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Abstract: The nanostructured copper/microcapsule containing liquid core materials composite (copper/liquid microcapsules 
composite) was prepared using direct current (DC) electrodeposition method. The surface morphology and microstructure of 
composite were investigated by means of scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray 
diffraction (XRD). The results show that the microstructure of electrodeposited layer transformed from bulk crystal to nano structure 
because of the participation of microcapsules. The diameters of microcapsules and the copper grain sizes in the composite were 2−20 
μm and 10−20 nm, respectively. In addition, the electrodeposition mechanism of composite in the deposition process followed 
electrochemistry theory, which was proved by the theoretical analysis result and the experiment results. Meanwhile, the co-deposition 
process model was presented. 
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1 Introduction 
 

Nowadays, composite coatings have been widely 
used in auto and aerospace industries due to their special 
physical, chemical, biological and mechanical properties, 
etc [1−3]. Especially, nanostructured composites have 
attracted more and more attention in recent years. 
Numerous research evidences show that nanostructured 
coatings possess better physical and mechanical 
performance than conventional coarse-grained coatings 
[4−5]. One way to obtain nanostructure during plating is 
using pulse reverse current [6] by controlling the 
magnitude of current and pulse width; another is adding 
nano particles [7−9]. At present, nanostructured 
composites such as Ni/ZrO2, Ni/SiC, Ni/PZT, 
Ni/diamond, and Cu/graphite coatings have been 
successfully produced by pulse current and pulse reverse 
current electrodeposition. All these nano-composites 
above are obtained by metal ions co-deposition with 
solid particles. Compared with solid particles, the 
metal/liquid microcapsule composites exhibit some 
distinctive advantages. One of the promising advantages 
of this composite is that the encapsulated liquid core 
material can be released gradually to modify the 

properties of coating surface. 
Unfortunately, few investigations on the electrolytic 

co-deposition of metals and liquid microcapsules have 
been published. Available researches focus on the 
preparation process of microcapsules and the 
performance of composite coating [10−12]. In our 
previous work [13−15], we had also reported the 
successful co-deposition of liquid microcapsules with 
nickel and copper, where excellent wear resistance, 
corrosion resistance and hydrophobic properties of the 
composite coating were exhibited. However, it was 
found that the copper grains became very fine due to the 
participation of liquid microcapsule during the 
deposition process. The microstructure of metal/liquid 
microcapsule composites and their formation mechanism 
have not been further discussed. Besides, the 
co-deposition process of microcapsule is quite different 
from that of solid particles. Guglielmi’s model is used to 
explain the mechanism of metal/nano solid particles 
composite. But for the Cu/liquid microcapsule composite, 
this model seems inappropriate obviously due to the 
restriction of electronic double layer thickness. Therefore, 
a new theory is needed to interpret the electrodeposition 
mechanism of this composite. 

In this study, the sizes of liquid microcapsules 
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obtained were in the range of 2−20 μm and the 
nanostructured Cu/liquid microcapsule composite was 
prepared using the direct current electrodeposition 
method. The effects of microcapsules on microstructure 
and its formation mechanism of the composite were 
investigated. Meanwhile, the electrodeposition 
mechanism of composite containing liquid microcapsules 
was further analyzed. 
 
2 Experimental 
 
2.1 Materials 

The core and shell materials of the microcapsules 
were BH-102 liquid hydrophobic agent (the main 
component was described in detail in Ref. [16]) and 
methyl cellulose (MC, cP 15-25), respectively. Span 80 
and anhydrous alcohol acted as dispersant and flocculant 
in the preparation procedure of liquid microcapsule, 
respectively. 

For the electroplating, the cathode was a low-carbon 
steel plate (1%, mass fraction): with dimensions of    
30 mm×12 mm×0.6 mm and the anode was a 
phosphorized copper plate. The electrolyte consisted of 
200 g/L copper sulfate, 60 g/L sulfuric acid and 60 mg/L 
hydrochloric acid. The chemicals of analytical reagent 
grade and distilled water were used to prepare the solution. 
 
2.2 Preparation of copper/liquid microcapsule 

composite 
Firstly, the liquid microcapsule was prepared by 

means of the phase separation method. The detailed 
preparation procedure was as follows. 20 mL 0.01 g/mL 
aqueous MC solution was added to a beaker and stirred 
at 1 000 r/min at room temperature. Then 1 mL 
hydrophobic agent was added dropwise to the MC 
solution. After 5 min, minor Span 80 and 5 mL 
anhydrous alcohol were added at the speed of 10 mL/min 
and then the stirring speed was decreased gradually. Thus, 
the liquid microcapsules with diameter of 2−20 μm were 
prepared. The structure of liquid microcapsule was 
described in Ref. [17]. 

