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Abstract—Dendritic copper powders are highly desirable in many applications, including electromagnetic interfer-
ence shielding and conductive pastes, because of low cost and high conductivity. We prepared dendritic copper pow-
ders using the galvanic displacement reaction between the Al and Cu-ions in aqueous solution. This method is very
simple and spontaneous at room temperature. During the process, the morphology of the copper powders is strongly
affected by several variables, such as the displacement reaction rate and the amount of hydrogen evolution due to the
reduction of proton. The effect of the different composition of electrolytes to morphological changes of copper pow-
ders was investigated in this study. In addition, the effects of concentration of chlorine ion, pH, termination time, and
additives were monitored, which resulted in different morphology. Considering different applications, such as sensors,
catalysts, and conductive pastes, the controllability of the morphology of dendritic copper powders plays an important
role in achieving high performance in desired applications.
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INTRODUCTION

In many industrial applications, the metal powders of silver, gold,
platinum, palladium, nickel, copper, and aluminum, are used as a
conductive matter; an adsorbed substrate, a catalytic surface, or an
electrode. Over the past few decades, the rapid development of the
minjaturization of electronic components has been realized in the
electronics, information, and communications industries. To meet
these criteria, the applications of chip-based and multi-layered pro-
cesses are preferred; conductive metal powders such as silver, cop-
per, nickel, and aluminum are widely used in the production of
electronic slurries (conductive pastes and adhesives) or conductive
films.

These electronic slurries are used to build electrodes with resis-
tors, capacitors, inductors, sensors, and current collectors. Due to
the superior value of the electrical conductivity, the silver slurry or
paste is predominantly used in the electronic printing market [1-
11]. Silver powders have been fabricated by different methods in-
cluding a galvanic displacement reaction (GDR) on zinc [12-16],
copper [17-20], or aluminum metal surfaces [18,21,22]. However,
there has always been a search for alternative materials with simi-
lar property because of the high cost of silver powders. Recently; as
an alternative to silver, silver-coated copper powders with core-
shell structures are considered as an alternative because of their
high conductivity as equivalent to silver with very low cost [1,3,23-
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38]. Copper powders have already been used in many applications
due to their catalytic, optical, and conducting properties. Addition-
ally, copper is relatively cheap (about one percent of the silver price)
and has a high electrical conductivity (only about 6% less than that
of silver). Copper materials have been prepared by electro-deposition
[39-41], electroless deposition [42-44], hydrothermal treatment [45-
47], and a galvanic displacement reaction [2,48]. Upon being exposed
to air, however, copper is extremely unstable and easily oxidized,
even at room temperature. By taking the advantage of the high con-
ductivity of silver paste, a copper surface covered with a layer of sil-
ver has received great attention [1,3,23-38,49,50].

It is well known that the morphology of metal powders plays
an important role in achieving high performance in most techno-
logical applications, which is the reason why many researches un-
dergo not only on the search for the alternative materials but also
the control of the particle shape. Recently; several copper-based mate-
rials with different morphologies have been studied in the form of
spherical structure, wires, and dendrites. Among these structures,
dendrites have a hierarchical structure consisting of a stem and many
branches, which results in large surface area to volume ratio. In most
of the cases, the lager surface area of the metal provides the better
performance in the applications. Dendritic materials have been fab-
ricated by several electrochemical processes in aqueous electrolyte
such as electro-plating, electroless deposition, and galvanic displace-
ment reaction. Using the electro-plating process accompanied with
hydrogen evolution reaction, Shin et al. synthesized porous dendritic
tin and copper layer as a film on the conductive substrate [51]. In
some earlier reports, the dendritic Ag nanostructures were prepared
by a galvanic displacement reaction using zinc metals [40,44].
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In this work, dendritic copper powders were prepared by the
galvanic displacement reaction without any reducing agents, and
the changes in morphology were examined by varying the chemi-
cal composition of the electrolyte. Especially; the effects of pH, halide-
ion concentration, and additives on the change in morphology of
dendritic structures were studied.

EXPERIMENTAL

High purity (99.9%) aluminum foil (7x8 cm”) was treated in 1 M
NaOH electrolyte for 5minutes to remove the native oxide and
was carefully cleaned with deionized water. Copper chloride dehy-
drate (CuCl,-2H,0) or copper sulfate pentahydrate (CuSO,-5H,0)
was dissolved in 500 ml of de-ionized (DI) water as a source of
copper ion, and the pH of the electrolyte was adjusted by adding
the sulphuric acid (H,SO,) or hydrochloric acid (HCI) into the
electrolyte. Some other salts and additives were also added to the
electrolytes to determine their effect on the morphological changes
of dendritic structures. All the chemicals were purchased from
Sigma- Aldrich, and more detailed compositions of the electrolytes
were listed in Table 1.

