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We have successfully sculptured a variety of copper films with open interconnected macroporous walls
and nanopatrticles using hydrogen bubbles as the dynamic template. In this process, the hydrogen bubbles
arising from the electrochemical reduction of lh the deposition process functioned as the dynamic
template for metal electrodeposition. Cu was electrodeposited and grew within the interstitial spaces
between the hydrogen bubbles to form a macroporous film of Cu nanopatrticles on the substrate, showing
a typical integration of micrenanostructure. The pore diameters and wall thickness of the porous copper
films were successfully tailored by adjusting the concentration of the electrodeposition electrolyte, the
applied current density, and the concentration of the surfactant (cetyltrimethylammonium bromide, CTAB).
Water contact angle measurements showed that the hydrophobicity of the prepared porous structures
could be tuned by changing the pore size and wall thickness.

Introduction 3D porous metaf822 (Ni, Cu, Sn) and alloys (CusSn)

Because of extremely large specific surface areas for With highly porous dendritic walls and numerous nano-
charge and mass transport in electrochemistry three-particles have been successfully prepared from electrochemi-
dimensionally (3D) porous materials are important for both €&l deposition processes. As shown in Scheme 1, hydrogen
academic study and technological applications in catalysts, Pubbles arising from the electrochemical reduction of H
separation systenis, batterie$” sensor€, and electronic ~ functioned as the dynamic template for metal electrodepo-
material$ The most popular approach for the preparation ;ltlon._ Metal was electrodeposited and grew within the
of the porous materials with controlled characteristics is the interstitial Spaces between the hydrogep bubbles and formed
template-directed synthesis method, in which a disposablea macroporous film of metallic nanoparticles on the substrate.
hard template is used to deposit other new materials in its W& used this approach followed by a galvanic replacing
interstitial spaces. The template can then be removed byPrOc€ss to fabricate 3D macroporous gold films that showed
combustion or etching. Finally, the new materials with the enhanced electrocatalytic activity toward the oxidation of

. )
replica structure of the template are obtained. To date, severa@!Ucose:* Compared with hard templates, the hydrogen
kinds of templates have been proposed for the formation of bubble templates possess several advantages: low cost, ease

films, membranes, or powders of porous metals with tunable ©f Preparation, facile control of structure, and facile one-
pore sizes and structures, such as porous polycarbonatétep synthesis process, including preparation of the template,

membrane&®! anodic alumina membranéss colloidal metal deposition, and elimination of the template.

crystalst®~8 and echinoid skeletal structuré&s.
Recently, a new green and promising template, gas bubble(10) Guo, ¥. L., Yui, H., Minamikawa, H.; Yang, B.; Masuda, M.; lto,
. . K.; Shimizu, T.Chem. Mater2006 18, 1577.
dynamic template, was proposed, by which self-supported (11) kazeminezhad, I.; Barnes, A. C.: Holbrey, J. D.; Seddon, K. R.;
Schwarzacher, WAppl. Phys. A2007, 86, 373.
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Scheme 1. Schematic lllustration of the Experimental Procedure That Generates Porous Copper Film with Open
Interconnected Macroporous Walls and Nanoparticles Using the Hydrogen Bubble Dynamic Template-Directed Synthesis
Method
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On the basis of the concept of this bubble template-directedthe Nanjing Chemical Reagents Ltd. (Nanjing, China). CTAB was
synthesis method, it is clear that the pore size and wall purchased from the Shanghai Lingfeng Chemical Reagents Ltd.
thickness of porous metallic films are determined by the (Shanghai, China). All the chemicals used in this investigation were
bubble size. In this work, we introduced surfactants into this of analytic grade. All solutipns were prepared with deionized water
synthesis method to design the deposited metallic film (18 M, PureLab Classic Corp.). . _
structures. Surfactants have been widely used as stabilizers Electrochemical Experiments.The electrochemical experiments

in agueous media to alter the surface tension of the sol/ga
and protect the bubbles from coalescence; therefore, a highly

stable, well-dispersed bubble template can be obtaiéd.