Subsequently, the copper/microcapsules composite 
coating was prepared from an acid sulfate bath (100 mL) 
containing 20% (volume fraction) microcapsule 
emulsion. To prevent dissolution of cathode during 
electroplating, nickel electroplating pretreatment was 
carried out under the condition of 5 A/dm2 and 50 °C for 
5 min in a watts-type bath. During electrolytic 
co-deposition process, the anode was placed at the 
bottom of the bath and the cathode was laid down on the 
upper layer of the solution. In addition, the temperature 
of solution was kept at (20 ±1) °C and the current density 
was maintained at 3 A/dm2 for 3 h. 

2.3 Microstructure characterization 
The surface morphologies and microstructures of 

pure copper coating and composite coating were 
analyzed on scanning electron microscope (SEM, 
HITACHI S−530, 20 kV) and transmission electron 
microscope (TEM, JEM−2100F, 200 kV), respectively. 
And the texture was determined by X-ray diffraction 
spectrometer (XRD, D/max 2200PC, 40 kV, 40 mA) with 
Cu Kα radiation at a scanning rate of 6 (°)/min. The grain 
sizes of the nanocrystalline layers were calculated using 
Scherer’s formula. 
 
2.4 Cathodic polarization measurement 

To analyze the influence of the participation of 
microcapsules on the deposition process, cathodic 
polarization behavior in plating bath was performed by 
electrochemical analyzer (CHI 604A) at room 
temperature. The data were obtained in a three-electrode 
mode. The specimen with exposure area of 1.0 cm2 was 
used as working electrode, saturated calomel electrode 
(SCE) was used as a reference electrode, and a platinum 
(Pt) was used as an auxiliary electrode. 
 
3 Results and discussion 
 
3.1 Morphological microstructure and analysis 

Figure 1 shows the top view and cross-section view 
of pure copper and composite coatings. As observed in 
Fig. 1(b), a large number of microcapsules are 
distributed evenly on composite surface and their 
diameters are in the range of 2−20 μm. The result 
confirms that the microcapsules are capable of 
electrolytic co-deposition with copper ions. Moreover, 
microcapsules can be deposited in coating by layer upon 
layer with increasing the plating time (Fig. 1(c)). 
Additionally, the composite coating exhibits the finer 
grains compared with pure copper coating because of the 
participation of microcapsules, which may affect its 
mechanical properties. The mechanical properties of 
Cu/microcapsule composite will be further discussed in 
future experiments. 

To further verify the grain size of composite, TEM 
analysis was performed. Figure 2 displays the TEM 
surface images of pure coating and composite coatings. 
Obvious columnar crystals with radial diameters ranging 
from hundreds nanometers to several micrometers can be 
seen in Fig. 2(a). In addition, there are a lot of twin 
substructures inside the columnar crystals. The 
corresponding selected-area electron diffraction (SAED) 
of the circle area in Fig. 2(a) shows a lattice pattern, 
which indicates the single crystal feature of the copper 
coating. For composite, the bulk columnar crystals have 
not been found and a lot of nano crystals with the size of 
10−20 nm are observed in Fig. 2(b). The corresponding 
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Fig. 1 SEM images of coatings: (a) Pure copper coating; (b) Copper/liquid microcapsule composite; (c) Cross-section of composite 
coating 
 

 

Fig. 2 TEM images of pure Cu (inset shows SAED pattern) (a), and composite (inset shows SAED pattern) (b) and HRTEM image 
from circle area of copper/liquid microcapsule composite (c) 
 
selected-area electron diffraction (SAED) pattern (inset 
of Fig. 2(b)) with concentric rings indicates poly- 
crystalline structure of composite coating. Figure 2(c) 
shows the high resolution TEM (HRTEM) image from 
the circle area in Fig. 2(b). As seen, the measured 
interplanar spacings of 2.08 and 1.79 Å are in agreement 
with the d-spacings of the (111) plane (2.08 Å) and the 
(200) plane (1.80 Å) of copper according to the JCPDS 
card No. 04— 0836. Careful inspection from these 
images confirms the formation of nano crystals with 
different crystal orientations. 

Based on the experiment results above, it can be 
concluded that nanostructure transition happened after 
microcapsules were deposited in plating copper coating. 
Correspondingly, the grain sizes changed from 
micro-grade of copper coating to nano-grade of 
composite and the microstructure of composite also 
transformed to polycrystalline structure. To verify the 
crystal structure of the whole coatings, XRD analysis 
was performed. Figure 3 shows the XRD patterns of 
copper coating and composite. As shown, there are 
diffraction peaks characterizing face-centered cubic 
(FCC) structure of copper (JCPDS card No. 04—0836).  

