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We scrutinized the roles of fabrication conditions in the morphological construction of
electrodeposited Cu using generated H, bubbles as dynamic negative templates. Adjusting
the concentration of acetic acid changed the shapes of the deposited Cu particles, adding
cetyltrimethylammonium bromide made the generated Cu easily deposit and grow on the
stabilized bubbles for more formation of interconnected dendrites, and decreasing Cu®*
concentration resulted in rugged dendritic morphologies. Increasing potential/current
densities facilitated the deposition of Cu within the interstitial spaces of smaller bubbles and
leaded to the more formation of interlocked dendrites with smaller pores and Cu particles,
while increasing deposition time increased the deposited Cu amount for more dendrites with
longer trunks but unvaried branches and Cu particles in size. Based on these investigations,
we facilely prepared three-dimensionally bi-continuous porous Cu films under an optimized
electrodeposition condition. The films composed of ~300 nm interconnected particles
had ~5 pm underneath pores and ~50 pm surface pores with ~ 10 pm pore wall thickness.
Our research paves an avenue for easily fabricating porous metals by considering the effects
of the preparation conditions on the morphological evolution of the deposited metals and
optimizing the preparation conditions.
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1. Introduction

Porous metal materials or metallic foams with abundant pores have attracted enormous
attention, because of their beneficial characteristics different from their solid counterparts, such as
low density, high surface area and high strength and stiffness [1-4]. Especially, porous copper (Cu)
materials show comprehensive advantages of low cost, corrosion resistance, high electrical and
thermal conductivities, etc, and thus have attracted more attention in various fields of catalyst
carriers, electrodes for batteries, separation systems and sensors [5-7].

Traditional fabrication routes like casting and powder metallurgy for porous Cu materials
are restrained by high energy depletion related to the high temperature of 800-1300 °C and much
processing time [2, 7-12]. Besides, the resulting porous Cu materials exhibit low porosity of <80%
and large pore size of hundreds of microns, which are adverse to increasing the surface area and
facilitating mass transport as required for the use in the catalytic and electrochemical devices
[13-17]. Chemical dealloying is an important template-free method for preparing
three-dimensionally (3D) porous Cu materials with high porosity and small pore size even down to
several hundred nanometers, but its wide application is severely hindered by the high pollution
caused by the excessive use of hazardous acids or bases and inevitable contamination with other
compositions [18-21].

The most popular approach for preparing porous materials with controlled morphological
features is the sacrificial template-directed method [22-24]. This route includes two main processes:
(1) the deposition and growth of new materials in the interstitial spaces of the templates and (2) the
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removal of the templates by etching or combustion for porous materials. Several kind of hard
templates have been usually utilized for the formation of porous materials, such as anodic alumina,
polycarbonate and silica [25-27]. It should be mentioned that Liu et al. prepared porous metals by
electrodeposition using the generated hydrogen (H,) gas bubbles arising from the electrochemical
reduction of H' ions as dynamic negative templates (i.e., the generated metals reduced from metal
ions deposited and grew within the interstitial spaces between the H, bubble templates to form
porous metals) [28-30]. This process has a few merits of low cost, simple preparation, low energy
consumption, little processing time and low environmental pollution, compared with the
abovementioned methods [1, 31-32]. This method can also afford preparing 3D porous Cu films
with small pore size down to several ten microns, high porosity of 80-99%, and thin thickness down
to tens of microns [17, 22, 29, 33], though subsequent annealing treatment are sometimes required to
improve the mechanical strength of the porous Cu materials [34-36].

Inspired by the discovery by Liu et. al.,, a few researchers further developed the
electrodeposition technique to fabricate porous Cu or alloy films particularly for electrochemical
applications [15, 37-43], and studied the effects of additives [1, 3, 22, 29, 44], current density [22] or
overpotential [45], deposition time [5, 28, 32], Cu®" ion concentration [46] and electrode
composition [47] on the porous Cu films (i.e., the change of the size and distribution of the pores, the
dendrite morphology, and the film thickness). However, little attention has been paid to how the
preparation conditions affect the morphology of the deposited Cu during the electrodeposition
process especially before the formation of the porous Cu films. Thus, it is still interesting to disclose
the roles of the preparation conditions in the construction of the electrodeposited Cu materials.

