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Abstract: Metal/carbon composite plating is an effective strategy for improving and adding
properties to metal plating by incorporating carbon materials into the metal matrices. Copper (Cu)
is widely applied, particularly in the areas of heat management and electronic packaging owing to
its high thermal and electrical conductivities, which can be further improved together with
improvements in mechanical properties by compositing it with carbon nanotubes (CNTs).
However, because hydrophobic CNTs are hardly dispersible in aqueous solutions, additional
intense acid treatment or the addition of dispersants is required for their dispersion. Moreover,
previous studies have reported that these methods suffer from deterioration of composite material
performance through the destruction of the CNT surface or the inclusion of dispersants into the
plating. Therefore, in this study, the electrodeposition of a Cu/CNT composite in a non-aqueous
solvent that can disperse CNTs without any additional treatment is investigated. The experimental
results show that it is possible to deposit Cu from a N-methyl-2-pyrrolidone containing copper
iodide and potassium iodide. Furthermore, Cu/CNT composite platings containing CNTs up to 0.12
mass% were prepared by constant current electrolysis, and applying pulse electrolysis can increase
the CNTs content up to 0.22 mass%.

Keywords: carbon nanotubes; copper plating; composite plating; electrodeposition; non-aqueous
solvent

1. Introduction

Electrodeposition of metal platings accompanied by the codeposition of carbon
materials, namely metal/carbon composite platings, has garnered reputation as a
promising method for enhancing the properties or imparting additional functions to
conventional metal platings [1,2]. In particular, the codeposition of carbon materials has
been found to be an effective strategy for improving corrosion resistance [2—4], electrical
conductivity [4,5], thermal conductivity [6-8], abrasion resistance [8,9], hardness [8-10],
etc. Numerous carbon materials, including carbon black [11], carbon fibers [12,13], single-
or multi-walled carbon nanotubes (CNTs) [2,4,5,9,10,14], graphene and its derivatives
[3,8,15,16], and diamonds [6,7,17-19] have been considered as filler materials for
composite platings. Although several carbon filler materials are in use, an appropriate
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carbon material should be chosen according to the desired performance of the plating and
environment where it will be used [2].

CNTs have received considerable attention since their discovery as materials with
excellent mechanical features, such as their high tensile strength, high elastic modulus)
and high conductivity of heat and electricity in the axial direction [2,20]. The one-
dimensional fibrous shape and distinctive properties of CNTs generally result in
composite platings with unique properties compared with other composite platings using
insulating particles as the filler material [9]. In addition, CNT fillers impart improved
corrosion resistance owing to their hydrophobicity [21,22] that is different from the
mechanism of graphene and its derivatives, which are predominantly based on chemical
inertness, obstructing the passage of corrosive media [23,24]. Owing to these unique
properties, metal/CNT composite platings have become one of the most intensively
studied areas in this field, and various composite platings with high strength, thermal
conductivity, abrasion resistance, field-emission element performance, good electrical
contact, and electromagnetic wave-shielding performance have been developed [9].

Copper (Cu)/CNTs composite platings are among the most extensively studied
metal/CNT systems [5,9,10,14]. Numerous researchers have attempted to develop
Cu/CNT composite platings as advanced alternatives to pure Cu, which is widely applied
in areas such as mechatronics, aircraft manufacturing, and electrical automation [25]. In
particular, Cu/CNT composite platings have grown rapidly in the fields of heat
management and electronic packaging owing to their low thermal expansion coefficient,
high thermal conductivity, and high carrier density [26]. Furthermore, recent studies have
revealed its potential application as a current collector at the anode of lithium batteries
[27,28]. To maximize the performance of these Cu/CNT composite platings, a uniform
distribution of CNTs in the Cu matrix is essential; this dispersion is regarded as a major
challenge in fabricating Cu/CNT composite platings [29].

