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Colloidal Occlusion Template Method for 
Micromanufacturing of Omniphobic Surfaces
 An effi cient strategy to produce forests of aligned nanowires and nail-like 
micrometer-sized structures, whose density can be tuned in a broad range, 
is reported in this study. It relies on a combination of two template-assisted 
nanofabrication/patterning methods: electrochemical growth of metal 
nanowires in nanoporous sacrifi cial templates and partial masking of a sur-
face with a self-assembled colloidal monolayer. A great potential of this novel 
approach, termed here  colloidal occlusion template method , is demonstrated 
on the example of the fabrication of omniphobic surfaces comprised of nickel 
micronails whose density is varied to approach highest possible contact 
angles. After chemical modifi cation to reduce their surface tension, these 
microstructures with reentrant geometry support the non-wetting Cassie 
state for both high-surface-tension water and low-surface-tension hexade-
cane. In particular, superhydrophobic behavior (contact angles exceeding 
150 ° ) is found for water, while oleophobicity (contact angles approaching 
110 ° ) is observed for hexadecane. The proposed approach can be exploited 
for the fabrication of a large variety of supported high-aspect-ratio nano/
microstructures in applications where a surface density of features has to be 
several orders of magnitude lower than can be obtained with conventional 
template methods. 
  1. Introduction 

 Supported high-aspect-ratio micro/nanostructures made of 
metals, semiconductors, and conjugated polymers are gen-
erating a great deal of academic and practical interest arising 
from their unique properties, as well as from the promise they 
offer for a number of existing and emerging applications, such 
as ultrahigh density magnetic memory, [  1  ]  spinotronic devices 
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and magnetic sensors, [  2,3  ]  fi eld-emission 
electron emitters, [  4  ]  gas sensors, [  5  ]  biosen-
sors, [  6  ]  electrodes for medical implants, [  7  ]  
electrodes for supercapacitors and bat-
teries, [  5  ,  8  ]  light emitting and photovoltaic 
devices, [  9–11  ]  photoelectrochemical cells, [  12  ]  
piezoelectric and thermoelectric energy 
harvesting devices, [  13,14  ]  metamaterials, [  6  ,  15  ]  
actuators, [  16,17  ]  liquid-repellent and anti-
fouling surfaces, [  18  ]  etc. In many of these 
applications, control over the density of 
nanostructures is critical for their perform-
ance. This can be specifi cally illustrated 
with examples of nanowire-based fi eld 
emitters, actuators, and liquid-repellent 
surfaces for which structural components 
have to be arranged at certain separation 
from each other to approach the optimal 
performance. 

 Anodized aluminum oxide (AAO) and 
track-etch polymer porous membranes 
have gained signifi cant popularity as sac-
rifi cial templates for synthesis of conduc-
tive self-standing arrays of nanowires (and 
nanorods) by electrodeposition technique. 
Nanofabrication with these nanoporous 
templates offers important advantages compared to other 
methods, such as being simple and inexpensive, providing a 
great control over alignment and dimensions of nanowires, 
as well as the ability to generate segmented nanowires made 
of different materials. Commercial AAO and track-etch nano-
porous fi ltration membranes have been a primary choice for 
templates in many studies due to their easy availability. How-
ever, pore densities they offer (typically ranging between 10 7  and 
10 11  pores cm  − 2 ) exceed considerably densities of nanostructures 
desired for a number of applications. In this work we develop 
an approach to reduce the density of nanostructures by up to 
three orders of magnitude below pore densities of commonly 
used membrane templates. The developed approach is used 
here for the fabrication of a self-standing forest of nanowires 
and more complex overhang nail-like structures (termed here-
after  micronails ), tuning and optimization of wetting properties 
of the microstructures. 