In this study, we fabricated porous Cu materials by electrodeposition using H, bubbles as
dynamic negative templates (Fig. 1), and investigated the effects of the fabrication conditions (i.e.,
concentrations of additives and Cu®" ion, applied potential/current densities and deposition time) on
the morphological evolution of the deposited Cu. Furthermore, we facilely prepared 3D
bi-continuous porous Cu films under an optimized condition. Our work could guide the researchers
in theory for easy fabrication of porous metal materials by taking account of the influences of the
electrodeposition conditions on the morphological change.

Electrodeposited Cu using H, bubbles as templates

Cu?*+ e —>Cu
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Fig. 1 Schematic presentation of the preparation of porous Cu materials by
electrodeposition using generated hydrogen bubbles as dynamic negative templates

2. Experimental details

Prior to the fabrication of porous Cu materials, Cu foils were cleaned with dilute HCIl
solution (7.4 wt%), acetone, and deionized water, respectively. Porous Cu materials were prepared
by utilizing an Epsilon electrochemical workstation (Bioanalytical Systems, Inc.) using two parallel
Cu foils as anode and cathode with a distance of ~1.5 cm, respectively. A typical electrolyte was a
mixture of 0.05 M CuSO4, 1.5 M H,SO4 0.2 M acetic acid (CH;COOH), and 2 mM
cetyltrimethylammonium bromide (CTAB) solution. For electrochemical deposition of Cu on the
cathode, a chronoamperometry (CA) technology was applied under various potentials and time.
After the deposition process, the samples were carefully washed with ethanol and deionized water
sequentially, and then were dried in a vacuum oven at 60 °C for 12 hours before characterizations.
The micromorphology of the electrodeposited Cu materials was investigated by a FEI Nova 200
scanning electron microscope (SEM).
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3. Results and discussion

Previous studies have revealed that the addition of acetic acid in the electrolyte can
effectively suppress the coalescence of H, bubbles and thereby reduce the pore size and increase the
pore density of the electrodeposited porous Cu films [29-30]. Here, we investigated the effects of
acetic acid on the morphology of the electrodeposited Cu in detail by SEM. Without the addition of
acetic acid, quasi-globular Cu particles with a size range of 300-500 nm were deposited on the
cathode surface, and a part of the Cu particles interconnected to form agglomerates/aggregates (Fig.
2A-B). When the concentration of acetic acid was 0.1 M, most Cu particles remained irregularly
spherical, bur some particles changed to be ellipsoidal (Fig. 2C-D). When increasing the acetic acid
concentration to 0.2 M, the deposited Cu particles became cubic with an average size of ~100 nm,
and a few of the Cu nanocubes interlocked to form dendrites (Fig. 2E-F). With the increase of the
concentration of acetic acid to 0.3 M, the Cu particles evolved to octahedrons with a size distribution
of 60-1100 nm (Fig. 2G-H). Moreover, the octahedral particles interconnected to generate
micro-sized agglomerates that further interconnected to create a porous structure. In short, the
morphological evolution of the deposited Cu manifests that the increase of the acetic acid
concentration can not only reduce the hydrophobic effect of the H, bubbles to influence the overall
micromorphology of the deposited Cu, but also promote the growth of some certain crystal facets
(e.g., {100} and {332}) for the Cu particles with special shapes due to the minimization of the
surface free energy.

Fig. 2. SEM images of electrodeposited Cu at 30 mV/90 mA cm™ for 60 seconds with 0.2 M
CuSO,, 1.5 M H,SO,, and (A-B) 0, (C-D) 0.1, (E-F) 0.2 and (G-H) 0.3 M CH;COOH
solutions, respectively.
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During the electrodeposition process, the generated H, on the electrode surface would
coalescence into bigger bubbles and then quickly get away from the electrode. As an important
cationic surfactant, CTAB plays important roles in reducing the surface tension of the H, bubbles by
adhering on the bubble surface and stabilizing the gas bubbles [22, 24]. But excessive CTAB in the
electrolyte would lead to the formation of micelles that have no effect on the morphology of the
deposited Cu. Without the addition of CTAB in the electrolyte, the generated H, bubbles quickly
disappeared. As a result, the deposited Cu formed ~100 nm particles and only a number of
dendrites of tens of microns in length generated because of the interconnection of the nanoparticles
(Fig. 3A-B). On the contrary, with the addition of CTAB into the plating solution, the reduced Cu
crystal from Cu”” ions easily deposited and grew on the relatively stable H, bubbles stabilized by
CTAB, and therefore resulted in the formation of interconnected dendrites comprised of ~100 nm
Cu particles (Fig. 3C-D).

