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Abstract

Metal-carbon composite platings have potential applications in various fields. We previously reported the preparation
of nickel-nanocarbon composite platings using a Wood's bath. The maximum carbon content was 1.2 mass%, but the
maximum current efficiency of plating was 12%. The present study focuses on improving the current efficiency of the
electroplating process used to prepare nickel-carbon black composites in a Watts bath contained carbon black. The
microstructure and carbon content in the nickel plating were evaluated. The current efficiency was greater than 90%,
but the carbon content of the composite plating layer was approximately 0.6 mass%. The incorporation of carbon black
particles into the plating layer was influenced by the adsorption of particles onto the cathode surface, the supply of
particles to the surface, and the electrodeposition rate. The carbon content in the plating layer was highest near the
cathode surface and decreased with increasing thickness of the plating layer. The grain size of electrodeposits with carbon
black was larger than that of deposits without carbon black. The space between grains was increased with increasing
grain size. The corrosion resistance was diminished, indicating that the boundary was the originating point of corrosion.
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1 Introduction

Nickel is an important element for surface treatment, and
it is used to plate accessories, vehicle parts, and building
materials. It can also coat resins and other organic materi-
als via the electroless plating method, where it is typically
deposited as a nickel-phosphorus alloy or nickel-boron
alloy. In the electroplating method, a Watts bath is gen-
erally used for various applications and products. Mean-
while, a Wood's bath is usually used when the substrate
is stainless steel, nickel alloy, or other metals that form
an oxide layer that inhibits the adhesion of materials.
Composite plating is a useful technique that can increase
the hardness, abrasion resistance, and lubricity through

composite formation of a metal coating and fine particles
of materials such as silicon carbide [1], alumina [2], boron
nitride [3], and polytetrafluoroethylene [4, 5]. Carbon is a
stable and highly conductive material. These composites
are expected to exhibit both high corrosion resistance and
good conduction. Carbon nanotubes, nanodiamond, and
carbon black are the major reinforcement materials, and
nickel-carbon composites have unique mechanical and
electrical properties, especially high hardness, high elas-
ticity, and a low widely adjustable friction coefficient for
mechanical properties [6-8]. Applications for such com-
posites have focused on hardness and thermal conductiv-
ity of carbon materials. On the other hands, utilization of
electrical properties of carbon materials receives interest
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for electrode of battery and electromagnetic shielding
materials [9-12].

Several research groups have proposed and verified the
co-deposition mechanism. A two-step adsorption process
is one of the most widely accepted and useful mechanisms
[13]. In the case of nickel-carbon nanotube co-deposition,
nickel was reduced on the ends and/or defects of carbon
nanotubes and the deposits grew as spherical clusters of
electrodeposited nickel [14]. The surface character of the
carbon materials was modified by certain processes such
as hard treatment, plasma irradiation, mixed-acid cleaning,
and dispersant addition [15-18].

In a previous study, we produced a nickel-carbon
black composite using a Wood'’s bath. The carbon content
reached 1.2 mass%, but the current efficiency was quite
low [19]. In the present study, we investigated the opti-
mum condition and prepared a nickel-carbon black com-
posite using galvanostatic electrolysis with a Watts bath
forimproving the current efficiency and surface morphol-
ogy. Adsorption of the particles onto the surface, the sup-
ply of particles to the surface, and the reduction rate of
metal on the surface are important factors in production of
a composite layer during the plating process. The carbon
content in the composite plating, surface morphology,
and the corrosion resistance were also analyzed.

2 Materials and methods

A Watts-type bath containing 45 g L™ nickel chloride
hexahydrate, 240 g L™" nickel sulfate, and 30 g L™! boric
acid was used as the electrolyte. The electrolyte pH was
adjusted to 4.5 using sodium hydroxide. The carbon black
was Vulcan XC 72R produced by CABOT. The carbon black
was soaked in 10 vol% sulfuric acid solution to remove
impurities. The purified carbon black was collected and
rinsed with deionized water. It was ground in a mortar with
a pestle after drying in an oven. The purified carbon black
was added to the electrolyte, and the resultant mixture
was sonicated for 30 min with an ultrasonic generator (VC-
505, Sonics & Materials, Inc.) to improve the dispersion of
carbon black in the electrolyte.

