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Copper films with different open interconnected porous structures were gained by using hydrogen
bubbles as dynamic template at different electrodeposition conditions (deposition current density and
deposition temperature). The influences of electrodepositing parameters on the micro-morphology and
grain size were investigated. The experimental results showed that the morphology of copper foams
changed from distributed sparse dendrites to honeycomb-like structure with increasing the deposition
current density, further increased the current density could lead to the grain refinement and lattice
parameter reduction. Relatively lower temperature could contribute to the formation of three-
dimensionally ordered porous structures and the stability of the lattice regularity. At room temperature,
the porous network was observed on the surface of the Cu substrate, while it is difficult to form
ordered morphology at higher bath temperature (>40°C). Meanwhile, the grain size and lattice constant
increased obviously with increasing the deposition temperature, implying the existence of
lattice distortion for high temperature deposition.
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1. INTRODUCTION

Three-dimensionally (3D) porous materials have attracted increasing attention due to their
technological applications in catalysts [1,2], separation systems [3], sensors [4] and electronic
materials [5,6]. Among the three-dimensionally (3D) porous materials, porous copper foams and
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copper bimetallic materials such as Cu/Pd are the most promising systems because of their high
porosity and low cost. [7—12] Since some researchers demonstrated the possibility of preparing porous
metal foam via fast electrodeposition in which hydrogen bubbles generated at high cathodic current
densities [12,13], dynamic hydrogen template deposition has become the most popular preparation
method of porous copper. During the electrodeposition process, the hydrogen bubbles generated
through electrochemical reaction are attached to the electrode, then copper ions begin to deposit within
the interstitial spaces between the hydrogen bubbles. The sizes of hydrogen bubbles increase as the
reaction progress, finally, the hydrogen bubbles detach from the electrode, leading to the formation of
non-uniform porous structure. Compared with the conventional preparation methods, the hydrogen
bubble template method possesses several obvious advantages: inexpensive apparatus, flexible
operation and facile control of structure [7].

It is known to all that the physical properties of porous copper are greatly affected by the
morphology and microstructures (such as dendrite branch size and grain size). During dynamic
hydrogen template deposition, electrodepositing conditions such as current density, pH value of the
electrolyte and deposition temperature significantly influence the morphology and mechanical strength
of the porous metal. Therefore, in order to prepare high performance porous copper foams, it’s
essential to realize a facile control of the electrodepositing parameters.

In this paper, we obtained plenty of porous copper foams with different morphology and grain
size through hydrogen-bubble templating method. It was observed that the microstructure and
morphology changed significantly by changing the deposition temperature and current density. The
aim of this work is to systematically study the effect of electrodeposition parameters on the
morphology and microstructure of 3D porous copper foams.

2. EXPERIMENTAL

Basic compositions of electrolytic solutions for electrodeposition of porous Cu were 0.2 M
CuSO4and 1.0 M H,SO,. Additives such as NH,CI were added to change the morphology and improve
the mechanical strength. All the chemicals were of reagent grade and were dissolved in deionized
water. Meanwhile, the bath solution was stirred magnetically for about 20 min before electrodepositing
to remove insoluble particle. The major electrodeposition parameters and constituents of the
electrolytes are listed in table 1. Among the various electrodepositing parameters, current density and
deposition temperature have been proved to significantly influence the microstructure, morphology
and physical properties of electrodeposited metal films according to the previous research.[14,15,16]
Porous copper was prepared from electrodepositing process in Sulfate bath by using a conventional
three electrode cell. The pure copper foil after the acid treatment served as the working cathode with a
surface area of lcmx1lcm while a pure copper sheet was employed as the anode with much larger
surface area. Porous copper structures were obtained on the cathode copper by galvanostatic
electrodeposition at a current density from 0.5 to 2.5 A/cm? in the bath solution and the deposition
temperature was conducted by controlling different water bath temperature (from room temperature to
60 °C). The crystallographic structure and phase of the obtained porous copper were examined by X-
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ray diffraction with Cu K, radiation. The morphology such as dendrites and nanoscale-features of 3D
porous copper foams were observed by scanning electron microscopy (SEM).