Fig. 3. SEM images of electrodeposited Cu at 30 mV/90 mA cm™ for 60 seconds with 0.2 M
CuS0O,, 1.5 M H,SO,, 0.2 M CH;COOH, and (A-B) 0 and (C-D) 2 mM CTAB solutions,
respectively.

In addition to the additives, the applied potential/current densities had important effects on
the morphology of the deposited Cu by increasing the generation rates of Cu and H,. When the
potential/current densities were 30 mV/90 mA cm °, the interlocked dendritic structures composed
of ~100 nm Cu particles formed with partial coverage on the electrode surface (Fig. 4A-B). When
increasing the potential/current densities to 50 mV/150 mA cm %, more Cu dendrites generated and
interconnected to form a porous network structure with an average pore size of ~10 um (Fig. 4C).
Because more H, bubbles also generated on the fresh Cu surface, many nanopores formed inside the
dendrites constituted with ~65 nm Cu particles (Fig. 4D). When increasing the potential/current
densities to 200 mV/600 mA c¢m °, more H, generated to force the bubbles to get away from the
electrode surface and made the bubbles become smaller. Meanwhile, the generation rate of Cu
crystal increased to facilitate the deposition of Cu in the interstitial spaces of the smaller H, bubbles,
and thus the average sizes of the pores of the porous Cu film and the Cu particles decreased to 3 um
and 50 nm, respectively (Fig. 4E-F).
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Fig. 4 SEM images of electrodeposited Cu at (A-B) 30/90, (C-D) 50/150, and (E-F)
200/600 mV/mA cmfzfor 60 seconds with 0.2 M CuSO,, 1.5 M H,SO,, 0.2 M CH;COOH and
2 mM CTAB solution, respectively.

Deposition time also has important influences on the morphology of the deposited Cu.
When being deposited at 30 mV/90 mA cm > for 60 seconds, the generated Cu formed
interconnected agglomerates with partial coverage on the electrode surface (Fig. SA-B). After 120
seconds, the generated Cu crystals completely covered on the electrode surface and formed a 3D
porous dendritic structure with average lengths of the trunks and branches of 4.0 um and 300 nm,
respectively (Fig. 5C-D). This was ascribed to the more generation and interconnection of Cu
particles to form linear trunks, which further served as fresh electrodes for the generation of Cu and
H, and therefore caused the formation of new branches. Moreover, the average size of the Cu
particles was 60 nm. After 180 seconds of deposition, the average length of the trunks increased to
4.5 um (Fig. SE-F). However, the average sizes of the branches and the Cu particles remained
unchanged, because of the unvaried generation rates of Cu and H, under the same potential/current
densities. These findings revealed that the trunks had a higher growth rate than the branches, which
was attributed to the large size, high reaction area and enhanced electrical contact of the trunks and
the resulted preferential deposition and growth of Cu on the trunks.
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Fig. 5. SEM images of electrodeposited Cu at 30 mV/90 mA cm™ for (4-B) 60, (C-D) 120,
and (E-F) 180 seconds with 0.2 M CuSO,, 1.5 M H,SO,, 0.2 M CH;COOH and 2 mM CTAB
solution, respectively.

Cu and H, simultaneously and competitively generated on the cathode surface closely
related to the reduction reactions of Cu®" and H' ions during the electrodeposition process.
Therefore, varying the concentration of Cu®* would influence the generation rates of Cu and H,, and
further affect the morphology of the deposited Cu. When being electrodeposited under 800 mV/2.4
A cm > for 60 seconds using 0.2 M CuSOy, solution, a 3D porous Cu film with a relatively flat surface
entirely covered on the electrode surface, and the average sizes of the pores formed by the dendrites
and the essential building units—Cu particles were 2.5 pm and 60 nm, respectively (Fig. 6A-C). Such
small dimensional characteristics have not been observed in the reported electrodeposited Cu films
probably due to the improper fabrication conditions, and are comparable to those of the porous Cu
films obtained by dealloying [18, 48-50] and our reported nanoparticle assembly routes [17]. When
decreasing the Cu®" concentration to 0.1 M, the porous Cu film with micro-sized pores almost fully
covered on the whole electrode surface (Fig. 6D-F). When decreasing the Cu® concentration to 0.05
M, the porous dendritic structure cannot completely cover on the electrode surface, but formed a
rugged terrain, which was constituted with many valleys owing to the less deposited Cu (Fig. 6G-I).
This phenomenon can be explained as follows: with the decrease of the Cu®* concentration, more H,
generated and coalesced into bigger bubbles because of the competitive generation of Cu and H,
[22], but less Cu generated and grew slowly in the interstitial spaces between the bubbles, thus
resulting in the relatively rugged morphology.
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Fig. 6. SEM images of electrodeposited Cu at 800 mV/2.4 A cm™ for 60 seconds with 1.5 M H,SO,, 0.2 M
CH;COOH and 2 mM CTAB, and (A-C) 0.2, (D-F) 0.1 and (G-1) 0.05 M
CuSO, solutions, respectively.
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Fig. 7 SEM images of electrodeposited Cu at 800 mV/2.4 A cm™ for (4-C) 120, (D-F) 180,