The electrodeposition of a nickel-carbon layer was
performed in a glass cell with a volume of 200 cm?. The
temperature of the electrolyte was maintained at 40 °C.
The electrolyte was agitated with a magnetic stirrer. Con-
trol of the electroplating current, data collection, and data
analysis were performed with a potentiostat/galvanostat
(HZ5000, Hokuto Denko Corp.) connected to a personal
computer. The working electrode (cathode) was a nickel
plate, and the counter electrode (anode) was a Pt coil.
The electrode area of the cathode was adjusted to 4 cm?
with PTFE tape (No. 903UL, Nitto Denko). The reference
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electrode was an Ag/AgCl electrode in saturated KCl solu-
tion; the electrolysis potential refers to the potential based
on an Ag/AgCl electrode.

The carbon content (C) of the electrodeposited mate-
rial was analyzed with a carbon/sulfur analyzer (EMIA-510,
Horiba). The C; (mass%) was calculated from the carbon
dioxide content by the following equation:

M, X M
C=—am

’

where M, is carbon content (mass%) in the flaming gas
of the carbon/sulfur analyzer, M, represents the weight
of the cathode electrode (g), and AM is the weight of
electrodeposited material (g). The C; was calibrated on
the basis of the carbon content of the nickel plating elec-
trodeposited under the same electrolysis conditions but
without carbon black.

The current efficiency (E) was calculated from the
weight change of electrode and carbon content using the
following equation:

Zy;AM(100 — G, )F
- QWy;

7

where Zy; is the valance of element, F is the Faraday con-
stant (C/mol), W,; is the molar mass of nickel (mol/g), Q is
the quality of electricity (C).

The surface morphology was observed by optical
microscopy (OM, BH2-UMA, Olympus) and scanning elec-
tron microscopy (SEM, S-4800, Hitachi) equipped with an
energy dispersive X-ray analyzer (EDS, X-Max80, HORIBA).

The corrosion resistance of the electroplating layer was
determined by anodic polarization measurements in sul-
furic acid solution at pH 3. The composite plating served
as the working electrode (anode), and a Pt coil was used
as the counter electrode (cathode). The scanning rate of
the anodic polarization analysis was 2 mV s™' from the
rest potential. The corrosion potential was identified by
the intersection of the tangent at 0.2 mA cm™ of the
anodic polarization curve with the line of 0 mA cm™2. For
the anodic polarization measurements, the medium was
deoxidized by Ar gas diffusion.

3 Results and discussion

3.1 Effect of carbon black concentration
in electrolyte on carbon content in composite
plating layer

The effect of carbon black concentration on the carbon
content in the plating layer is shown in Fig. 1. In these
experiments, the current density, electrical charge, and
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Fig. 1 Effect of carbon black concentration on the carbon content
of the plating layer and the current efficiency during the plating
process

agitation rate were controlled at 30 mA cm™2,120 C, and
300 rpm, respectively. The carbon content of the plating
layer increased with increasing carbon black concentration
in the electrolyte until the concentration reached 10g L™".
The current efficiency decreased with increasing carbon
black concentration in the electrolyte. However, the mini-
mum value was greater than 80%.

In the process of electroplating, the carbon black par-
ticles must be adsorbed onto the cathode surface to be
incorporated into the plating layer. In the case of a high
concentration of carbon black in the electrolyte, although
some adsorbed carbon black particles could be removed
from the cathode surface to the electrolyte by agitation
force, the concentration of carbon black particles in the
electrolyte was sufficient to ensure adsorption onto the
empty area of the cathode surface. The carbon content in
the plating layer decreased with decreasing carbon black
concentration in the electrolyte because the concentra-
tion of carbon black was insufficient to cover the cathode
surface. Although the frequency of collision between car-
bon black particles on the cathode surface and particle in
the electrolyte increased as the carbon black concentra-
tion in the electrolyte was increased, the incorporation of
materials into the plating layer was balanced between the
adsorption time of carbon black on the cathode surface
and the metal electrodeposition rate. The carbon content
was highest with small deviation at a carbon black concen-
tration of 10 g L™". Thus, we selected a carbon black con-
centration of 10 g L™ for use in subsequent experiments.