The homogeneous dispersion of CNTs in plating baths is critical for the fabrication
of high-performance Cu/CNT composite platings with a uniform distribution of CNTs
[30]. However, as pristine CNTs are hydrophobic, they cannot be dispersed in aqueous
plating baths [9]; therefore, various methods have been developed to disperse CNTs in
aqueous Cu plating baths. One method involves the addition of dispersants, such as
poly(acrylic acid) [31-33], sodium dodecyl sulfate [20], stearyltrimethylammonium
bromide [34], and non-ionic dispersants [35]. However, dispersants are not always
effective in improving plating properties by codeposition of CNTs through
electrochemical deposition. Arai et al. reported that excess amounts of dispersants cause
the deterioration of plating properties, such as electrical and thermal conductivities, due
to the incorporation of dispersants into the Cu matrix during electrodeposition [31]. The
selection of appropriate types and amounts of dispersants is essential for their utilization;
however, drawbacks owing to their inclusion into the Cu matrix remain an issue. Another
method involves directly functionalizing the surface of the CNTs with hydrophilic
functional groups via intense acid treatment [14,25,36]. Most researchers have subjected
CNTs to a mixture of sulfuric and nitric acids and treated them at temperatures up to 100
°C. Li et al. treated the CNTs with a mixture of sulfuric and nitric acids at a mixing ratio
of 3:1 (v/v) at 50-80 °C for 4-8 h and obtained well-dispersed CNTs in a bath containing
CuSOs [25]. The obtained Cu/CNT composite platings exhibit superior electrical
conductivity and mechanical properties. Although functionalization by chemical
treatment is an effective way to achieve dispersion, it introduces defects by destroying the
sp2 carbon bonding of the CNT surfaces [9,14], thereby causing a deterioration in some
properties. Other methods include the electrostatic repulsion of negatively charged CNTs
by preparing anionic forms of Cu using complexing agents, such as
ethylenediaminetetraacetic acid [30], mechanical agitation, and ultrasonication [37].
Combinations of these methods have also been reported previously [38].

Although a variety of approaches have been adopted, previous studies have
primarily focused on enabling the dispersion of CNTs in general CuSOs aqueous solutions
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and rarely consider the possibility of using non-aqueous baths that allow the
homogeneous dispersion of hydrophobic CNTs without any treatment or dispersants.
Pech-Rodriguez et al. reported the possibility of using a eutectic solvent as a plating bath
for Cu/CNT composite platings; however, because eutectic solvents are ionic, they
required prior functionalization of the CNTs [39].

In this study, we carried out a preliminary experiment aimed at developing a novel
non-aqueous organic Cu plating bath and considered the possibility of preparing Cu/CNT
composite platings without the use of dispersants or surface treatments on the CNTs. A
suitable organic solvent for CNT dispersion was considered, and the optimal conditions
for preparing Cu/CNT composite platings by electrodeposition were explored.

2. Materials and Methods
2.1. Materials

N-methyl-2-pyrrolidone (NMP, 299.5%) and potassium iodide (KI, 299.9%) were
purchased from Kishida chemical Co., Ltd., Osaka, Japan. Dimethyl sulfoxide (DMSO,
299.9%), N,N-dimethylformamide (DMF, 299.7%), benzene (299.0%), acetonitrile
(299.8%), ethanol (299.5%), copper(l) iodide (Cul, >98.0%), sodium polyacrylate,
molecular sieves (beads, approximately 2 mm), and nitric acid (HNOs, 60-61%) were
purchased from Nacalai Tesque, Kyoto, Japan. All organic solvents were dehydrated by
adding 50 g of molecular sieves 4A in 500 mL of organic solvents followed by shaking for
24 h and storage in argon (Ar) atmosphere just before usage to ensure the removal of
water. Multi-walled CNTs (MWCNTs; AMC?®, diameter of approximately 11 nm, length
of approximately 1 pm) were purchased from UBE Corporation, Tokyo, Japan. The metal
catalysts of the MWCNTs were removed by stirring 10 g of MWCNTs in 500 mL of 8
mass% HNQO:s solution for 24 h at around 25 °C, followed by filtering, rinsing with distilled
water, and drying prior to usage. A commercial Cu plate (B-60-P05) was purchased from
Yamamoto MS Co., Ltd., Tokyo, Japan.