S

were carried out on a CHI 1140A electrochemical workstation (CH
Instrument). A traditional three-electrode system with a platinum
mesh as the auxiliary electrode, a saturated calomel electrode (SCE),
or reversible hydrogen electrode (RHE) as the reference electrode,

We took these advantages of the surfactants into the bubblenq 4 gold disk electrode (8.0 mm diameter) as the working
directed synthesis method to tailor and stabilize the hydrogenelectrode was employed. All potentials in this paper refer to the
bubbles generated from an electrochemical reduction of SCE reference electrode.

proton, which subsequently influences the pore structure of

the deposited metal films. In addition, the influence of the
concentration of electrolyte and surfactant (cetyltrimethyl-
ammonium bromide, CTAB) and the deposition current

Prior to use, the polycrystalline Au disk electrode (substrate)
was polished consecutively with 1, 0.3, and 0% alumina
powders and sonicated in water for 5 min. The well-polished
electrode was then electrochemically pretreated by cycling the

density on the morphology of copper films was investigated. Potential between-0.2 and+1.6 V in a solution of HSO; (0.5
Because Jiang and co-workers demonstrated that the uniqué/) at & scan rate of 0.10 V-3 until a stable voltammogram was

self-cleaning property of lotus leaves was due to the
cooperation of microstructures and nanostructures on thes

surfaces?* 38 we also investigated the self-cleaning property
of the copper films that have micro-nano structures.
Experimental Section

Reagents.CuSQ, was purchased from the Shanghai Tingxin
Chemical Factory (Shanghai, China),3®0, was obtained from
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obtained. The current density in this work was reported as the ratio
of current to geometrical surface area of the electrode (0%.cm

Preparation of Macroporous Cu Films. The pretreated gold
electrode was used as the working electrode (substrate) for copper
deposition. The distance between the anode and cathode was kept
at 0.5 cm. To investigate the effect of the electrolyte and the current
density on the microstructures of the porous copper films, we
employed various concentrations of electrolyte and different applied
current densities. Different concentrations of CTAB (from:1d
to 5 mM) were then added to 0.4 M Cug@nd 0.5 M HSQ, to
tailor and stabilize the evolved hydrogen bubbles. Deposition was
performed in a stationary electrolyte solution (without stirring or
N, bubbling). All the experiments were repeated at least three times,
and reproducible results were obtained. All the measurements were
carried out at room temperature (201 °C).

Methods. Scanning electron microscopy (SEM) measurements
were performed on a JEOL JSM-6360-LV scanning electron
microscope. Surface modification was carried out by immersing
the as-prepared substrates in an ethanol solutiorheihdecanethiol
(1 x 1072 M) overnight and then washing them in turn with ethanol
and water and dried with nitrogen. The static contact angles of the
as-prepared surfaces were measured with a commercial instrument
(OCA 20, DataPhysics Instruments GmbH, Filderstadt). A distilled
water droplet (drop volume 10L) was used as the indicator in
the experiment to characterize the wetting property of the as-
prepared self-cleaning surfaces.
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Figure 1. Top-view and side-view SEM images with different magnifications of the porous Cu film electrochemically deposited at a 0:8oatbimdic
current density in a solution of 0.1 M Cug@nd 0.5 M HSO, for 45 s.

Results and Discussion

Preparation of 3D Porous Copper Films by Hydrogen Au(11)
Bubble Dynamic Template.Figure 1 displays some typical
SEM images of the porous copper films electrochemically
deposited at a 0.8 A cm cathodic current density in a 0.1
M CuSQ, and 0.5 M HSO; solution for 45 s. It is clear that
the copper films are of 3D interconnected porous structures.
Magnified SEM images (images b and c in Figure 1) show
that the porous structure consisted of numerous dendrites in Au(220)
all directions, which construct the pore walls, forming a Cu200) A
mechanically self-supported film. The feature size of the Cu20(111) 7

pores in the copper film is about 1@n (Figure 1a). Because k Cw0(220) Cu(220) }\
the overpotential at the gold substrate for hydrogen evolution e bbbl ot