 
Fig. 3 XRD patterns of pure copper coating (a) and composite 
coating (b) 
 
The preferential orientation is Cu (220) for the copper 
coating. However, the obvious preferential orientation 
becomes weak for the composite coating, the preferential 
diffraction intensities of Cu (111) and Cu (200) increase 
obviously and their diffraction peaks become wider than 
those of pure copper, which indicates the refinement of 
grains of composite. The average size of nano-crystalline 
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composite coating is about 30 nm according to the 
Scherer’s formula, which is in accordance with the grain 
size observed by TEM in Fig. 2(a). 

Figure 4 presents the cathodic polarization curves of 
the acidic sulfate copper-plating baths with and without 
microcapsule emulsion. It can be seen that the addition 
of microcapsule emulsion to the electrolyte results in the 
cathode polarization and makes the cathodic potential 
more negative. The concentration of metal cation in the 
electrolyte decreases when microcapsule emulsion is 
added to plating bath. Simultaneously, the existence of 
microcapsules increases the difficulty of mass transfer 
and the solution resistance. These are favorable to 
cathodic polarization and further lead to the formation of 
fine and homogeneous coating. Besides, the following 
reasons may also cause the refinement of composite 
grains: 1) plenty of Cu ions absorb onto the surface of 
microcapsules, which can enhance the nucleation chance 
of Cu ions; 2) deposited microcapsules as the second 
phase particles can inhibit the growth of copper crystals; 
3) electroplating bath contains unencapsulated liquid 
core and shell materials, which can form a film at defects 
of growing grain surface and hinder grains to continue 
growth. So the grains of composite are refined obviously 
compared with that of pure copper coating. 

 

 
Fig. 4 Cathodic polarization curves of acidic sulfate copper 
baths with and without microcapsule emulsion 

 
According to our previous experiment result from 

Ref. [15], addition of microcapsules to the electrolyte, 
even at a low concentration of 4% (volume fraction), 
caused the cathode to polarize. Although the shell and 
core of microcapsule in this study are different from 
those of microcapsule reported in Ref. [13], the 
polarization degrees that they cause are similar. The 
content of microcapsules in composite and the deposition 
rate decrease when the addition of microcapsules to the 
electrolyte is beyond 25% (volume fraction) [14]. So the 
nanostructured composite may be obtained when the 
addition of microcapsules emulsion exceeds a certain 

concentration. Additionally, it is found that the 
electroplating time also affects the formation of 
nano-crystals. The specific electrodeposition process 
parameters to obtain nanostructured composite need to 
be further studied. 
 
3.2 Deposition mechanism of Cu/liquid microcapsules 

composite 
As we known from above, electrolytic co-deposition 

of liquid microcapsules with metal ions in an acidic 
copper-plating bath was successfully carried out. 
Moreover, the nanostructured composite was obtained 
because of the participation of liquid microcapsules 
during the electrolytic co-deposition process. At present, 
many articles have been published describing the 
elecrodepositon mechanism of composite containing 
solid particles, such as Guglielmi’s model [18], the 
mechanical interception mechanism and the 
electrochemistry theory. However, few investigations 
have been concerned with composite containing liquid 
microcapsules. In our previous research [14−15], the size 
of the prepared liquid microcapsules was less than 10 μm 
and a few quantity of microcapsules in the composite 
were found. Recently，it can be found that microcapsules 
with the diameter of 2−20 μm are more beneficial to 
increasing the composite amount of microcapsules in 
plating coating. Therefore, we attempt to seek a theory to 
interpret the electrodeposition mechanism of this 
composite. 

The electrochemistry theory holds that 
electrophoresis migration of charged particles under 
electric field force is a key factor influencing particles 
into plating coating. During the electrodeposition process, 
the cathode surfaces are with negative electric charges. 
Therefore, if the surface of particles has sufficient 
positive charges and the cathode polarization is greater, it 
is favorable to the co-deposition of metal ions and 
particles at high speed. Based on the electrochemistry 
theory, we think that it is more appropriate to explain the 
electrodeposition mechanism of composite containing 
liquid microcapsules with the size of 2−20 μm. To verify 
this point, the movement of microcapsules under electric 
field force is analyzed by means of physical knowledge. 
It is hypothesized that microcapsule surface has positive 
charges and the charge density per unit area of 
microcapsules with different sizes is equal. According to 
the momentum theorem, the momentum equation of 
microcapsule in the plating bath should be: 