2.2. Selection of Appropriate Solvent for CNT Dispersion

A dispersibility test was conducted to select a suitable solvent for the CNT
dispersion; 50 mL of numerous solvents, which were distilled water, ethanol, NMP,
DSMO, DMF, acetonitrile, benzene, and 1.2 g/L sodium polyacrylate aqueous solution,
were put into a glass vial together with 50 mg of CNTs and ultrasonicated in an ultrasonic
bath (US-1R, 55 W, 40 kHz, AS ONE Corporation, Osaka, Japan) for 1 h. After
ultrasonication, the suspension was transferred to a 50 mL centrifuge tube and centrifuged
at 1000 rpm for 1 h using a centrifuge (CN-2060, AS ONE Corporation, Japan). Thereafter,
the upper part of the suspension was transferred to a quartz cell using a pipette, and the
absorbance was measured using a UV-vis spectrophotometer (UV-2450, Shimadzu Co.,
Kyoto, Japan) to confirm the dispersibility.

2.3. Bath Preparation and Electrodeposition of Cu and Cu/CNTs Composite Platings

NMP was selected as the solvent for the Cu and Cu/CNT composite plating baths
based on the results of the dispersibility test. Typically, KI (75 mmol) was first completely
dissolved in NMP and then Cul (75 mmol) was added, followed by mixing via magnetic
stirring. After the Cul had dissolved completely, the total volume of the bath was adjusted
to 250 mL for the Cu plating bath and 200 mL for the Cu/CNT composite plating bath
using NMP. To obtain the same total bath volume of 250 mL, 50 mL NMP containing
dispersed CNTs (the result of the dispersibility test introduced in Section 2.2) was added
to the aforementioned 200 mL solvent for Cu/CNT composite plating. The bath was
transferred into a 500 mL separable flask with rubber caps, and a three-electrode system
was constructed for electrodeposition; a platinum (Pt) coil as the counter electrode (C.E.),
Pt wire as the reference electrode (R.E.), and Cu plate as the working electrode (W.E.) were
connected to a potentiostat/galvanostat (HZ-5000, Hokuto Denko Corporation, Tokyo,
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Japan). The Cu plate was masked with insulation tape (NITOFLON™, Nitto Denko
Corporation, Osaka, Japan) to fix the electrodeposition area to 1 x 1 cm. Because of the
high hygroscopicity of NMP, KI and Cul were vacuum-dried for 24 h before adding them
to NMP, and electrolysis was conducted under Ar flow to prevent deterioration of the
solvent by the adsorption of moisture. The bath was continuously stirred using a magnetic
stirrer during electrodeposition, and no aggregation of CNT was observed. After the
electrodeposition was completed, the plates were sonicated for 1 min in KI solution, rinsed
with distilled water, and finally dried using a heat gun.

A schematic of the experimental apparatus for electrodeposition is presented in
Figure 1.

Potentio/galvanostat

Ar = | - | o~y Al
inlet Y\—’\J_-l/\n outlet
L 1
SN A
= NMP +KI + Cul
— bath
p=———x ~—
—— Cu/CNTs
= composite plating

Figure 1. Schematic of the electrolysis cell.

2.4. Characterization

The microstructures of the CNTs and platings were observed using a field-emission
scanning electron microscope (FE-SEM; JSM-6330F, JEOL, Tokyo, Japan).
The current efficiency: Cet, was calculated as

Cett ~ ot 2 X 100, @

where Am is the weight of the electrodeposited film, defined as the weight change after
electrodeposition (g); n is the ionic valence of Cu(l); F is the Faraday constant (C/mol); M
is the atomic weight of Cu (g/mol); I is the applied electric current (A); and ¢ is the
electrodeposition time (s).