 Wetting of solid surfaces by liquids plays a vital role in nature 
and technologies, as well as in materials science for analysis 
of surface properties of various materials. [  19  ]  There are many 
kinds of hydrophobic and superhydrophobic surfaces occurring 
naturally or created artifi cially. [  20  ,  21  ]  By contrast, no oleophobic 
surfaces, which can repel nonpolar liquids with a low surface 
energy, are encountered in living systems, and a small number 
m Adv. Funct. Mater. 2013, 23, 870–877
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of examples of corresponding synthetic oleophobic materials 
have been reported thus far. The materials that can effi ciently 
repel the majority of possible liquids are referred to as  omni-
phobic  (i.e., phobic towards all liquids). These materials have 
attracted a lot of attention in recent years owing to tremendous 
impact they might have on industry, consumer products, and 
biomedical fi elds. Therefore, the fabrication of surfaces pos-
sessing omniphobic properties is an important direction of 
research. 

 Texturing of materials is a well-established approach to alter 
wettability of material’s surface. A liquid in contact with such 
a surface is either in the Wenzel regime, [  22  ]  in which the liquid 
fully fi lls the surface irregularities, or in the Cassie regime, [  23  ]  
in which the liquid shows a limited penetration into the sur-
face irregularities, thus forming a composite interface. [  24  ]  In 
the latter case, the entrapped air enhances the surface hydro-
phobicity, resulting in very high contact angles (CAs) and low 
wetting hysteresis. By proper texturing, the Cassie regime can 
be readily achieved on low-surface-tension surfaces wetted by 
high-surface-tension liquids such as water. Indeed, there is a 
vast number of reports on so called  superhydrophobic  materials 
that show CAs of water exceeding 150 °  and low roll-off angles 
for water droplets. By contrast, low-surface-energy liquids, 
which are able to wet virtually any material with a fl at sur-
face (e.g., the maximum CA of hexadecane to be reached on a 
fl at surface is  ≈ 70 °  [  25  ] ), are unable to produce the Cassie state 
on commonly fabricated textured surfaces and, therefore, do 
not exhibit oleophobicity. Consequently, these liquids yield 
the completely wetted state (corresponding to the minimum 
of total surface energy [  26  ] ) with CAs lower than on the chemi-
cally identical fl at surfaces in agreement with the Wenzel 
model. [  22  ]  

 It has been recently demonstrated that omniphobic proper-
ties can be nevertheless obtained using specially engineered 
materials with topographic features having overhang or reen-
trant geometry. [  27–36  ]  Examples of such materials include micro-
nail forests, micro-hoodoo arrays, woven textiles, fi ber mats, and 
nanoparticle coatings. [  27   ,   30   ,   31,37   ,   38–45  ]  The reentrant profi le creates 
an energy barrier that preserves the liquid from the immediate 
irreversible transition from the Cassie state to the Wenzel state 
even though the latter corresponds to the minimum of surface 
energy of the system and the Cassie-to-Wenzel transition is 
favorable (for liquids with the chemical CA  <  90 ° ) [  27  ,  34  ,  46  ]  The 
energy barrier between the wetting regimes is due to capillary 
forces acting on the liquid-air boundary between reentrant fea-
tures. [  27  ]  A reentrant profi le is characterized by the texture angle 
  ψ  . In order to suspend the liquid on the reentrant surface, the 
chemical CA (  θ  ) has to be greater than   ψ  . [  34  ,  47  ]  Furthermore, the 
distance between overhang features plays an important role. In 
the case of micronails and micro-hoodoos, the Cassie-to-Wenzel 
transition occurs when the sagging liquid is able to penetrate 
asperities to the extent that it starts wetting an underlying sup-
port. The transition may also occur when external stimuli, such 
as temperature, compression, vibration, impact, or electrostatic 
interactions are used to overcome the aforesaid energy bar-
rier. [  48–51  ]  The robustness of reentrant surface can be estimated 
for certain regular geometries using analytic models that take 
into account fl uid properties, surface geometry, and the chem-
ical CA. [  27  ,  31  ]  
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 870–877
 The common methods used to fabricate textured surfaces 
with reentrant geometry include photolithography and soft 
lithography, multistage etching, CVD, and surface structuriza-
tion by irradiation with heavy ions. [  52–56  ]  However, many of the 
aforesaid methods are rather expensive and complicated which 
makes them unfeasible for the majority of research laboratories. 
Furthermore, photolithographic methods suffer from the dif-
fraction resolution limit. [  57  ]  The drawbacks of soft-lithography 
include the lack of the possibility for scaling up and the need 
for replacement of stamps, which lead to a limited sample size 
and relatively low sample yield, respectively. [  58  ]  

