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Abstract: Carbonous nanomaterials are promising additives for composite coatings for
heat-dissipation materials because of their excellent thermal conductivity. Here, copper/carbonous
nanomaterial composite coatings were prepared using nanodiamond (ND) as the carbonous
nanomaterial. The copper/ND composite coatings were electrically deposited onto copper
substrates from a continuously stirred copper sulfate coating bath containing NDs. NDs were
dispersed by ultrasonic treatment, and the initial bath pH was adjusted by adding sodium
hydroxide solution or sulfuric acid solution before electrodeposition. The effects of various coating
conditions—the initial ND concentration, initial bath pH, stirring speed, electrical current density,
and the amount of electricity —on the ND content of the coatings were investigated. Furthermore,
the surface of the NDs was modified by hydrothermal treatment to improve ND incorporation. A
higher initial ND concentration and a higher stirring speed increased the ND content of the
coatings, whereas a higher initial bath pH and a greater amount of electricity decreased it. The
electrical current density showed a minimum ND content at approximately 5 A/dma2.
Hydrothermal treatment, which introduced carboxyl groups onto the ND surface, improved the
ND content of the coatings. A copper/ND composite coating with a maximum of 3.85 mass% ND
was obtained.

Keywords: copper; carbonous nanomaterial; composite coating; heat-dissipation material;
nanodiamond

1. Introduction

Heat management has recently become a major issue in the electronics industry because of the
continuous miniaturization of devices. This miniaturization has led to increased power densities;
thus, effective heat removal is important to maintain and improve their performance [1-3]. Copper
or its alloys have been widely used in the electronics industry as heat-dissipation materials because
of its excellent thermal conductivity [3-5]. However, heat-dissipation materials with higher thermal
conductivities are required for future electronics that will operate at much higher power densities.

Carbonous materials such as graphite, graphene, carbon nanofibers, carbon nanotubes, and
diamonds are promising candidates for next-generation heat-dissipation materials because their

© 2017 by the author(s). Distributed under a Creative Commons CC BY license.
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46  thermal conductivity is 2 to 10 times greater than that of copper [3,5-10]. Various monolithic
47  carbonous materials, including synthetic graphite sheets [6], graphite foams [8], a vertically aligned
48  hybrid material of diamond thin platelets covered with a crystalline graphite layer [9], and highly
49  oriented pyrolytic graphite [10], have been reported to be good heat-dissipation materials. Although
50  previous studies have demonstrated the effectiveness of carbonous materials as heat-dissipation
51  materials, using them in a monolithic form is difficult because of their low formability and brittle
52  nature [8,10].

53 Composite coatings with carbonous nanomaterials incorporated into a metal matrix are
94 receiving increasing attention for use in applications such as low-friction coatings [11,12],
95  wear-resistant coatings [11-14], and corrosion-resistant coatings [11-15]. Embedding carbonous
56  materials into a metal matrix can overcome some of the disadvantages associated with carbonous
57  materials. Copper coatings for heat-dissipation applications are also expected to be improved
58  through incorporation of carbonous nanomaterials because of their excellent aforementioned
59  thermal properties. Among the various carbonous nanomaterials, nanosized diamond —so-called
60 nanodiamond (ND)—is the most promising additive for composite copper coatings because of its
61  especially high and isotropic thermal conductivity [16]. Unlike most carbonous nanomaterials that
62  exhibit anisotropic thermal conductivity, NDs do not require control of their orientation in
63  composite coatings.

64 Composite coatings can be formed by electrolytic or electroless deposition from a coating bath
65 containing additives, and the dispersibility of the additives is a key factor for achieving
66  homogeneous and high additive incorporation [17,18]. To form copper/ND composite coatings, NDs
67  should be highly dispersed in the coating bath and the ND size should be small to facilitate their
68 effective incorporation [17-19]. Dispersants are often used to attain highly dispersed suspensions in
69  composite coatings [18-20]; however, the thermal conductivity of the composite coating is
70  deteriorated through inclusion of the dispersants [20]. A different strategy is thus necessary to
71  improve the dispersibility of NDs. Surface modification is a prospective approach to improve the
72 dispersibility of carbonous nanomaterials [21-23], and hydrothermal treatment in strong inorganic
73 acids is known to enable surface modification of carbonous nanomaterials [23-25].

74 Even though copper/ND composite coatings are expected to be prospective heat-dissipation
75  materials, the effects of the electrodeposition coating conditions and the surface modification of ND
76 are not well known. In the present study, copper/ND composite coatings were prepared by
77 electrodeposition and the effect of various coating conditions (i.e., the initial ND concentration,
78  initial bath pH, stirring speed, electrical current density, and the amount of electricity) on the ND
79  content of the coating was investigated. Furthermore, surface modification of ND by hydrothermal
80  treatment was carried out to improve ND incorporation into the coatings.