 
vmtF ⋅=⋅                                   (2) 

 
where F represents the electric field force, t is unit time, 
m and v refer to the quality and deposition speed of 
microcapsule, respectively. From Eq. (2) the following 
equation can be deduced: 
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vRqΕ ⋅⋅⋅=⋅ 3π
3
4ρ                            (3) 

 
where E is the electric field which is a fixed value, q 
represents the total electric quantity of microcapsule, R 
and ρ refer to the radius and the density of microcapsule, 
respectively. Because microcapsules can suspend in the 
plating bath, it is considered that the density of 
microcapsule is close to that of water. Thus, Eq. (3) is 
converted into: 

 

vRRΕ ⋅⋅⋅=⋅⋅⋅ 3
0

2 π
3
4π4 ρρ                    (4) 

 
where ρ0 is the charge density per unit area of 
microcapsule surface. Eq. (4) can be further simplified 
as: 

 

vRΕ ⋅⋅⋅=⋅ ρρ
3
1

0                             (5) 
 

Here, E, ρ and ρ0 are fixed values. Therefore, 
 

v
R 1
∝                                      (6) 

 
Equation (6) implies that the smaller the radius of 

microcapsule is, the faster the deposition speed of 
microcapsule becomes. According to the theoretical 
analysis, the amount of microcapsules with small size 

should be greater than that of microcapsules with large 
size. As seen in Fig. 1(a), it can be confirmed that the 
experimental results are in accordance with the 
theoretical analysis conclusions above. Therefore, the 
hypothesis we made is correct, which illustrates the 
electrodeposition mechanism of composite following 
electrochemistry theory. Different from solid particles, 
liquid microcapsules are spherical in shape and its 
smooth external surface has certain elasticity. So it is 
easy to desorb from the growing copper coating and to 
return the bath for small sized microcapsules under the 
impact of subsequent microcapsules and copper ions. 

Figure 5 depicts the electrodeposition process of 
Cu/liquid microcapsule composite. The force condition 
of microcapsule in the bath can be expressed in Fig. 5(d), 
where E represents the electric field F0 and G refer to the 
buoyancy and gravity of microcapsule, respectively. 

Firstly, the microcapsules suspend in the plating 
bath in the absence of external electric field as seen in 
Fig. 5(a). At this time, the buoyancy is equal to the 
gravity of microcapsule. Secondly, the stable chelation 
between —OH and —O groups of shell material (MC) 
and metal ions (Cu2+) takes place，as shown in  Fig. 5(b). 
Then the adduct ions with positive charge move towards 
cathode under the electric field force. Finally, these 
adduct ions are forced to deposit on the cathode surface 
at a high electrophoretic velocity (Fig. 5(c)). 

 

 
Fig. 5 Schematic diagrams of electrodeposition process for Cu/liquid microcapsule composite: (a) Initial state of plating bath;     
(b) Polymerization of ions under electric field force; (c) Adduct ions moving towards cathode; (d) Force analysis of microcapsule in 
plating bath 
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4 Conclusions 
 

1) A nanostructured copper composite containing 
liquid microcapsule with the diameters of 2−20 μm is 
obtained using DC electrodeposition. In the course of 
co-deposition, the participation of microcapsule 
emulsion causes the cathode polarization, increases the 
cathodic overpotential and refines the grains of 
composite.  

2) TEM result shows the size of copper grains of 
composite is 10−20 nm.  

3) The electrodeposition mechanism of composite 
follows electrochemistry theory and the microcapsules 
with the diameter of 2−20 μm are more beneficial to 
deposition. Furthermore, the model of copper ions 
co-deposition with liquid microcapsules is put forward. 
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电沉积 Cu/液体微胶囊复合镀层的微观结构及沉积机理 
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摘  要：采用直流电沉积法制备纳米结构的 Cu/液体微胶囊复合镀层。借助扫描电子显微镜(SEM)、透射电子显

微镜(TEM)和 X 射线衍射(XRD)分析和表征复合镀层的表面形貌和微观结构。结果表明：加入微胶囊使得复合镀

层由粗晶结构转变为纳米晶结构，其中镀层中液体微胶囊及铜纳米晶的尺寸分别为 2~20 μm 和 10~20 nm。此外，

通过理论分析证实了铜与液体微胶囊的电沉积过程遵循电化学沉积机理，并提出了相应的电沉积过程模型。 

关键词：铜/液体微胶囊复合镀层；直流电沉积；纳米结构；电沉积机理 
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