 The approach proposed here, which combines colloidal 
lithography [  59  ]  and template-assisted electrodeposition, [  60  ]  can 
be used to fabricate reentrant microtextures comprised of 
standing metal micronails at a low density. Individual micro-
nails in this microstructure are made of nickel and comprised 
of high-aspect ratio wire legs and semispherical heads attached 
to the leg’s tips. The fabrication method, termed hereafter  col-
loidal occlusion template method , makes use of commercial 
porous anodic aluminum oxide (AAO) membranes, monodis-
perse polystyrene (PS) latex particles, and requires a simple 
electrochemical setup.   

 2. Results and Discussion  

 2.1. Colloidal Occlusion Template Method 

 In the experiments, we used 60- μ m-thick AAO membranes 
as sacrifi cial templates for electrochemical growth of metal 
nanowires inside 200-nm high-aspect-ratio cylindrical pores 
( Figure    1  ). A membrane was covered with a conductive elec-
trode (cathode) from one side, and an electrolyte containing Ni 
ions was allowed to contact with the electrode only through the 
membrane pores (Figure  1 e). To form the caps of micronails, 
the electrochemical deposition was conducted long enough 
to completely fi ll the pores with nickel and continued further 
to allow nickel growth on the template surface (Figure  1 f). As 
the metal reached the surface, the electrodeposition process 
switched from a one-dimensional (1D) mode, restricted by the 
walls of cylindrical pores and thereby proceeding along the pore 
axes, to a three-dimensional (3D) mode, restricted only by the 
membrane surface and hence leading to the formation of hemi-
spherical caps. Obviously, in order to obtain isolated micronails 
the electrodeposition has to be stopped well before the growing 
neighboring caps merge.  

 The pore density in AAO membranes is though too high 
to be used for template synthesis of microtextures with omni-
phobic surfaces. In fact, a micronail density has to be several 
orders of magnitude lower than could be obtained using this 
kind of template. Here, we demonstrate that it is possible to 
reduce the density of micronails, by decreasing the amount of 
“working” pores available in the template membrane. To this 
end, we created a monolayer of PS latex particles on the mem-
brane surface and used it as a mask to close a large fraction of 
the membrane’s pores. The colloidal mask was prepared by a 
casting method, in which an alcohol dispersion of particles was 
spread on the surface of the AAO membrane (Figure  1 b and 
871wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     Schematic for the fabrication of micronails in the porous template AAO membrane with controlled density of the pores using the colloidal 
occlusion template method: a) electrochemical cell with the cathode, which is assembled on the porous membrane (1), reference (2), and working 
(3) electrodes. b–g) Schematics of the fabrication of the cathode. A fraction of AAO membrane pores is blocked by latex particles (4) that coalesce 
after annealing and form a latex mask (5). Gold is sputtered on the surface of the latex mask to fabricate the cathode (6). A small fraction of open 
pores (controlled by concentration of the latex in step (b)) is electrochemically fi lled with the metal and form single wires (7) and bundles of wires (8). 
Further deposition results in the formation of caps of the micronails (9) and merge of the wire caps of neighbor nails (10). Chemical etching of the 
membrane yields an array of micronails (g).  
 Figure    2  a,i), similar to the techniques published elsewhere. [  61,62  ]  
Glycerol was added to the dispersion to avoid macroscopical 
cracking and peeling of the colloidal mask during evapora-
tion of alcohol. It turned out that the as-formed latex monol-
ayer did not provide hermetic insulation of the pores causing 
their fi lling with an electrolyte solution during subsequent 
electrodeposition. The template membrane with pores partially 
blocked by latex particles yielded metal microstructures with 
only an incremental decrease in the density. We found, how-
ever, that the subsequent partial fusion of the latex monolayer 
through thermal annealing of the samples above the glass tran-
sition temperature of PS allowed us to tightly close the majority 
of the pores (Figure  1 c). The fraction of the pores that remained 
open was found to depend on the concentration of latex parti-
cles in the dispersion used to create a monolayer (Figure  2 a,ii). 
The possibility to regulate the density of available pores in the 
template provides the great opportunity to control the density of 
reentrant features and thereby to regulate the wetting properties 
of microtextures as demonstrated in the experiments below.  