and (G-1) 240 seconds with 0.05 M CuSO,, 1.5 M H,SO,, 0.2 M CH;COOH and 2 mM CTAB

solution, respectively. The inset in (G) is a lower-magnification SEM image corresponded to
(G). (J-L) show the corresponding cross-sectional images of (G-I).

Bearing the aforesaid investigations on the electrodeposition conditions in mind, we
decided to fabricate 3D bi-continuous porous Cu films under an optimized condition. When being
electrodeposited under 800 mV/2.4 A cm > for 120 seconds, the deposited Cu formed a porous
dendritic structure with partial coverage on the electrode surface (Fig. 7A-C). After 180 seconds, the
dendrites continued to grow and interconnected to form pores of tens of microns (Fig. 7D-F).
However, the dendritic structure still could not completely cover on the electrode surface, because of
the small amount of deposited Cu in the limited time. After 240 seconds, more dendrites grew and
interlocked to create a 3D porous Cu film with an average pore size of 50 um and an average
thickness of the pore walls of 10 um (Fig. 7G), which agreed with the previous reports [1, 22, 28-29,
47]. Higher-resolution SEM further revealed that many ~5 um pores formed beneath the ~50 um
surface pores (Fig. 7H), indicating a bi-continuous porous configuration. To better explain this
phenomenon, it is necessary to disclose the electrodeposition process in detail. During the process,
the generated H, first formed small bubbles on the cathode surface, and the generated Cu deposited
and grew using the small bubbles as templates to form the porous dendritic structure with small
pores; the formerly generated small bubbles got away from the cathode surface due to the repulsive
force from the newly generated bubbles and coalesced into bigger bubbles with the assistance of
hydrophobic force on the dendritic Cu surface, and the newly generated Cu deposited and grew
using the bigger bubbles as templates and thereby resulted in the formation of bigger pores away
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from the cathode (i.e., on the top surface of the porous Cu film). The branches of the dendrites were
several microns in length, and were also composed of ~300 nm Cu particles (Fig. 7I). The thickness
of the porous Cu film was determined to be ~55 um (Fig. 7J). Even inside the cross-section of the
film, the Cu particle-assembled dendrites still retained the loosen construction (Fig. 7K-L), which
was well consistent with the surface morphology (Fig. 7H-I).

4. Conclusions

We scrutinized the roles of the fabrication conditions in the morphological construction of
the electrodeposited Cu using the generated H, bubbles as dynamic negative templates: (1) the
addition of acetic acid in the plating bath can not only reduce the hydrophobic force of the H,
bubbles to affect the micromorphology of the deposited Cu, but also promote the growth of some
crystal facets (e.g., {100} and {332}) for the Cu particles with special shapes due to the
minimization of the surface free energy; (2) the addition of CTAB could stabilize the H, bubbles by
reducing their surface tension and make the generated Cu easily deposit and grow on the relatively
stable H, bubbles for more formation of interconnected dendrites; (3) decreasing the Cu®* ion
concentration would result in the relatively rugged dendritic morphology caused by the competitive
generation of Cu and H»; (4) increasing the potential/current densities facilitated the deposition of
Cu within the interstitial spaces of smaller H, bubbles and therefore leaded to the formation of more
interlocked dendritic structures with smaller pores and Cu particles; (5) increasing the deposition
time increased the deposition mass of Cu for more dendrites with longer trunks but unvaried
branches and Cu particles in size. Based on these investigations, we facilely prepared 3D
bi-continuous porous Cu films under an optimized electrodeposition condition. Specifically, the
porous Cu films composed of ~300 nm interconnected Cu particles had ~5 pum underneath pores
and ~50 um surface pores with ~10 pum pore wall thickness. We hope our study on the effects of
the preparation conditions on the morphological change of the electrodeposited Cu could guide the
researchers in theory for easily fabricating porous metal materials by optimizing the
electrodeposition conditions.
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