3.2 Effect of agitation rate of the electrolyte
on carbon content in composite plating layer

The carbon content in the plating layer might be influ-
enced by the adsorption period of carbon black particles
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Fig. 2 Effect of the agitation rate on the carbon content of the plat-
ing layer and the current efficiency during the plating process

onto the cathode surface. The agitation is the important
factor governing the supply and removal of carbon black
to and from the cathode surface. The effect of the agitation
rate on the carbon content is shown in Fig. 2. These experi-
ments were conducted at a current density of 30 mA cm™
and at an electrical charge of 120 C. The carbon content in
the plating layer reached 0.6% at 300 rpm. The agitation
rate of 300 rpm was the optimum condition for supply-
ing the carbon black particles to be absorbed onto the
cathode surface.

The carbon content varied greatly in experiments con-
ducted without agitation. In the absence of agitation, the
carbon black particles near the cathode surface were elec-
trodeposited to the plating layer smoothly. However, the
carbon black particles weakly interacted with the cathode
surface and could be removed from the cathode surface
by the force from the reductive reaction. In the case of
agitation, the carbon black particles agglutinated with
time. The carbon black particles on the cathode surface
were agglutinated to a greater extent than the particles
in suspension. Agglutinated carbon black incorporated
into the plating layer would increase the carbon content,
although carbon black aggregates were removed from the
cathode surface easily. Therefore, the variation of the car-
bon content in the absence of agitation was greater than
that observed under other conditions.

The aforementioned results suggest that carbon black
was concentrated in the plating layer near the surface of
the cathode. That is, when carbon black particles were
adsorbed onto the cathode surface, some were buried in
the plating layer. The carbon content in the plating layer
decreased when the agitation rate was 500 rpm, suggest-
ing that strong agitation could remove the carbon black
from the cathode surface. On the contrary, at low agita-
tion rates, insufficient carbon black was supplied to the
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surface, resulting in a low carbon content. On the basis of
the aforementioned results, the agitation rate was fixed at
300 rpm in subsequent experiments.

3.3 Effect of plating thickness on carbon content
in the composite plating layer

The results discussed in Sect. 3.2 suggest that carbon black
was concentrated in the plating layer near the surface of
the cathode. The effect of plating thickness on the car-
bon content was investigated to check the distribution of
the carbon black in the plating layer (Fig. 3). The thickness
was calculated on the basis of the weight change and was
controlled through variation of the electrical charge. The
current density was controlled at 30 mA cm™.

The carbon content in the plating decreased with
increasing plating thickness. At low thickness, the cur-
rent density was lower and the value varied. In thin plat-
ing layers, carbon black particles were not fully incorpo-
rated into the plating and were removed by agitation
force and hydrogen gas generated on the nickel metal
surface. Therefore, the current efficiency was lower and
the deviation became large. When the thickness was
greater than 6 um, the current density and carbon con-
tent were constant. We found that carbon black particles
were buried in the plating layer. Figure 4 shows the cross
section of the composite plating. Enriched section of car-
bon black was not observed by the cross-section SEM
image, and carbon contents measured from SEM-EDS in
the cross-section and surface of nickel layer similar. And
the carbon content of nickel plating surface was only
slightly higher than that of cathode. These results sup-
port an assumption that carbon black was concentrated
near the cathode surface in the plating. Therefore, that
the thickness was fixed at approximately 6 um, because
defective plating occurred with thick plating layers.
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Fig. 3 Effect of plating thickness on the carbon content of the plat-
ing layer and the current efficiency during the plating process
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Fig.4 Cross-section image of the plating layer with carbon black

Figure 5 shows the surface of the composite plating.
The black areas were observed on the cathode surface.
The size pf each black area was less than 100 um? and
the black areas were homogeneously spread on the sur-
face. Carbon content of the black areas were higher than
other areas. This implies that carbon black is contained in
the black areas. From these observations, it can be said
that carbon black was dispersed on the nickel plating
surface.