Table 1. Chemical compositions of baths for electrodeposition of copper

Composition Temperature/°C  Current density/A-cm™
CuS0O,4 (0.2mol/L) RT 1.0

H,SO4 (1.0mol/L) 30-60 1.0

NH4CI (2.0mmol/L) RT 0.5-2.5

3. RESULTS AND DISCUSSION

3.1 Influence of current density

Fig.1 shows typical phases and microstructures of porous Cu foams electrodeposited at
different cathodic current density in a 0.2M CuSQ,4 and 1.0 M H,SO, solution. The crystal structure of
porous films belongs to the face-centered cubic copper owing to the fact that most of the diffraction
peaks observed are indexed to the Cu phase such as Cu (111), Cu (200) and Cu (220). In addition, it is
obvious that there is no oxide of copper during the electrodeposition process although the porous
copper is easy to be oxidized. The reason for this phenomenon is that the existence of abundant
protons in the electrolyte leading to the highly acidic atmosphere, which not only effectively
suppresses the oxide formation [ but also accelerates the reduction of copper to metallic copper
according to the following equations: CuO + 2H * —Cu?* + H,0 and Cu,0 + 2H* —Cu?" + Cu + H,0.
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Figure 1. Typical XRD pattern of the porous Cu foams electrodeposited at different current density
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Comparing the XRD patterns obtained at different deposition current, it is found that the
diffraction intensity of porous copper films is not sensitive to the current density. However, the grain
size and lattice constant calculated according to the XRD patterns are closely related to
electrodeposition conditions, especially current density. As shown in Fig2, the average grain size and
lattice constant of copper all decrease at the current density of 0.5A/cm? to 2.5A/cm?, which means the
finest grain can be obtained at high current density, such as 2.5 A/cm? This phenomenon can be
explained through the following classical theory. The nucleation rate w induced by electrochemical

deposition can be calculated by the following equation: W:klexp[—k—zz]1 where ki, ko is the
up

constant, 7, is the over potentiality. The dependence of the critical nucleation radius on the

over potentiality can be expressed as the following formula: . _ =h®E , where E is interfacial
° 6Zen,

energy, Z is the electron number of discharge ions, h is the height formed by absorbent atoms.
According to the above equations, the nucleation rate increases and critical nucleation radius decreases
with increasing the over potentiality and current density, which is beneficial to the formation and
refinement of the initial grain. Meanwhile, the evolution rate of hydrogen bubbles gradually increases
with increasing the current density, which produces much larger driving force for H, bubbles to
deviate from the cathode copper foil [17]. Consequently, the crystal growth time will be shortened,
which also contributes to the refinement of porous copper grain.
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Figure 2.The dependences of the average grain size and lattice constant on the current density

Fig.3 displays the evolution of Cu foams morphology obtained in the “standard bath” at various
deposition current densities (0.5-2.5A/cm?). As seen from the Fig.3a/f and Fig.3b/g, when the current
density is less than 1 A/cm? the interconnected pore network can’t be observed obviously on the
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surface of cathode and different scattered agglomerates closely connect with each other in the pore
walls.

scattered agglomerates

Figure 3. SEM images of porous copper films electrodeposited at different current density.
(@)/(£):0.5A-cm™; (b)/(g):1A-em™®; (¢)/(h):1.5A cm™; (d)/():2A-cm™; (€)/(j):2.5A cm™
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Further increasing the current density to the value of 1.5A/cm? the mixture of intensive
dendrites and corn-like agglomerates of copper grains are formed, as shown in the enclosed circle of
Fig.3 (h, i). Meanwhile, the dendrites have a trend to grow towards the interior of pores resulting in a
more close three-dimensional structure. Hence, increasing the current density properly could contribute
to the formation of the three-dimensional structure of porous copper foams. According to the present
research, the morphology of porous structure is mainly caused by the competitive reaction between
hydrogen evolution and copper deposition [7]. Different dynamic template can be obtained by
adjusting the current density, since the evolution rate of hydrogen bubbles is closely related to the
deposition current. At low current density, few H, bubbles can evolve from the surface of copper
substrate, therefore, producing lots of available deposition areas on the cathode foil, making it difficult
for Cu®* to form interconnected porous structure. This is the reason why the scattered and irregular
morphology of copper films appear on the surface of cathode. With increasing current density,
abundant hydrogen bubbles formed and clustered, which inhibited the growth of copper towards the
hydrogen bubbles, making the electrochemical reaction only occurs at the interstices of hydrogen
bubbles. In other words, the hydrogen bubbles act as a dynamic template for copper deposition and the
formation of the porous structure during the electrodeposition process[18]. As seen from Fig.3d and
Fig.3e, all the deposits are porous foam structure, while there’re still some differences in their
structure, such as wall width and surface pore size. The latter pore size is obviously smaller than the
former due to the fact that the hydrogen evolution rate increases with increasing the current density,
leading to the formation of smaller bubbles [17]. Fig.4 display the pore-size distribution of three-
dimensionally copper porous films obtained at various deposition current densities. The average pore
size ranges from 60um to 110um as the distribution diagram shown.
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Figure 4. The pore-size distribution of porous copper obtained at various deposition current density
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3.2 Influence of deposition temperature
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Figure 5. The typical phase composition of the Cu foams obtained at various deposition temperatures