81 2. Materials and Methods

82  2.1. Materials

83 Copper sulfate pentahydrate (CuSOs+5H20: Nacalai Tesque, Inc.), nitric acid (HNOs: Nacalai
84 Tesque, Inc.), concentrated sulfuric acid (H2SOs Nacalai Tesque, Inc.), and sodium hydroxide
85 (NaOH: Nacalai Tesque, Inc.) were used as received. Purified detonation NDs, which are
86  agglomerates composed of primary particles approximately 5 nm in diameter, were acquired from
87  NOF Corporation. Surface-modified NDs were prepared by hydrothermal treatment of NDs in
88  concentrated H2SO: solutions. H2SOs was selected to avoid contamination by other anions. A certain
89  amount of NDs was suspended in 5 mL of concentrated H2SO:4 in a Teflon container, which was
90  subsequently sealed in a stainless-steel jacket for hydrothermal treatment at 493 K for 2 h.

91
92 2.2. Preparation of copper/ND composite coatings

93 Copper substrates (Yamamoto-MS Co., Ltd., B-60 hull cell cathode plates) were masked, leaving
94 anarea of 400 mm? (20 mm x 20 mm) for electrodeposition. The copper substrates were washed with
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95  diluted HNO:s solution for 10 s and completely dried after being rinsed with distilled water. The
96  copper substrates, a platinum wire, and an Ag/AgCl electrode in a saturated KClI solution were used
97 as the cathode, anode, and reference electrode, respectively. A 0.1 M or 1 M CuSOs bath was
98  prepared by dissolving CuSO+5H:0 in distilled water. A certain amount of ND was added to the
99  copper sulfate bath of 50 mL. When nontreated NDs were used, the pH of the bath was adjusted
100  using a solution of NaOH or H250s. By contrast, when surface-modified NDs were used, the NDs
101  were added along with the 5 mL of concentrated H2SOs solution used for hydrothermal treatment;
102  however, the total bath volume was maintained at 50 mL, and no further pH adjustment was carried
103  out. The NDs were then ultrasonically suspended for 1 h using an ultrasonic homogenizer (Sonics &
104  Materials, Inc., VC-505, 20 kHz, 200 W) to disperse the NDs.
105 Electrodeposition was performed at room temperature using a galvanostat (Hokuto Denko
106  Corp., HZ-5000), and the stirring speed, current density, and amount of electricity were varied. The
107  effects of the initial ND concentration, initial pH, stirring speed, current density, amount of
108 electricity, and the surface modification of the NDs were investigated. The experimental conditions
109  are shown in Table 1. Two to fifteen replicate experiments were performed under each set of
110  investigated conditions, and their average value was adopted.

111 Table 1. Coating conditions used in this study
Initial Initial Stirring  Current  Amount of Surface
Exp. CuSO:4 ND Initial . . . g
No. conc. conc. pH speed E::ltg elec[tél]aty modification
[M] [e/L] [rpm] m of ND

1 0.1 0-30 2 500 100 20 -

2 1 3 04 500 10 20 -

3 0.1 3 2 250-750 100 20 -

4 1 20 2 500 1-25 20 -

5 0.1 3 2 500 100 10-100 -

6 0.1 3 2o0r<(t 500 100 20 None or HT?

112 1Below detection limit.

113 2HT: Hydrothermal treatment at 493 K for 2 h in concentrated H2SOs solution.
114

115 2.3. Characterization of copper/ND composite coatings

116 The ND content of the coatings was evaluated via a combustion method using a carbon—-sulfur
117 simultaneous analysis device (Horiba, Ltd., EMIA-510). The coating was fired at 1623 K along with
118  the copper substrate under an oxygen atmosphere, and the generated gas was measured by infrared
119  absorption. The concentrations of the composite components were calculated using the following
120  equations:

my V.M, V.M, VM, (1)

- % 100 = a AVo=0
M M ( )

v, =

M

t t

V, =V, x 2 @

t

121  where Vi, Vi, and Vs are the carbon contents of the test piece [mass%], coating [mass%], and the
122 substrate [mass%], respectively; Mi, Mc, and Ms are the mass of the test piece [g], coating [g], and the
123 substrate [g], respectively; and mc is the overall carbon mass in the test piece [g].

124 The microstructure of the coatings was observed using a scanning electron microscope (SEM:
125  JEOL Ltd., JSM-6330F) operating at 15 kV. The effect of the hydrothermal treatment on the NDs was
126  evaluated on the basis of the functional groups on the surface of the NDs via Fourier-transform
127  infrared spectroscopy (FT-IR: PerkinElmer, Inc., Spectrum 100s).
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128  3.Results and Discussion

129 The effect of initial ND concentration, initial pH, stirring speed, current density, amount of
130 electricity, and surface modification of NDs is discussed on the basis of the results of each of the
131  experiments detailed in Table 1.