is lower than the newly electrodeposited copper in a highly . L . L . L . L .
.y . 40 50 60 70 80
acidic media, the hydrogen bubbles evolved mostly from the 20D
surface of the gold substrate. Where there is a hydrogen ceree
bubble, there will be no deposition of copper because there Figure 2. Typical XRD pattern of the as-prepared macroporous copper
are no copper ions available. The growth of copper toward -
the hydrogen bubble is inhibited, leading to copper deposition
only at the interstices of hydrogen bubbles. Thus, the substrate because of the coalescence of hydrogen bubbles,
numerous hydrogen bubbles evolving at different locations creating structures ideally suited for fast transport of electro-
on the substrate create the pores in the copper films duringactive gas/ion through the porous films, which can also be
the electrodeposition process. In other words, the hydrogenseen from the side view SEM image of the porous structures
bubbles function as a dynamic template for copper deposi- (Figure 1d). On the contrary, the conventional 3D porous
tion. Although most of the current leads to the formation of materials with uniform pore size is not ideally suited for fast
hydrogen bubble at the gold surface, there is still a partial electrochemical reactions because the small pores near the
current directed to the formation of hydrogen at freshly top surface may restrict the transport of electroactive species
deposited copper surface. This slowly formed small amount (gas/ion) to the inner space of the structure, leading to low
hydrogen results in the formation of highly nanoporous wall utilization of the whole surface area because of mass
of the copper films. As seen from Figure 1, the pore size of transport limitationg®23 In addition, the prepared porous
the copper film increases with the distance away from the copper films in our work can maintain their porous structure

Cu(111)
Au(220)

Intensity
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Figure 3. SEM images of porous copper films created by electrodeposition at a 0.8 Acathodic current density in 0.5 Ma80, and different CuS®
concentrations. (a,b) 0.04 M Cugdc,d) 0.06 M CuS@ (e,f) 0.08 M CuSQ.

during handling in electrolyte and subsequent procedures forfeature peak of the gold in the X-ray diffraction pattern is
drying and characterization. caused by the gold substrate.

Figure 2 shows the typical XRD pattern of the as-prepared Reduction of Pore Size of the Porous Copper Films.
macroporous copper film. The characteristics of the face- The electrodeposition conditions including solution composi-
centered cubic (fcc) copper crystal structure is evident astion and cathodic current considerably influence the pore size
indicated by the orientations along the Cu(111), Cu(200), and the wall thickness of the resulted porous copper films.
and Cu(220) directions. The average particle size of the In the present method, the porous structure of the copper
deposited copper was calculated to be approximately 32 nmfilms is caused by the competitive reaction of copper
from a (111) X-ray diffraction peak of the copper fcc lattice deposition and hydrogen evolution. An increase in the
in terms of the Scherrer equation. These small particles evolution rate of hydrogen bubbles would influence the
aggregate to form large nodules (about® in size, see  porous structure (i.e., the surface pore size and the wall
Figure 1). In addition, small GO peaks were identified from  thickness). First, the influence of electrolyte concentration
the XRD pattern. CyO diffraction is due to the oxide of copper sulfate on the porous structure of the deposited
formation on the copper surface in the air. Because of the copper films was studied. Under constant current deposition
abundant protons in the electrolyte, the growing copper tips conditions, with the increase in copper sulfate concentration,
always experience the highly acidic atmosphere around themthe partial current due to the electrochemical reduction of
which suppresses the oxide formation and enhances thecopper ions will increase; in contrast, the partial current due
reduction of copper to metallic copp®rlt is clear that the  to the hydrogen evolution decreases. Figure 3 shows the SEM
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Figure 4. SEM images of porous copper films electrodeposited at current density of (a) 0.4 or (b) 1.22Ancensolution of 0.04 M CuS+ 0.5 M
HoSOu.

