and Ni (II) was exploited and the
reduction process was designed and controlled. With Cu
and Ni salts coexisting in the hydrazine reduction system,
Cu (II) was firstly reduced and acted as the nuclei, and
Ni (II) was reduced afterwards and directly coated on the
Cu particles. No protecting agents or surface treatments
were needed. The objective of this work is to create low-
cost electrical conductive particles that can overcome the
problems brought by the oxidation of Cu and low electrical
conductivity of Ni.

2 Materials and Methods

All analytical chemical reagents were obtained from
Beijing Chemical Reagents Co. and used without fur-
ther purification. Typically, an appropriate amount of
NiCl,-6H,0 and CuS0O,4-5H,0 were dissolved into 100 mL
of distilled water to get homogeneous aqueous solution
with a total concentration of 0.IM. The molar ratio of
NiCl,-6H,0/CuS0,-5H,0 was controlled at 1:0, 2:1; 1:1, 1:2,
and 0:2 for Ni, Ni2Cul, Ni1Cul, NilCu2, and Cu, respec-
tively. The solution was heated in thermostatic water bath
till the temperature reached 80°. Then 2.5 mL of N,H4-H,0
(85 wt.%) was injected into the solution. The mixture was
stirred and heated for another 1h. After cooled to room
temperature naturally, the precipitates were filtered off
and washed with distilled water and anhydrous ethanol
in sequence and then dried at 60° for 1 h. NH3-H,0 can
be used for adjusting pH value if one wants to reduce the
amount of N,H,-H,O0. In order to obtained pure Ni pow-
ders, the amount of N,H,-H,0 was kept at 1.7 mL, and
NaOH was supplied with the molar ratio of OH™/Ni%* at 3.

The crystalline phase of the as-prepared samples was
characterized by X-ray diffractometry (XRD, X'pert PRO,
Panalytical, CuKa radiation) in a 26 range from 10° to
90°. Their size and morphology were inspected with field
scanning electron microscopy (FE-SEM, JEOL JSM- 6700F).
Energy dispersive spectroscope (EDS) coupled with FE-
SEM was used to investigate the chemical composition
and topography. The thermal stability of the products was
recorded using a thermal analyzer (Netzsch STA 449 TG-
DTA/DSC) in air with the heating rate of 10°/min up to
900°.

The electrical resistivity of which was measured by a
straight-line vertical four-probe method at room temper-
ature. The constant current was supplied through a Hall
measuring controller and the voltage was measured by a
nanovolt meter, as shown in Figure 1. Similar experimen-
tal setups were commonly used in the literature [27, 28].
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Figure 1: Four-probe scheme for electrical resistivity measurement,
redrawn according to Ref. [28].

The current flowing through probes 1 and 4 is I, and the
measuring voltage between probes 2 and 3 is V. The dis-
tances between probes are L1, L, and L, respectively. The
conductivity of the electrode can be calculated by the fol-
lowing Eq. (1), where L; =L, = L3 =L = 1mm, so the Eq. (1)
can be simplified and the resistivity can be to calculated
by Eq. (2).
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3 Results and discussion

3.1 Reduction process

Hydrazine (N,H,) is a powerful cheap reductant widely
used for the production of fine metallic powders. The hy-
drazine reduction process can be given as Eq. (3).

2M?** + NHy + 40H™ — 2M(s) + No(g) + 4H, 0 (3)

The reducing capability of N,H, is highly dependent on
the reaction temperature and pH value of the solution. In
the present experiment, the alkalinity condition provided
by N,H,4-H,0 or NH3-H, O was weak and the reaction tem-
perature was controlled below 80°. Cu (II) can be reduced
under such mild condition while Ni (II) can not, for Ni (II)
has lower oxidation potential than Cu (II). However, Ni
(IT) was reduced in our experiments as long as solid ad-
ditives such as Ag powders, fresh Cu powders, or Si pow-
ders were added into the reduction system. The powders
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after Ni plating exhibited magnetic properties and could
all be collected with a magnet. It’s known that Cu and Si
have no catalytic effect on hydrazine reduction of Ni (II),
so the solid additives must have played the role of nucle-
ating agents [29].

Inspired by these experimental results, we proposed
the facile successive hydrazine reduction route to Cu-Ni
composite particles. Figure 2 illustrates an ideal formation
process of the composite particles.
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Figure 2: lllustration of the ideal formation process of the Cu-Ni
composite particles: step, Cu () and Ni (Il) co-existence; step ,
reduction of Cu (Il); step IlI, reduction of Ni (II).