 Electrochemical deposition of nickel micronails was con-
ducted in the potentiostatic regime using a three-electrode cell 
and an electrolytic bath containing nickel ions (Figure  1 a). The 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
template membrane with a metal electrode deposited from 
the side of the PS latex mask was used as a working electrode 
(Figure  1 d). The value of current during the electrodeposition 
process provided an appropriate feedback about the length of 
metal nanostructures being grown. In particular, as wires grew 
in the available pores of the template, the rate of the reduc-
tion of metal ions (and hence the current) increased due to 
decreasing diffusional limitations (the pores’ diameter-to-length 
aspect ratio is 1 to 250). At the certain point, when the growing 
wires reached the template surface, the current exhibited a rapid 
increase due the sudden change in the growth regime from 1D 
(wires in pores) to 3D (metallic hemispheres on the template 
surface ,  Figure  1 f). [  63  ]  Different diameters of nickel caps were 
produced by varying electrodeposition time (the current was 
used to monitor the cap growth). 

 The electrochemically grown nickel microstructures were 
freed from the templates by dissolution of aluminum oxide, 
resulting in a 2D array of standing micronails whose density 
matched that of the open pores of the template (Figure  1 g). It 
has to be noted that AAO membranes are more preferable as 
a material of templates [  64–67  ]  than polymeric track-etch mem-
branes which offer a similar structure of high-aspect ratio 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 870–877
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     Figure  2 .     a) SEM images of: i) latex covered AAO membranes with an increasing density of 
latex particles in a monolayer; the template without particles is shown for reference (the left-
most image); ii) SEM images of the latex-covered membranes after thermal annealing; partial 
fusion of the latex particles is observed that leads to a drastic decrease in the amount of open 
pores in the template; iii) SEM images of nickel nanowires grown in the corresponding tem-
plates showing an inverse correlation between the wire density and the density of latex particles. 
b) The density of electrodeposited nickel nanowires plotted as a function of latex particles on 
the template surface; the insets show SEM images of latex-covered AAO membranes used to 
obtain certain data points on the plot.  
cylindrical pores with uniform pore diameters. First, dissolu-
tion of aluminum oxide in alkaline solutions occurs without 
swelling, unlike the case of dissolution of polymeric matrices 
in organic solvents. For instance, dissolution of polycarbonate 
track-etch membranes in chlorinated solvents is accompanied 
by initial strong swelling of the polymeric material that may 
cause disconnection of micronails from the conductive sub-
strate due to strong osmotic pressure of the swelling material 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 870–877
acting on the cap bases. Second, rigidity of 
AAO membranes provides an ease of han-
dling especially after deposition of a metal 
electrode (metal deposition on one side of 
a fl exible polymeric membrane causes its 
rolling into a tube). 

 The effi ciency of the proposed approach 
in reducing the density of electrodeposited 
structures is demonstrated in Figure  2 a,iii for 
the case of nickel wires (i.e., grown without 
caps to have unobstructed view of the struc-
ture). An inverse correlation between the 
density of latex particles assembled on the 
template surface and nickel nanowires grown 
on the electrode is observed (Figure  2 b). The 
minimal wire density that can be obtained 
with this approach corresponds to a dense 
latex monolayer, forming a well-ordered 2D 
colloidal crystal on the template surface (the 
points within the circle in Figure  2 b). The 
limitation of the method is that the alloca-
tion of open pores has random character and 
depends on the distribution of defects in the 
colloidal crystal layer. 