The amount of CNTs incorporated into the Cu/CNT composite plating was
determined using a carbon/sulfur analyzer (EMIA-510, Horiba, Kyoto, Japan). The CNT
content C. (mass%) of the Cu/CNT composite plating was calculated as follows:

Cc ~ Mc — (M x mp)—(Mcu X Mcu) x 100, (2)

Am

where M. is the carbon content of the Cu/CNT composite plating (mass%); Mt and m: are
the total carbon content measured using a carbon/sulfur analyzer (mass%) and total
weight (g) of the sample (including both the Cu substrate and plating), respectively; and
Mcu and mcu are the measured carbon content (mass%) and weight (g) of the Cu substrate,
respectively.

The anticorrosion properties of Cu and Cu/CNT plating were evaluated by an anodic
polarization test in 3 mass% NaCl solution. The test solution was degassed with Ar for 30
min to remove the dissolved oxygen before use. Plating samples are masked with
insulating tape except for a 1 x 1 cm area. The measurement was performed from -0.3 V
(vs. open circuit potential) to the anodic potential direction until +1.0 V (vs. Ag/AgCl) at a
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scan rate of 1 mV/s. All measurements were conducted after stabilizing open circuit
potential for 1 hr.

3. Results and Discussion
3.1. CNT Dispersibility Test

The various types of non-aqueous solvents are classified according to their
properties. CNTs are well dispersed in polar aprotic solvents [40]. Therefore, we selected
several solvents based on their properties, and the dispersibility of CNTs in these solvents
were investigated. Solvents were classified into three types: polar protic solvents (water
and ethanol), polar aprotic solvents (NMP, DMF, DMSO, and acetonitrile), and nonpolar
solvents (benzene). The FE-SEM image of the CNTs used in this study is shown in Figure
2a. CNTs with diameters of approximately 10 nm tangled and formed aggregates.
Suspensions containing CNTs (1.0 g/L of CNTs) were prepared in each solvent and
sonicated for 1 h to disaggregate and disperse the CNTs. To confirm the degree of
disaggregation, undispersed aggregated CNTs were sedimented by centrifugation, and
the absorbance spectra of the supernatants containing the dispersed CNTs were recorded.
The measurement results are shown in Figure 2b. A higher absorbance indicates the
presence of a larger amount of dispersed CNTs. When polar aprotic solvents, such as NMP
or DMF, were used, a black suspension remained after centrifugation (Figure 2c).
Moreover, the absorbance was high throughout the measured wavelength range,
indicating a good dispersion of the CNTs. This implies that polar aprotic solvents enable
the disaggregation and dispersion of CNTs. In particular, the NMP showed the highest
dispersibility among the solvents considered in this study. However, when water,
ethanol, or benzene was used as the solvent, the CNTs settled at the bottom of the
centrifuge tube after centrifugation (Figure 2d), and the absorbance spectra of the
supernatants remained primarily in the background, indicating that no CNTs appeared
in the supernatants. This was supported by the transparent appearance of the supernatant,
as shown in Figure 2d. Based on these results, we selected NMP as a solvent for the
Cu/CNT composite plating bath.
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i i i i " i
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Figure 2. (a) SEM image of the used CNTs, (b) absorbance of CNT-dispersed solvent, and
photographs of centrifuged suspensions: (c) NMP with 1 g/L of CNTs, and (d) ethanol with 1 g/L of
CNTs.

3.2. Electrodeposition of Cu and Cu/CNTs Composite Plating

Subsequently, we investigated the electrodeposition behavior of Cu in NMP. The
solubility of CuSOs, which is a common Cu salt used in aqueous baths, is extremely low
at NMP. Also, corrosion of the Cu substrate occurred spontaneously when CuCl. was
used as the Cu ion source due to a comproportionation reaction, anticipated as follows:

CuCl, + Cu & 2Cu™ + 2C1~- 3)
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Therefore, we considered using salts to form stable Cu complexes in the bath. We
found that at least up to 0.4 mol/L KI is soluble in the NMP solvent, and equimolar
amounts of Cul with KI could be further dissolved in this solvent, even though Cul alone
barely dissolved. By adding KI and Cul to the NMP solvent, part of the added Cul formed
a complex ion as follows:

Cul + xI™ & Cul¥;, 4)

Possible copper—iodine complexes can be Cul?-, Culs?, and Culs*-. Because Cul alone
showed low solubility in NMP, the formation of these complexes must have played an
important role in the dissolution of the Cu salt. Such complexes were anticipated to have
allowed the formation of the following complex ion with NMP:

Cul® D~ 4+ NMP & [Cu — NMP]?, +xI” (5)

complex

Here, the Cu ions form a complex with NMP and become stable in the solvent. The
existence of the Cu(I)>NMP complex has been reported previously [41]; therefore, a
similar complex must have been formed in this study.

Figure 3a shows the cathodic polarization curve measured in NMP solvent
containing 0.3 mol/L of Cul and 0.3 mol/L of KI. The cathodic current started to increase
from —0.7 V, which corresponds to a reduction reaction of Cu. The reduction of Cu in the
NMP-KI-Cul bath can be considered to proceed via two reactions:

Cul)((x_l)_ +e = Cu+xI- (6)

[Cu — NMP],mpiex + €~ = Cu + NMP 7)

Therefore, constant potential electrolysis was conducted at potentials of -0.9, —1.1,
-1.5, 2.0, -2.5, and -3.0 V to confirm the quality of Cu deposits. The calculated current
efficiencies and photographs of the plated specimens are shown in Figure 3b,c,
respectively. The current efficiency of Cu plating was close to 90%, and metallic plating
was obtained when electrolysis was conducted at a potential range of -0.9 to -2.5 V.
However, the Cu plating obtained at a potential of 0.9 V was fragile and partially ripped
off by washing, as can be seen from the dark parts in Figure 3c. Meanwhile, the current
efficiency drastically decreased to 43% at -3.0 V, and only the edges of the substrate were
partially plated by Cu. Therefore, the potential range of —1.1 to —2.5 V was considered as
the appropriate deposition potential range of Cu from this bath.
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Figure 3. Electrodeposition behavior of Cu from NMP-KI-Cul bath: (a) Cathodic polarization curve,
(b) current efficiency, and (c) photographs of Cu plating after constant potential electrolysis at
respective potentials.

A Cu/CNT composite bath was prepared by adding 1.0 g/L of CNTs to the same
NMP-KI-Cul bath and ultrasonicating it for 1 h. The added CNTs can be uniformly
dispersed in the plating bath without aggregation by ultrasonic dispersion. The cathodic
polarization curve was measured in the Cu/CNT bath and plotted against that in the Cu
bath, as shown in Figure 4. The addition of CNTs did not significantly hinder Cu
reduction. The cathodic polarization slightly decreased after adding 1.0 g/L of CNTs to
the Cu plating bath. The decrease in cathodic polarization is assumed to be due to the
following two reasons [2,31]:

(i) Increased Cuion concentration near the cathode surface by adding CNTs.
(ii) Increased conductivity at the cathode surface by adsorbed highly-conductive CNTs.

As for (i), because metal ions can be adsorbed on the CNT surface [42], most of the
Cu ions that exist as complex ions with NMP in the bath can be adsorbed onto the cathode
surface together with the CNTs. In addition, for (ii), the cathodic polarization could be
decreased because CNTs with high electrical conductivity were adsorbed on the cathode,
and the plating surface area locally increased in the area where the CNTs were adsorbed.
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Figure 4. Cathodic polarization curves measured from Cu and Cu/CNTs bath.