Table 1. Summary of Measured Pore Size and Wall Width of the

images of the copper films deposited from electrolytes with Porous Copper Films Deposited Electrochemically in the Electrolyte

different concentration of CuSQOAs expected, the pore size of 0.1 M CuSQ; + 0.1 M H,S0Oy at Different Applied Current
and wall thickness of the porous copper films considerably Density

increase with the CuSQOconcentration. The pore size current density average pore size average wall width
increases from 40 to 1Q@m and the wall thickness increases (Aem™) (um) (um)

from 20 to 60um as the concentration of copper ion increases 01 150 65

from 0.04 to 0.08 M. However, from the XRD results (not 8:2 ﬁg 4518
shown), the copper patrticle size does not change very much 0.8 100 30

with the concentration of copper ion. 12 50 25

The lifetime of gas bubbles in solution is controlled by  Table 2. Summary of Measured Pore Size and Wall Width of the
the whole process of the bubble nucleation, growth, collision Porous Copper Films Electrochemically Deposited from Solutions of
and coalescence, departure from the substrate surface, and-?* M CuSQi + 0.1 M Hf%ﬁ?;;gg't”g Different Concentration
then rupture. The number of hydrogen bubbles increases with

the hydrogen evolution rate, which will vigorously agitate Corsa averaa?nf)ore size averag(z*")e"'w'dth
the solution near the electrode surface. Therefore, the driving

10um 40 20
force to remove the hydrogen bubbles from the electrode  50,m 35 16
surface increases with the bubble formation rate because of 0.1 mM 30 13
the increased convection in electrolgSo a higher evolu- 95 mM 2 2
tion rate of hydrogen bubbles results in the formation of 2mMm 10 6

smaller bubble size leaving from the substrate surface.

Because the pore size of the porous copper film reflects theporous copper films electrodeposited at different current
bubble template, the pore sizes of the porous copper films density. The pore size and wall width of the porous copper
become smaller. This is consistent with the result in Figure fms are listed in Table 1. As expected, the size of pores
ga, i_n which the hydrogen formation_rate should bg the fastestyg the wall thickness decrease with increasing applied
in Figure 2 because the concentration of copper ion was thegrent density. The average pore size and average wall width
lowest. of the copper film decreased from 150 and &% at an

In addition, we found that the well-defined porous copper electrolyzing current density of 0.1 A crhito 50 and 25
films with ramified walls were created in a concentration ,m at a deposition current density of 1.2 A Tinrespec-
range of copper ions from 0.04 to 0.1 M €uons. When tively.
the concentration of Cti ions was higher than 0.15 M, the It has been discussed in the introduction section that the
pores disappeared completely. This phenomenon can be dugurfactant can both stabilize the bubble system and decrease
to the fact that the evolution rate of hydrogen is too low; the surface tension of the bubbles, but the effect of surface
the formed hydrogen is too insufficient to act as a dynamic tension on the bubble size is trivié:2” Most importantly,
template for copper deposition. the surfactant suppresses the coalescence of the bubble

Second, the KHevolution rate increases with the increase template, which will lead to the formation of bubbles with
of applied current density, which produces more vigorous smaller size. In solution, surfactant adsorbs on the interface
turbulence of electrolyte around the evolved hydrogen between gas and liquid phase, that is, the surfactant adsorbs
bubbles. This will increase the driving force for bubbles on the bubbles’ surface. It inhibits the collision among the
departure from the surface of the electrode, resulting in the bubbles and blocks the coalescence among the bubbles. The
formation of smaller bubbles as w&lland thus decreased bubble size is then kept small. At low concentration of
pore sizes of the porous copper films. Besides the fastersurfactant, the bubble size should be sensitive to the
formation rate of hydrogen bubble, the deposition rate of surfactant concentration. A higher concentration of the
copper also increases, which will result in reduced wall surfactant results in the formation of smaller bubbles. When
thickness. Figure 4 shows the typical SEM images of the the surfactant concentration exceeds the critical micelle
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Figure 5. SEM images of porous copper electrodeposited at a 0.8 Z eathodic current density for 85 s in the electrolyte of (a, b) 0.04 M Cu80.5
M H2SOy + 0.1 mM, (c, d) 0.5 mM, (e, f) 1 mM, (g, h) and 2 mM CTAB.