When Cu (II) and Ni (II) co-exist in the hydrazine re-
duction system (step in scheme 1), Cu (II) would be re-
duced first and form Cu particles (step II in scheme 1),
and then, the newly-formed Cu particles act as nucleus
and trigger the reduction of Ni (II) (step III in scheme 1).
Because Ni (II) is stable in the present deposition sys-
tem without Cu, no homogeneous nucleation could be ob-
served when the Ni plating solution was heated for 1 h.
Therefore, it is reasonable that the former formed Cu nu-
cleus played the role of nucleating agent and the later re-
duced Ni deposited on the surface and formed Ni-coated
Cu composite particles.

In order to demonstrate the reaction system more
clearly, macroscopical Si foil or activated carbon fibers in-
stead of Cu (IT) were added into the mild Ni plating solu-
tion. Upon the addition of a cleaned Si foil into the plat-
ing bath composed of NH5-H,0 and N,H,-H;O0, there ex-
isted bubbles arising from its surface, indicating that the
hydrazine reduction process had been triggered by the Si
foil. On one hand, the Si foil after Ni-plating kept smooth
but exhibited magnetic properties, indicating that Ni had
been uniformly plated on the surface of Si foil. On the other
hand, noisolated Ni particles could be collected by magnet
from the used plating solution, indicating that Ni particles
had not formed by way of homogeneous nucleation.

Figure 3a and b are photos of Si foil before and after
Ni-plating, respectively. The Si foil after coating by nickel
looked smooth as before but the color turned dark. Fig-
ure 3cis a picture showing the magnetism properties of Ni-
coated Si foil intuitively. Figure 3d is the SEM image of the
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coated Si foil surface and Figure 3e is the corresponding
EDS results. It can be seen clearly that Ni particles (con-
firmed by the EDS results) deposited on the surface. The
morphology of Ni particles is in consistent with that de-
posited on activated carbon fibers and pure Ni powders.
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Figure 3: Photos of Si foil before Ni-plating (a), after Ni-plating (b),
absorbed by a magnet after Ni-plating, and SEM image (d) of Ni-
coated Si foil surface and the corresponding EDS result ().

Figure 4: FESEM of the carbon fibers before (a-b) and after(c-d)
coated by nickel.

Similar phenomena occurred when activated carbon
fibers were used instead of Si foil. The carbon fibers af-
ter coated exhibited magnetic properties and can all be
absorbed by a magnet. Figure 4 shows FESEM of the car-
bon fibers before (a-b) and after (c-d) Ni-coated. It can be
seen that surface of carbon fibers before Ni-coated are very
smooth, which changes obviously after Ni-coated. The Ni
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coating on the surface of carbon fibers is compact and
tight. No isolated Ni particles can be observed between
the fibers under FESEM observation. Therefore, it can be
concluded that the proposed Ni plating solution is stable
enough that the formation of isolated Ni particles can be
eliminated.

It was also demonstrated in our preliminary experi-
ments that the reduction of Ni (II) had an induction time
as long as 10 min even when the reaction temperature
was raised above 120°, while the reduction of Cu (II) oc-
curred immediately upon the injection of N,H,-H,0 and
completed within several minutes at the temperature of
80° [30]. Therefore, the reduction process of Cu (II) and
Ni (II) can be divided clearly into two steps: reduction of
Cu (II) and reduction of Ni (II). The difference in the reac-
tion time contributed to the formation of coated structures
rather than Ni-Cu alloys. The successive reduction process
can also be observed during the experiments. With the ad-
dition of N,H,-H,O0, the solution turned red immediately,
indicating that Cu (II) was reduced and metallic Cu par-
ticles formed. With the reaction time prolonged to more
than 10 minutes, the solution turned gray and then black,
which is the color of Ni, indicating that the surface of Cu
particles was covered by Ni.

3.2 Characteristics of the products

Figure 5 shows XRD patterns of the products obtained with
the molar ratio of Ni/Cu at 1:0, 2:1, 1:1, 1:2, and 0:2 respec-
tively. All diffraction peaks were attributed to Cu and Ni,
indicating that not only Cu but also Ni can be obtained
in the present system. With the increase of the molar ra-
tio of Ni/Cu, the diffraction peaks of Ni was significantly
enhanced. When a ratio Ni/Cu = 1 is used, the peaks of Cu
and Ni can not separate clearly from each other and ex-
ist as almost one. However, it can still recognized in the
High-score software as Ni and Cu respectively. On the other
hand, the main peaks of Ni1Cul is perfectly agree with that
of Cu instead of between Cu and Ni. Therefore, overlap of
the peaks attributes to the little distance between them in-
stead of formation of alloys.