Once the electrolyte was prepared, the pre-cleaned aluminium
foil was immersed into the electrolyte at room temperature for 5-
20 minutes. The as-prepared dendritic copper powders were sepa-
rated from the slurry and washed several times with DI water and
ethanol to ensure that the impurities were completely removed.
The cleaned copper powders were dried in vacuum oven at 60 °C
for12 hours for further analysis.

The structures and morphologies of the dendritic copper pow-
ders were monitored by the field-emission scanning electron micros-
copy (FESEM, JEOL, JSM7000F). The composition, chemical state,
and crystallinity of the powders were examined using x-ray dif-

Table 1. The stem length and relationship between stem and branches

fraction (XRD, Bruker, D8 ADVANCE).

To evaluate the conductivity of the obtained powders, 0.2 g den-
dritic copper powders were pelletized under the pressure of 10 MPa.
The resistivity of copper powders was measured by the 4-point
probe method. The resistance value was recorded at a constant
current of 20 pA by using current source (Keithley 6221) and a
nanovoltmeter (Keithley 2182A), when a probe was produced with
tungsten and the distance between the probes was 1 mm.

RESULTS AND DISCUSSION

The galvanic displacement reaction (GDR) between Al and Cu’™*
ions in acidic aqueous electrolytes of H,SO, or HCI, provides a
remarkably simple and versatile route for the preparation of den-
dritic Cu powders, as shown in Fig. 1 and Fig. 2. The key step of
this process involves the replacement reaction between a suspen-
sion of metal templates and a salt precursor containing a relatively
less active metal. The bubbles and voids, generated by hydrogen
evolution reaction during the reduction of copper-ions by the GDR,
establish the casting frame for dendritic Cu growth [52]. The cop-
per powders were obtained from the GDR process, of which reac-
tion is driven by the difference between the reduction potentials of
Al and Cu ions in the electrolyte. Because the reduction potential
of Al is —1.68 V and that of Cu is +0.34 'V, the copper has to be
reduced and aluminium to be ionized into the electrolyte. At the
same time, considering the reduction potential of proton is +0.0 V
by definition, the hydrogen is produced by reduction of proton at
the surface of Al as follows:

2Ca™ +2H" +2Al(s)—>2Cu(s)+H(g) +2A" 6]

1. Effect of CI”
The copper ions are actually in the form of blue-colored [Cu

Electrolytes L, (um) L,/L, LJ/L,

0.01 M CuCl, 42 25.00% 0.00%
0.1 M CuCl, 39 12.50% 0.00%
0.1 M CuCl, 0.01 M NaCl 4 14.29% 0.00%
0.1 M CuCl, 0.1 M NaCl 6.5 20.00% 10.00%
0.1 M CuCl, 1 M NaCl 7 25.00% 15.00%
2M H,S0, 0.1 M CuCl, 1.6 0.08% 0.00%
1 M H,SO, 0.1 M CuCl, 4.5 27.27% 0.00%
0.5 M H,SO, 0.1 M CuCl, 8.6 20.00% 0.00%
0.1 M H,SO, 0.1 M CuCl, 10 18.87% 0.00%
0.5 M H,SO, 0.1 M CuSO, 0.1 M KCl 30 5.26% 0.00%
0.5 M H,S0, 0.1 M CuSO, 0.1 M NaCl 30 3.85% 0.00%
0.5M H,SO, 0.1 M CuSO, 0.1 M KBr 100 20.00% 20.00%
0.5 M H,SO, 0.1 M CuSO, 0.1 M NaBr 100 20.00% 12.50%
0.5 M H,SO, 0.1 M CuCl, (5 min) 5 21.74% 0.00%
0.5 M H,SO, 0.1 M CuCl, (10 min) 7 20.00% 0.00%
0.5 M H,SO, 0.1 M CuCl, (15 min) 9 15.15% 0.00%
0.5M H,SO, 0.1 M CuCl, (20 min) 9.3 12.50% 0.00%
0.5M H,SO, 0.1 M CuCl, 0.3 M sodium citrate 50 20.00% 40.00%
0.5 M H,SO, 0.1 M CuSO, 0.1 M CTAB 80 1.89% 0.00%
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Fig. 1. FE-SEM images of dendritic copper powders obtained in electrolytes (a) 0.1 M CuCl,, (b) 0.1 M CuCl,, 0.01 M NaCl, (c) 0.1 M CuClL,
0.1 M NaCl, and (d) 0.1 M CuCl,, 1 M NaCl, respectively.