132 3.1. Effect of initial ND concentration of the coating bath

133 The effect of the initial ND concentration on the ND content of the final coating is shown in Fig.
134 1. The ND content in the coating increases with increasing initial ND concentration in the bath and
135 finally reaches a plateau value of 0.8 mass% at approximately 10 g/L under this set of experimental
136  conditions. The greater incorporation of NDs with increasing initial ND content is explained as
137 follows. When the initial ND concentration increases, more NDs are transported to the surface of the
138  copper substrate; thus, more NDs can be incorporated. However, at higher ND concentrations,
139  where the surface becomes nearly covered with NDs, the NDs remaining in the bath can no longer
140  approach the substrate surface easily because it is covered with NDs. The interactions or collisions of
141  NDs in the bath with the NDs on the surface of the substrate reach an equilibrium condition and
142  prevent a further increase in the amount of incorporated NDs. An initial concentration of 10 g/L
143  appears to correspond to the concentration where complete surface coverage by NDs is achieved.
144  Similar trends have been reported for composite coatings in various systems such as a
145 copper-multiwalled carbon nanotube system [20] and a nickel-aluminum nitride system [26].

146

1 " 1 L 1
10 20 30
Initial ND concentration [g/L]

ND content of coating [mass%]|

147 Figure 1. Relation between the initial ND concentration in the bath and the ND content of the coating

148  3.2. Effect of initial pH of the coating bath

149 The effect of initial pH on the ND content of the coating is shown in Fig. 2. The range of pH in
150  this experiment was decided to be 0 to 4 because copper hydroxide formed in the coating bath when
151 the pH was increased to values greater than 4. Fig. 2 shows that more ND particles were
152  incorporated at lower pH values, especially when the pH was less than 2. The drastic increase in ND
153  content in the coating below pH 2 may be caused by several factors. One factor is the effect of surface
154 functional groups on the ND. ND is known to have various functional groups on its surface [21].
155  Conceivably, excess protons (H*) may cover the ND surface when an acidic solution contacts these
156  functional groups on the ND surface, imparting the ND with a positive charge, which promotes its
157  movement toward the cathode side. Another possibility is the effect of zeta potential. The zeta
158  potential of detonation NDs without surface modification has been reported to be positive at low pH
159  levels [22]. A positive zeta potential would also promote the movement of NDs to the cathode side.

160
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161 Figure 2. Relation between the initial pH of the bath and the ND content of the coating
162  3.3. Effect of stirring speed of the coating bath
163 Figure 3 shows the relation between the stirring speed and the ND content of the coating at a

164  fixed bath ND concentration of 3 g/L. The ND content in the coating increased with increasing
165  stirring speed in the range investigated in this experiment (Exp. No. 3, Table 1). This behavior is
166  attributed to the increase in frequency of NDs approaching the substrate. When the stirring speed is
167  low, the concentration of NDs near the coating surface might decrease after deposition begins as a
168  consequence of the adsorption rate of ND onto the substrate surface being higher than the feed rate.
169  In addition, insufficient convection would cause incomplete dispersion of the NDs and may further
170  lead to aggregation of the NDs. Incomplete dispersion or aggregation might decrease the number of
171  NDs transferred to the cathode by gravity settling, thereby lowering the final ND content of the
172 coating.
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174 Figure 3. Relation between the stirring speed and the ND content of the coating

175  3.4. Effect of current density during electrodeposition

176 The effect of the current density during electrodeposition on the ND content of the coating is
177  shown in Fig. 4. Current density can be interpreted as the deposition rate. The ND content decreased
178  with increasing current density, reached a minimum of approximately 0.23 mass% at 5 A/dm?, and
179  then increased thereafter. The existence of a minimum value may indicate a change in the dominant
180  mechanism. The following mechanism is proposed. In general, the particle content in composite
181  coatings is determined by the competition between the deposition rate of the metal matrix and the
182  adsorption rate of the additive particles. In the range from 1 to 5 A/dm?, the adsorption of NDs onto
183  the substrate surface may have become dominant, resulting in an increase in the ND content of the
184  coating at especially low current densities. A similar behavior has been observed in composite
185  coatings that follow the Guglielmi’s model [27]. By contrast, when the current density is greater than
186 5 A/dm? adsorption of NDs must have been promoted by the high overpotential resulting from the
187  increase in current density [28], thereby enhancing the incorporation of NDs into the coating.

188
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189 Figure 4. Relation between the current density and the ND content of the coating
190  3.5. Effect of the amount of electricity used for electrodeposition
191 Figure 5 shows the relation between the amount of electricity and the ND content of the coating.