Figure 6a shows the FESEM image of products ob-
tained with the molar ratio of Ni/Cu at 1. The sample is
composed of well-dispersed spheres, the average diame-
ter of which is about 50 nm. Figure 6b shows the FESEM
image of the Cu powders obtained under similar experi-
mental conditions when CuSO,-5H,0 was used only. Fig-
ure 6¢ shows the FESEM image of the Ni powders obtained
under similar experimental conditions when the amount
of N,H,4-H,0 was kept at 1.7 mL, and NaOH was supplied
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Figure 5: XRD patterns of Ni, Ni2Cu1, Ni1Cu1, Ni1Cu2, Cu nanoparti-
cles.

with the molar ratio of OH™/Ni?* at 3. It can be seen that
Cu-Ni composite particles have similar shape and size with
the Cu particles, while Ni particles are flowerlike clusters.
However, there are no Ni clusters detected in the Cu-Ni
composite powders. These results further confirmed that
the formation process of the Cu-Ni composite particles. It
was reported that the oxidation resistance of Cu particles
could also be greatly improved even when the particle sur-
face was dotted by oxidation-resistant materials, because
the active spot on the surface of Cu particles would be cov-
ered first [31]. So further study was directly conducted on
the oxidation resistance instead of focus on the complete-
ness of the Cu-Ni core-shell structure.

Figure 6: FESEM images of Ni, Cu, and Ni1Cul nanoparticles.

Figure 7 shows the EDS results of the sample with
the Ni/Cu value of 2.0. Figure 7a and b is the Cu and Ni
elemental map analysis, respectively. It can be seen that
the distribution of Cu and Ni elements are homogeneous.
The results according to Figure 7c showed 66.12wt.% and
33.88wt.% of Ni and Cu, respectively, and the molar ratio of
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Ni/Cu is 2.1, which is appropriately in consistent with the
theoretically calculated results according to the amount
of raw material added. Because of the core-shell struc-
ture of the particles, copper is covered by nickel, which
may be the reason why the detection rate of nickel/copper
is slightly higher than the calculated value. The EDS re-
sults demonstrate the total element ratio of Ni/Cu, which
is in agreement with the specific synthesis parameters.

Element Weight (%) Atomic (%)

Ni K
Cul
Totals

66.12
33.88
100.00
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Figure 7: EDS results of the sample with the Ni/Cu value of 2.0.

The oxidation resistance of the sample in atmosphere
was examined by TG. Figure 8 shows TG curves of the
pure Cu powders (a) and the Ni-coated Cu composite pow-
ders (b) obtained with the molar ratio of Ni/Cu at 1. The
obvious weight gain of Cu powders occurs at about 150°
and the obvious weight gain of the composite powders oc-
curs at about 270°, indicating the oxidation temperature
of the two samples were about 150° and 270°, respectively.
The oxidation temperature of the Ni-coated Cu composite
powders is similar to that of pure Ni nanoparticles [32].
Therefore, the oxidation resistance of Cu powders was im-
proved greatly after coated by Ni. The TG examination also
showed indirectly that the obtained sample was the Ni-
coated Cu composite instead of the mixture of Ni and Cu
powders.

In order to examine the electrical conductivity, pow-
ders were treated at 200° in the mixture of H, (5%) and
N, (95%) flow according to the literature [33], aiming to
remove the contamination on their surface. Ultrafine Cu
powders are readily to oxidized and turned to black from
red during the filtration and drying. Treatment would pro-
vide the Ni-Cu and Cu powders in similar conditions when
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Figure 8: TG curves of Cu (a) and Ni-coated Cu (b) powders.

they were used and the conductivity were compared. Then
post-treated powders were pressed into coin shape under
the pressure of 100 kg. Photos of the samples for electrical
conductivity measurements are shown in Figure 9.

Figure 9: Photos of the samples for electrical conductivity measure-
ments.

The resistivity was measured by four-probe method
and the calculated results are given in Table 1. The re-
sistivity of Cu powders, Ni powders, NilCul, and NilCu2
composite powders were 1.8*10°°Q-m, 9.1*10°Q-m,
6.2107°Q-m, and 4.7%10"°Q-m respectively. Cu powders
have expected lowest resistivity. In addition, the Ni-coated
Cu composite powders exhibits lower electrical resistivity
than Ni powders under similar condition.

4 Conclusions

A novel Ni-Cu structure was designed and the compos-
ite powders were prepared by successive hydrazine re-
duction. The powders were composed of well-dispersed
nanoparticles and the particle size is about 50 nm. The dis-
tribution of Cu and Ni phases are homogeneous within the
powders. The composite powders exhibit higher oxidation
temperature than Cu and lower electrical resistivity than
Ni. The innovative product might have potential applica-
tion as conductive particles. This work might help solve the
problems associated with the oxidation of Cu and the low
electrical conductivity of Ni, which would further promote
the application of base metal conductive powders.
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Table 1: Conductivity of Cu, Ni, Ni1Cul, and Ni1Cu2 powders.

DE GRUYTER

Sample Cu Ni

Ni1Cu1l Ni1Cu2

Resistivity/Q-m 1.8%107° 9.1¥107°

6.2%107° 4.7%107°
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