10pum

Fig. 2. FE-SEM images of dendritic copper powders obtained in electrolytes (a) 2 M H,SO,, 0.1 M CuCl,, (b) 1M H,SO,, 0.1 M CuCl, (c)
0.5M H,SO,, 0.1 M CuCl, and (d) 0.1 M H,SO,, 0.1 M CuCl,, respectively.
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(FHL,O)J** in aqueous solution [53]. Control of the CI ion concen-
tration is an important factor in the galvanic displacement reac-
tion. The chloride ions were found to cause hydrogen bubble gen-
eration and a fast displacement reaction in the case of Ni-Cu pow-
ders [52]. When the aluminium foil is immersed into the electro-
lyte consisting of CuSO, or CuSO, with H,SO,, even after 24 hr,
there were no copper powders and hydrogen bubbles. However,
after the addition of NaCl or HCI with the above two electrolytes,
the [Cu(H,0),]*" was converted to other form as [CuCL]*" [53]. As
a result, bubbles were generated on the surface of aluminium with
bright red powders on the surface of aluminium foil according to
the following reactions:

3[CuCl,]* +2Al(s)—>3Cu(s)+12Cl +2A* )
6H"+2Al(s)—>2A* +3H,(g) 3

In view of the above phenomenon, a series of experiments were
performed to find the role of chloride ions. Additionally, chloride
ions also influence the morphology of copper powders, as shown
in Fig. 1. The first branch appeared in electrolyte containing 0.1 M
CuCl,-6H,O (¢f Fig. 1(a)) and the growth of branches proceeded
toward four perpendicular directions around the stem. The sec-
ond and third branches were generated with higher concentrations
of CI” by adding more NaCl (cf. Fig. 1(c) and (d)). At the same time,
the direction of growth changed within the same plane as the stem.
In aqueous solution, [Cu(H,0)s]*" was transformed to [CuCl]*

because the bonding energy of Cu-O is lower than Cu-Cl. As men-
tioned in Egs. (2) and (3), Al acting as a reducing agent in the GDR,
which replaces the Cu™* in [CuCl,]*” more difficultly than Cu** in
[Cu(H,0))**, while the hydrogen bubbles are generated continu-
ously. When the electrolyte contains a high concentration of chlo-
rine ions, the settlement of the displaced copper atoms transferred
from the solution to the ionic metal lattice is limited by the hydro-
gen evolution. The growth of copper was chopped by the relatively
abundant amount of hydrogen bubbles, which resulted in small
branches with high concentration of chloride ions. The lengths of
stem, first branch, and second branch were marked as L;, L,, and
L;, respectively. The L,/L, ratio decreased as the concentration of
CI” was increased.

2. Effect of H"

To demonstrate the effect of hydrogen ions on the morphology
of dendritic copper powders, the 500 ml aqueous solutions con-
taining 0.1 M CuCl, with different concentration of H,SO, viz. 0.1 M,
05M, 1M, and 2M were prepared and investigated. It can be
observed that more hydrogen bubbles were generated with increase
in H' concentrations. As shown in Fig. 2(a), the amount of hydro-
gen evolution was too high to assist in forming long stems of den-
dritic copper from copper ions. On the other hand, with low H*
concentrations, the amount of hydrogen evolution was too low,
which actually affected the uniformity in the formation dendritic
copper powders (¢f Fig. 2(d)). Fig. 2(c) shows that the nano-branched
copper powders were uniform with an average stem length of 8 pm.

i Spm
—
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Fig. 3. FE-SEM images of dendritic copper powders obtained in electrolytes (a) 0.5 M H,SO,, 0.1 M CuSO, and 0.1 M KCl, (b) 0.5 M H,SO,,
0.1 M CuSO, and 0.1 M Na(Cl, (¢) 0.5M H,SO,, 0.1 M CuSO, and 0.1 M KBr, and (d) 0.5M H,SO,, 0.1 M CuSO, and 0.1 M NaBr,

respectively.
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Fig. 4. Time-dependent evolution of branched copper powders at different growth stage: (a) 5min, (b) 10 min, (¢) 15 min, and (d) 20 min

obtained in electrolyte containing 0.5 M H,SO, and 0.1 M CuClL.