Fig.5 Surface image of the plating layer with carbon black
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3.4 Effect of current density of plating
on the carbon content in the composite plating
layer

In previous sections, we showed that the adsorption of car-
bon black particles onto the cathode surface is important
for their incorporation into the plating layer. The current
density reflects the electrodeposition rate. A high electro-
deposition rate is favorable for the incorporation of carbon
black particles into the plating layer. The influence of the
current density on the carbon content is shown in Fig. 6.
At current densities from 30 to 150 mA cm™2, the carbon
content of the plating was approximately 0.6 mass%. The
current density at 200 mA cm™2 was highest among these
experiments, although optical microscopic observations
of the surface of the plating indicate that it was rough.
The current efficiency was approximately 60%, and
a large amount of hydrogen gas was generated. Hydro-
gen gas generation can influence the generation of
micropores in the plating, and the corrosion originates
on the micropores of nickel plating. At low current den-
sity (< 10 mA cm™2), electrodeposited nickel did not bury
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Fig. 6 Effect of current density on the carbon content of the plat-
ing layer and the current efficiency during the plating process

Fig.7 SEM micrograph of
surface of nickel platings with
(left: 0.58 mass%) and without
(right: 0 mass%) 0.58 mass%
carbon black

the carbon black particles, and carbon black particles on
the cathode surface were pushed into the electrolyte.
The carbon black particles pushed from the cathode sur-
face had electrodeposited nickel. Therefore, the current
efficiency under the low-current-density condition was
lower than that under other current-density conditions.
A current density of 50 mA cm™ was the optimum con-
dition with respect to both the carbon content in the
plating layer and the current efficiency.

3.5 Effect of carbon black on corrosion resistance
and surface morphology

The surface morphology was influenced by carbon incor-
porated into the plating. SEM micrographs of these plat-
ing specimens are shown in Fig. 7. The surface morphol-
ogy differed between platings with and without carbon
black. The grain size was larger in specimens with car-
bon black. The corrosion potential of the nickel plating
was —0.20V, and that of the nickel-carbon black plating
decreased to —0.32 V.

Carbon black does not influence the corrosion
potential directly because it is a stable material under
aqueous conditions. The coarsened grain increased the
space between grains. The nickel-carbon plating was
corroded from the space between grains; therefore, the
corrosion potential of the nickel-carbon black plating
was lower than that of the nickel plating without car-
bon black. At the beginning of electrodeposition, the
cathode surface was covered by carbon black particles
and the crystal cores of nickel metal were not produced
in the interspaces among carbon black particles. The
growth of grains was not inhibited by other grains in
the nickel-carbon black plating. The grain size increased
with increasing electroplating time until the grains
contacted other grains. Therefore, the grain size of the
nickel-carbon black plating was larger than that of the
nickel plating without carbon black.
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4 Conclusion

We prepared nickel-carbon black composite films using
galvanostatic electrolysis with a Watts bath to study the
factors that influence electroplating. The current efficiency
was greater than 90% when using a Watts bath. However,
the carbon content of the composite plating layer was
approximately 0.6 mass%. The uptake of carbon black par-
ticles into the plating layer was influenced by the supply
and adsorption of particles onto the cathode surface and
by the electrodeposition rate. The carbon black was con-
centrated in the plating layer near the cathode surface. The
corrosion resistance of the composite film decreased com-
pared with that of a nickel plating layer without carbon
black. The adsorption of carbon black particles onto the
cathode surface resulted in larger electrodeposit grains
and increased the space between grains, which was the
originating point of corrosion.
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