3.3. Effect of Current Density

The quality of the deposits is significantly affected by the current density during
electrolysis [43]. Therefore, the effect of current density on the quality of the Cu/CNT
composite was investigated. The stirring rate was fixed at 250 rpm, and current density
was varied from -2 to -20 mA/cm? considering the electrodeposition behavior of Cu based
on cathodic polarization curves and the quality of constant potential-deposited plating
specimens. In the case of Cu/CNT plating, the same current density range of -2 to —20
mA/cm? was applied since the cathodic polarization curves presented in Figure 4 did not
show a significant difference with the addition of CNT in the Cu bath. Figure 5a shows
the current efficiencies of the Cu and Cu/CNT composites deposited at various current
densities. The results show that the current efficiency of Cu/CNT was lower than that of
Cu under all current density conditions; however, interestingly, a similar trend was
observed for both platings, wherein a high current efficiency was obtained at values of
approximately -7 to -10 mA/cm? This corresponds to the optimum range of constant
potential electrolysis expected from the cathodic potential curve shown in Figure 4. The
calculated CNT content in the Cu/CNT composite is different, as shown in Figure 5b. The
highest CNT content was obtained at =7 mA/cm?, which is probably because the adsorbed
CNTs at the cathode surface can be detached by stirring before being incorporated into
the Cu matrix at lower current densities.



Coatings 2023, 13, 802

9of 15

@) 100

Current efficiency (%)

| @ Cu plating (MWCNT 0.0 g/L)

® CNTs contents of CwW/ONTs plating
A Cuw/CNTs plating (MWCNT 1.0 ¢/L) (b) (MWOCNT 1.0 g/L)
[ B T T 0.15-'--‘,r"‘1,...'|.
+ ® ® —_ [
[ ] L =
so ° o s i
A g 0.1 e
60 + AdAA E r @
b =
10| * : i ®
= E b ‘
A A _ g 0.05 s o
L7 ]
20 e g -
i e o I
0 L 1 L 1 U TN S SRy R T (R, [T RS o LI T S
0 =5 10 =13 =20 -5 -10 -15
Current density, j (mA/cm?) Current density, j (mA/cm?)
Current density
(mA/em?) =3 =5 o —10 -13
Type
Cu
plating

CwCNT
plating

1.0 cm

Figure 5. (a) Current efficiency of Cu and Cu/CNT plating; (b) CNT content of Cu/CNT plating at
various current densities; and (c) photographs of plating specimens prepared using various current
densities.

Figure 6 shows SEM images of the Cu and Cu/CNT composites deposited at current
densities of -3, -7, and =10 mA/cm? The electrodeposition of the Cu plating at -3 mA/cm?
resulted in the precipitation of coarse crystal grains, as shown in Figure 6a. In contrast,
the plating deposited at current densities of -7 and -10 mA/cm? (Figure 6b,c) exhibited
finer grains than those electrolyzed at -3 mA/cm?. This can be attributed to the enhanced
nucleation of Cu grains at higher current densities.

In the Cu/CNT composite platings, porous powdery deposits were obtained at a
current density of -3 mA/cm? (Figure 6d), which was different from the appearance of the
Cu platings without CNTs. At a low current density, the CNTs adsorbed on the plating
surfaces are thought to be desorbed before being incorporated into the Cu matrix, leaving
gaps where the CNTs are adsorbed. This caused changes in the morphology of the plated
surfaces. Meanwhile, the current efficiency of the Cu/CNT composite platings reached a
maximum of approximately 60% in the current density range of -7 to =10 mA, and a
uniform deposition was obtained in this current density range (Figure 6e,f). Based on the
above results, the appropriate range of current density for the electrodeposition of the
Cu/CNT composites was determined to be -5 to —10 mA/cm?2.
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Figure 6. Surface SEM images for Cu (a-c) and Cu/CNT platings (d—f) deposited at a current density
of (a,d) -3 mA/cm?, (b,e) -7 mA/cm?, and (c,f) -10 mA/cm?. Inset images in (d—f) show respective
high-magnification images and red arrows indicate codeposited CNTs.

3.4. Effects of Stirring Rate

In composite platings, the purpose of stirring is to maintain the suspended state of
the particles and promote the supply of metal ions and particles to the electrode surface.
Several studies have reported that the stirring rate has a significant effect on the particle
content and quality of the deposits [44]. The effects of the stirring rate at current densities
of -5, =7, and -10 m/cm? on the current density and CNT content of the Cu/CNT
composites were investigated.