Figure 6.The higher magnification SEM images of porous copper electrodeposited at a current density
of 1.0 A/cm? and different deposition temperature. (a) RT; (b) 30 “C; (c) 40 C; (d) 50 C;
(e)/(f): 60 'C
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Fig.5 shows the typical XRD patterns of the porous copper films obtained at different
deposition temperatures. It is clear that the diffraction peak positions are identical to the XRD patterns
shown in Fig.1, indicating that the principal phase is still face-centered cubic copper and no impurity
phase exists. In contrast to Fig.1, the diffraction peak intensity of the same crystal face gradually
decreases with increasing the deposition temperature, which means the lattice structure is highly
sensitive to the change of deposition temperature. One reasonable explanation is that the
electrochemical reaction and diffusion rate of ions are accelerated with increasing the reaction
temperature[19], as a consequence of this, there is not enough time to develop the crystal structure
without defect. Meanwhile, it can be seen that the full width at half maximum (FWHM) decreased
slightly with increasing bath temperature, indicating high temperature environment is of benefit to
crystal coarsening because of faster growth of the formed nuclei in this condition[20]. Similarly, there
Is no impure phase in diffraction patterns due to the existence of acidic environment.

Fig.6 displays the higher magnification SEM images of the porous copper electrodeposited in
the “standard bath” at the current density of 1.0 A/cm? and at different deposition temperatures (RT-60
°C). Comparing the lower magnification morphologies shown in Fig.3, corn-like dendrites and
hemispherical pores can be clearly observed in this field. From Fig.6, it is obvious that the bath
temperature has a great influence on the morphology and microstructure of Cu foams, especially the
pore size and dendrites feature.
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Figure 7. The dependences of the average grain size and lattice constant on the deposition temperature

Under constant current density conditions, with increasing the reaction temperature, more
hydrogen bubbles form and merge together during the rising process, resulting in the enhancement of
the hydrogen evolution[21] and the formation of larger bubble templates. Under this deposition
condition, three-dimensional framework structure formed within the interstitial spaces between the
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hydrogen bubbles will become increasingly sparser. Therefore, the pore size of the porous copper films
determined by the bubble sizes will increase.[22] This conclusion can be proved from the curvature of
enclosed circles in Fig.4 (d, e). Meanwhile, high temperature provides more power for Cu® to deposit,
which results in grain coarsening of the dendrites[21][23]. This change in morphology can be observed
in the Fig.6 (a, ). Comparing various morphologies, it can be seen that rising reaction temperature
plays a negative role in the copper grain refinement and the consistency of dendrites. In fact, the
detrimental effect of deposition temperature became quite evident when the bath temperature is over
40 °C. From Fig.6f, there is little interconnected spherical pore network on the surface of the copper
substrate compared with the deposition morphology at RT.

The averaged grain sizes calculated in terms of Scherrer equation and lattice constant in porous
copper foams obtained at different deposition temperatures are shown in Fig.7. There is an obvious
positive correlation between the grain sizes and depositing temperature. It can be observed that with
increasing deposition temperature, the average grain sizes increase from 50.23 nm (RT) to 69.04 nm
(60 °C), which is mainly caused by the high growth rate of grains at high depositing temperature !,
Meanwhile, the partial deposition current density is subject to change with deposition temperature[21],
which may also contribute to the grain enlargement. From the Fig.7, the lattice constant has similar
change trend compared the average grain size and reaches a maximum value of 0.362374 nm at the
temperature of 60 °C. The increase of lattice parameter is due to the reason that with increasing the
deposition temperature, copper atoms get more activation energy and diffusion speed can be
accelerated obviously. Comparing with the PDF standard card, the relative increment of lattice
constants can reach up to about 2%. The slight change of lattice constant implies the existence of
lattice distortion, which is consistent with the dependence of diffraction peak intensity on temperature
shown in Fig.5. Combining the above morphologies, it can be seen that rising temperature has a
negative effect on the formation of integrated 3D porous structures and the regularity of the lattice.

4. CONCLUSIONS

Porous copper foams with different morphology and grain size were electrodeposited on
Copper substrates through hydrogen-bubble templating method. The deposition parameters (current
density and deposition temperature) have an important effect on the morphology and microstructure of
the copper foams. When the current density is lower than 1.0 A/cm?, the deposits mainly consist of
relatively uniformly distributed sparse dendrites. With increasing the deposition current, the
microstructure no longer distributed and changed to honeycomb-like structure at higher current
density. Further increasing the current density results the grain refinement of copper foams and the
decrease of lattice parameter. The bath temperature can change hydrogen evolution rate and adjust
activation energy of copper ions during the electrodeposition process. At relatively low deposition
temperature, the interconnected porous network was observed on the surface of the Cu substrate. As
the reaction temperature was increased, detrimental effects of deposition temperature on the
micromorphology were found. At the bath temperature of 40 °C it’s difficult to form 3D ordered
porous structure through copper ions deposition. Meanwhile, there was a positive correlation between
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the averaged grain sizes and deposition temperature. With increasing the depositing temperature, the
average grain size increased from 50.23 nm (RT) to 69.04nm(60 C), indicating the existence of
lattice distortion in the foams at high temperature.
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