concentration (CMC), the surfactant is prone to forms concentration was lower than 1 mM, the pore size of the
micelles. This would inhibit the surfactant adsorbing on the porous copper films decreased with the surfactant concentra-
surface of the hydrogen bubbles. So the bubble size will not tion increasing. When 1 mM CTAB was added in the
be reduced furthett 33 solution, the average pore size of the porous copper film
We selected CTAB (cationic surfactant) as a model systemwas about 1:m and the wall thickness wasg#n, which

to investigate the influence of the concentration on the pore were much smaller than those obtained under the same
size and pore wall thickness of the deposited copper films. conditions but without CTAB (Figure 2a). When the CTAB
The results are shown in Figure 5. When the surfactant concentration exceeded 1 mM, the pore size and the wall
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170 roughness” structure. These structures can induce super-
hydrophobic surfaces with large contact angle (CA), which
L] . has commonly been used as a criterion for the evaluation of
hydrophobicity of a solid surface. We studied the effect of
pore size of the porous copper film on the surface CA. The
150 | = photographically measured contact angles of the copper films
after treatment witm-hendecane thiol are shown in Figure
6. As shown in Figure 5, the pore sizes of electroposited
copper films decrease with the increase in additive (CTAB)
concentration. Along with pore size reduction, the CA of
the porous copper films increases. When the pore size
reached minimum, the copper film appeared the greatest
contact angle (162, showing a superhydropohobicity.
Lo Y T U T N B Currently, superhydrophobic surfaces with water CA higher
o Cas R o - - = 24 than 150 are arousing much interest because they will bring
CTAB concentration/mM . s
_ great progress. Various phenomena, such as snow sticking,
Figure 6. Water contact angle measurements of the surface of the porous taminati idati d t ducti
copper films electrodeposited at a 0.8 A theathodic current density for contamination, _OI’_ 9X| ation and current conducton, are
85 s in the electrolyte of 0.04 M CuS@- 0.5 M H,SO; containing different expected to be inhibited on such a surface. The present work

CTAB concentration. The inset photo image shows the shape of a water pffers a simple and fast approach for preparing superhydro-
droplet on the surface of the porous copper film with the maximum contact hobi f
angle, which was electrodeposited at a 0.8 A-éeathodic current density phopic surtaces.

for 85 s in the electrolyte of 0.04 M CuSG- 0.5 M H;SOy + 2 mM
CTAB. Conclusion

160 -

140 |

Contact angle/Degree

130 |-

thickness of the porous copper films did not change with  We have synthesized macroporous copper films by using
the concentration of CTAB in solution. Because the pore the gas bubble template-directed synthesis method. By this
size and wall thickness of the porous copper films are approach, hydrogen bubbles arising from the reduction of
determined by the bubble size, it is clear that the bubble H* functioned as the dynamic template for copper electro-
size is affect by the surfactant concentration. This phenom- deposition. Copper was electrodeposited and grew within the
enon is in full agreement with the results reported previously interstitial spaces between the hydrogen bubbles, forming
by other researchef§.32 macroporous films on gold substrate. The porous copper
The wettability of solid surfaces is governed by both the fiims have open interconnected macroporous walls and
chemical composition and the geometrical microstructure of nanoparticles and are self-supported structures. The pore size
the surfacé*4° Much of the recent research on hydrophobic and wall thickness of the copper films could be tailored by
materials has been inspired by the water-repellent nature ofvarying the concentration of the electrodeposition electrolyte,
lotus leaves, which show a double roughness on their surfaceshe electrolyzing current density, and the concentration of
(nanohairs on microbumps) along with a waxy coafhghe surfactant (CTAB). The copper films with various pore size
hierarchical structures created by nanostructures on micro-and wall thickness showing integrated microstructures and
structures give a novel approach to constructing super-nanostructures offer a simple and fast means for fabricating
hydrophobic surfaces as in the natural world. The as-preparedsurfaces with tunable superhydrophobicity.
copper films with macropores and nanoparticles have a
hierarchical structure. The porous copper films are made up  Acknowledgment. This work was financially supported by
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