Figure 7a shows that the current efficiency decreases slightly as the stirring rate
increases for both the Cu and Cu/CNT composite platings. The MWCNT content of the
Cu/CNTs reached its highest value at 250 rpm, as shown in Figure 7b. When the stirring
rate is lower than 250 rpm, the supply of MWCNTs to the electrode surface may be
insufficient, and particles may be rapidly detached from the cathode surface before being
incorporated in the Cu layer when the stirring rate is higher than 250 rpm.

MWONTsOgl.  MWONTs 1 gL MWCNTs 1 gL
® -SmAlem? A -5 mAkem? ® -5 mAkm?
® -7 mAlem? A -7 mAlcm? @ -7 mAlem?
@ -10 mAlem® A 10 mAfem* @ 10 mAlem?
@) 100 —g+——F—— ® 015 —— —
e e o I
E 80t s p . =
= L L ] o ™
= | L 1 0.1 - L -
geor a 2 A - E—
£ 40! * . A g 1
L - o . 4
| » 80051 e o ]
g ]
g§ 201 - E L
@] s 1 &) °
0 1 1 1 D = 1 1 1
0 200 400 600 800 0 200 400 600 800
Stirring rate (rpm) Stirring rate (rpm)

Figure 7. (a) Effect of the stirring rate on the current efficiency of Cu and Cu/CNT platings; and (b)
CNT content of Cu/CNT composite platings at various stirring rates.
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3.5. Effect of Pulse Electrodeposition

The maximum CNT content of the Cu/CNT composite platings obtained by constant
current electrolysis is 0.12 mass%. Therefore, pulsed electrolysis was conducted to
improve the uniformity of the deposits and increase the CNT content. Pulse
electrodeposition can reduce the thickness of the diffusion layer at the interface of the
cathode, allowing a higher current density to be applied, and thereby improving the
quality of the deposits through uniformization and crystal refinement during
electrodeposition [45].

As for the electrolysis conditions, the on-time and duty ratio were fixed at 0.1 s and
0.2, respectively (on-time: 0.1 s, off-time: 0.4 s), and the current densities during on-time
were varied as -20, -30, and -50 mA/cm?2. Table 1 summarizes the CNT content and
current efficiency of the Cu and Cu/CNT composite platings under each current density
condition. Similar to the results obtained from constant current electrolysis, it was
confirmed that the incorporation of CNTs into the Cu matrix lowered the current
efficiency. At a current density of =30 mA/cm?, a maximum CNT content of 0.22 mass%
was obtained, which is higher than the maximum CNT content of 0.12 mass% of the
Cu/CNT composite platings deposited via constant current electrolysis at -7 mA/cm?.
However, The CNT content obtained in this study was slightly lower than that of the
Cu/CNT composite plating (maximum 0.55 mass% by constant current deposition [31]
and 0.59 mass% by pulse-reverse deposition [32]) obtained from the sulfuric copper based
aqueous bath using polyacrylic acid as a dispersant. Pulse electrodeposition under
adequate conditions appeared to be effective in improving the CNT content of the
Cu/CNT composite platings.

Table 1. CNT contents and current efficiency of Cu/CNT composite platings prepared by pulse
electrolysis at various current densities (stirring rate: 250 rpm, CNT concentration of bath: 1.0 g/L,
duty ratio: 0.2).

Current Density MWCNT Content Current Efficiency
[mA/cm?] [wt%l] [%]
Cu platings
20 - 70
=30 - 76
=50 - 77
Cu/CNT composite platings
-20 0.09 52
-30 0.22 26
-50 Below detection limit 45

Figure 8 shows SEM images and photographs of the Cu and Cu/CNT composite
platings deposited at the same pulse current density of -30 mA/cm?2. The SEM image of
the Cu plating in Figure 8a shows a dense metallic precipitate structure, and the
appearance of the plating is close to that of pure metallic Cu. In contrast, the SEM image
of the Cu/CNT composite plating containing 0.22 mass% of CNTs shows a rough surface
with a small grain size. Pulsed electrodeposition in the presence of CNTs significantly
enhanced nucleation. The pulsed electrodeposition possibly provided more grain
boundaries for CNTs to be introduced while readily depositing enough Cu to trap the
CNTs in the Cu matrix, leading to a higher CNT content.
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e _ﬂ:-a A S ‘f_' ; % TR : H ~apt
Figure 8. SEM images and photographs for pulse-deposited (a) Cu and (b) Cu/CNT composite

platings; (c) shows high-magnification image of (b) and yellow colored arrows indicate codeposited
CNTs. The pulse current density was -30 mA/cm?.