192  The amount of electricity nearly corresponds to the thickness of the coating. Coatings deposited
193  using relatively small amounts of electricity, i.e., the thinner coatings, contained more ND particles
194  compared with those deposited using larger amounts of electricity, i.e., thicker coatings. These
195  results suggest that NDs were incorporated during the early step of electrodeposition and were
196  unevenly distributed in the thickness direction. This may be because NDs poorly adsorb onto
197  substrates that exhibits substantial roughness due to their difficulty in entering the dents. SEM
198  observation of the surface was conducted to investigate the change of the surface morphology of the
199  coating when the amount of electricity was varied. As evident in the surface SEM images (Fig.
200  6(a)—(d)), the grain size of the deposited copper matrix was small when the amount of electricity was
201  small and increased with increasing amount of electricity. The surface roughness seemed to increase
202  as grains became larger. The ND adsorption onto the coating surface was hindered by the increase in
203  surface roughness corresponding to the increase in the amount of electricity. Such a change in

204  surface morphology of the coating may be responsible for the decrease in the ND content of the
205  coating.
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207 Figure 5. Relation between the amount of electricity and the ND content of the coating

208
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209 Figure 6. Surface SEM images of composite coatings deposited at an amount of electricity of (a) 10 C,
210 (b) 20 C, (c) 50 C, and (d) 100 C
211 3.6. Effect of the surface modification of NDs
212 3.6.1. Characterization of surface-modified NDs
213 Surface modification of NDs was carried out by hydrothermal treatment at 493 K for 2 h in

214 concentrated H2SO: solution. The surface-modified NDs were characterized using FT-IR
215  measurements because acid treatment has been reported to introduce functional groups onto the
216  surface of NDs. The obtained FT-IR spectra are shown in Fig. 7. NDs that were only immersed in
217  sulfuric acid were also characterized for comparison. The peak near 1600 cm™ indicates a decrease in
218  the number of C=C bonds, and the peak at approximately 1700 cm™! indicates an increase in the
219  abundance of C=O bonds. In Fig. 7(c), a peak from approximately 3500 cm-! to approximately 2500
220  cmis also observed. This peak may indicate an increase in the number of-OH bonds derived from
221 the carboxyl groups. These results show that the numbers of~OH bonds and -C=O bonds increased
222 on the surface of the ND particles as a result of the hydrothermal treatment, whereas the number of
223  C-Cbonds decreased. Consequently, the results suggest that carboxyl groups were introduced onto
224 the NDs as a result of the hydrothermal treatment [29]. Jiang et al. have reported that oxidation
225  treatment of activated carbon using concentrated H2SO: at 533 K introduced mainly carboxyl groups
226  (COO-species) and hydroxyl groups (-OH) [30]. A similar phenomenon may have occurred in the
227  present study.
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228 Figure 7. Peak obtained from FT-IR measurements

229  3.6.2. Effect of surface modification on the ND content of coatings

230 The ND contents of coatings deposited using surface-modified NDs are summarized in Fig. 8.
231  The ND content of the coating increased by 30 to 60% when surface-modified NDs were used.
232  Hydrothermal treatment has been reported to improve the colloidal stability of the ND particles in
233 water [31], which likely led to our observed increase in the amount of NDs incorporated. Moreover,
234 the positive charge induced by the excess protons, as discussed in in section 3.2, may have been
235  intensified by the additional carboxyl groups introduced by the hydrothermal treatment. Using the
236  hydrothermally treated ND particles under conditions of a 0.1 M CuSOs bath, an initial ND
237  concentration of 3 g/L, a stirring speed of 500 rpm, a current density of 10 A/dm?, and an amount of
238  electricity of 20 C, a coating with an ND content as high as 3.85 mass% ND, corresponding to nearly
239 10 vol% ND, was attained.
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241 Figure 8. Effect of hydrothermal treatment on the ND content of the coating
242 4. Conclusions
243 In this study, copper/ND composite coatings were prepared by electrodeposition and the

244 effects of various coating conditions, initial ND concentration, initial bath pH, stirring speed,
245  electrical current density, and the amount of electricity on the ND content of the coatings were
246  investigated. Furthermore, surface modification of the ND by hydrothermal treatment was
247  performed to improve ND incorporation. The following results were obtained.

248 e The ND content of the coatings increased when the NDs approached the substrate at high
249 frequency.
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250 e NDs were found to be unevenly distributed in the thickness direction of the coatings.
251 e« Furthermore, surface modification of NDs via hydrothermal treatment in concentrated H2SOs

252 solution improved the ND content of the coatings.
253 e Surface functional groups introduced by the hydrothermal treatment appeared to play an
254 important role in the incorporation of NDs.
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