3. Effect of Halide Ions

In Fig. 3, the morphology of copper obtained from 0.5M H,SO,,
0.1 M CuSO,, and 0.1 M KCI (¢f Fig. 3(a)) was similar to that ob-
tained from 0.5 M H,SO,, 0.1 M CuSO,, and 0.1 M NaCl (¢f. Fig.
3(b)). The same phenomenon was found in electrolytes consisting
of 0.5M H,SO,, 0.1 M CuSO,, 0.1 M KBr (cf. Fig. 3(c)), and 0.5 M
H,SO,, 0.1 M CuSO,, and 0.1 M KBr (¢f Fig. 3(a)). Fig. 3(a) and
3(b) indicate that the stem growth was very long, but the branches
were only in the nano-meter scale. The copper powders fabricated
from electrolyte including Br~ had thick stems and branches com-
pared to CI". The third branches were also formed.
4. Effect of the Termination Time

Fig. 4 presents the time-dependent evolution of branched cop-
per powders at different growth stages, (a) 5min, (b) 10 min, (c)
15 min, and (d) 20 min, obtained in electrolyte containing 0.5 M
H,SO, and 0.1 M CuCl,. From 5 min to 15 min, the dendrite kept
growing at a rate of 2-3 pum/min. However, when the termination
time reached more after 20 min, not much difference in the length
of dendrite was monitored. It can be considered that the copper
ions were almost depleted by the reaction within 15 min, which
resulted in a shortage of the amount of copper ions to support the
further growth of copper dendrites.
5. Effect of Additives

Adsorbed additives affect the kinetics of copper deposition and
the growth mechanism by changing the concentration of growth
sites on a surface, the concentration of ions on the surface, the dif-
fusion coefficient, and the activation energy of surface diffusion of

adsorbed ions. In the presence of adsorbed additives, the mean
free-path for lateral diffusion of adsorbed ions was diminished,
which is equivalent to a decrease in the diffusion coefficient (diffu-
sivity) of adsorbed ions. This decrease in diffusion coefficient may
result in an increase in adsorbed ion concentration at steady state,
and thus an increase in the frequency of the two-dimensional nucle-
ation between diffusing adsorbed-ions. Additives can also influ-
ence the propagation of micro-steps and cause bunching and the
formation of macro-steps. For example, in the electrodeposited film,
the structure and morphology of the surface depend on the sur-
face coverage of additives [54].

In this work, the additives also play an important role in the
control of morphology of dendritic copper powders. The Cu pow-
ders generated with 0.5 M H,SO,, 0.1 M CuCl,, and the additive of
0.3 M sodium citrate are shown in Fig. 5(a) and (b). The growth
direction of the branches scattered at an oblique angle from the
stem. The size of the dendrite was about 50 pm. When using the
additive of 0.1 M CTAB instead of 0.3 M sodium citrate, the branches
with about a length of 1 um tilted in a straight line arrangement
(o Fig. 5(c) and (d)) with a size greater than 80 um. The additives
changed the direction of growth and enlarged the size of the den-
drite by more than a factor of 10.

The relationship between the lengths of the stem and branch
was analyzed and the results shown in Table 1. The size of the cop-
per dendrites was controlled except when adding additives or a
large amount of CI". The ratio of L, to L, decreased as the concen-
tration of CI” was increased and stabilized at the termination time.

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 5. FE-SEM images of dendritic copper powders prepared in (a) (b) 0.5M H,SO,, 0.1 M CuCl, and 0.3 M sodium citrate, (c) (d) 0.5M

H,SO,, 0.1 M CuSO, and 0.1 M CTAB, respectively.

The third branches only appeared under certain conditions when
the additives were added. The concentrations of CI and H' simulta-
neously controlled the morphology and dendrite size as well. The
size of copper dendrites was controlled in the range of 5-10 pm by
using different amounts of CI” and H" in copper electrolytes.

The conductivity was evaluated by the measurement of bulk
resistance of pelletized powders. The measured resistance value
with the 4-point probe was converted into resistivity according to
Pouillets law as in the following equation:

R=p— @)

w-t
where p is bulk resistivity, R is resistance measured with the 4-
point probe, and L, w; and t is length, width, and thickness of the
pellet, respectively.

In this work, the typical resistivity of dendritic copper powders
was measured to 0.74 pQ-m, of which value was fairly low resis-
tivity that can be used as a metallic filler in the conductive paste.

SUMMARY

We developed a simple method for the preparation of copper
powders with a dendritic morphology at a low temperature. To opti-
mize the dendritic structures, the galvanic displacement reaction
and hydrogen evolution reactions were employed simultaneously.
The formation mechanism of the copper dendritic structures was
studied as functions of the concentration, termination time, an ion

May, 2017

concentration, and the addition of additives.
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