3.6. Anticorrosion Properties

Anodic polarization curves are measured in 3 mass% NaCl solution to evaluate the
corrosion resistance of Cu and Cu/CNT plating, and the results are plotted in Figure 9.
The corrosion potential (Ecor) of Cu and Cu/CNT plating are —402 and -393 mV,
respectively, which slightly shifted towards noble potential direction by co-deposition of
CNT into Cu plating. Co-deposition of carbon materials into metal plating can shift the
Ecorr toward noble potential direction and is also effective in decreasing the (lcorr) of the
plating [2,46]. The calculated Ior by Tafel’s equation was 59.7 and 29.6 pA/cm?
respectively, indicating that the Cu/CNT plating has better anticorrosion properties than
the Cu plating. Polarization parameters are summarized in Table 2.

0.6
e Cu plating
E;ﬂ 0.4+ Cu/CNT plating
:5 1
2 021
g' 1
= 0.0+
Lq -
= -0.2
E -
2 .04
=T
-0v6 LRSI | LA ELE Sl ) LANLR 2 0 | LA A000 | LA L | LA s
107 10° 100 100 100 107 10"

Current density, j (A /fem?)

Figure 9. Anodic polarization curves for Cu and Cu/CNT plating measured in 3 mass% NaCl
solution. Both platings are prepared by a pulse current density of -30 mA/cm?.

Table 2. Polarization parameters for Cu and Cu/CNT plating: corrosion potential (Ecorr), corrosion
current density (Icorr), anodic Tafel’s slope (fa), and cathodic Tafel’s slope (fc).

Specimens Ecor: (mV) Teorr (UA/cm?) fa (mV) e (mV)
Cu plating —402 59.7 96.2 48.2
Cu/CNT plating -393 29.6 85.1 425
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4. Conclusions

In this study, the electrodeposition of Cu/CNT composite plating in a non-aqueous
solution was evaluated as a method for dispersing hydrophobic CNTs in the plating
solution without any chemical treatment of CNTs or using additional chemical
dispersants in the plating bath. NMP, which is a polar aprotic solvent, was selected as the
solvent for Cu/CNT deposition based on the CNT dispersion test results; it was confirmed
that the electrodeposition of Cu was possible without corrosion of the substrate from a
bath containing KI and Cul by forming stable Cu complex ions. The potential range where
uniform Cu deposits were obtained was approximately —1.0 to —2.5 V, and a high current
efficiency of approximately 90% was obtained at this potential. However, the codeposition
of CNTs decreased the current efficiency to approximately 60%. In constant current
electrodeposition, a Cu/CNT composite plating containing a maximum of 0.12 mass% of
CNTs was obtained at a current density of -7 mA/cm? and a stirring speed of 250 rpm
using a bath with 1.0 g/L-CNTs. Furthermore, by applying pulse electrodeposition, a
Cu/CNT composite plating containing a maximum of 0.22 mass% of CNTs was obtained
at a pulse current density of =30 mA/cm?. In addition, Cu/CNT showed a slightly higher
Ecorr (-393 mV) and lower Icorr (29.6 pA/cm?) than Cu plating, suggesting that codeposition
of CNT is also effective in improving the anticorrosion resistance of electrodeposited Cu.
This study confirmed the possibility of fabricating a Cu/CNT composite plating in an
NMP solvent, and provides useful guidelines for the electrodeposition of metal/carbon
composite plating in nonaqueous solutions.
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