 The close examination of the fused particle 
monolayer shows that several pores of the 
AAO membrane are typically seen through 
open pores of the latex layer (partial dewet-
ting of PS on alumina is a likely cause [  68  ] ). 
Obviously, a bundle of wires grows in this 
site. When micronails were grown in such 
templates, the caps of individual wires within 
a bundle were allowed to merge to form a 
single head. Thus, micronails comprised of 
 ≈ 50  μ m long multiwire legs and micrometer-
sized heads were obtained after template dis-
solution. These high-aspect-ratio multiwire 
legs provided necessary support to the mas-
sive heads, ensuring the overall mechanical 
stability of the microtexture. Scanning elec-
tron microscopy (SEM) images of micronails 
show that their heads have a lateral size of 10 
to 35  μ m (depending on the deposition time) 
and consist of two opposing spherical caps 
( Figure    3  c): the upper one has a hemisphere 
shape whereas the lower one has a much 
smaller curvature; the shape of the head base 
is likely dictated by the geometry of the AAO 
template.    
 2.2. Omniphobic Micronail Structures 

 The micronails were modifi ed with a self-assembled mono-
layer (SAM) of perfl uoroalkanethiol to reduce the surface 
energy of the microstructure. Figure  3 a shows the data of 
contact angle measurements of the SAM-modifi ed nail micro-
structures for two different head sizes and several nail densi-
ties. Contact angles (CAs) were probed with liquids with high 
873wileyonlinelibrary.comheim
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     Figure  3 .     a) Contact angles of hexadecane and water as a function of the density of nickel micronails as measured for two diameters of heads. b) SEM 
image of a bed of micronails that demonstrates omniphobic properties. c) SEM image of a single micronail; the texture angle   ψ   of the bottom surface 
of the head is nonzero.     
and low surface tensions, specifi cally water (72.8 mN/m) 
and hexadecane (27.47 mN/m), respectively. Windows of the 
optimal nail density (in terms of the highest CAs of water and 
hexadecane) can be identifi ed on the plot in Figure  3 a. For 
example, the micronails with the head size of 10  μ m ( Figure    4  c) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm

     Figure  4 .     a–c) SEM images of the 1H,1H,2H,2H-perfl uorodecanethiol functi
(a), gold-coated nickel nanowires (b), and gold-coated nickel micronails (c). 
the fl at fi lm (d, g), nanowires (e, h), and micronails (f, i).     
exhibit superhydrophobic properties (CAs of water exceeding 
150 ° , Figure  4 f) within a broad range of nail densities (5  ×  
10  − 4 – 2  ×  10  − 3   μ m  − 2 ). The same microstructure demonstrates 
oleophobic properties (CAs of hexadecane exceeding 90 ° , 
Figure  4 i) within a narrower window (5  ×  10  − 4 – 1  ×  10  − 3   μ m  − 2 ). 
bH & Co. KGaA, Weinheim

onalized samples used for contact angle measurements: a fl at gold fi lm 
d–i) Contact angles of water (d–f) and hexadecane (g–i) as measured on 
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The CA values of water and hexane on a reference fl at sub-
strate (SAM-modifi ed gold surface, Figure  4 a) are considerably 
lower: 120 °  (Figure  4 d) and 70 °  (Figure  4 g), respectively. The 
increased CA values of water on the SAM-modifi ed micronails 
compared to the fl at surface (CA  >  90 ° ) may be rationalized by 
both Wenzel and Cassie wetting regimes. However, the fact 
that the nail microstructure is more oleophobic for hexade-
cane (with the highest CAs of  ≈ 105–110 ° ) than the fl at surface 
(CA  <  90 ° ) provides strong evidence that this low-surface-tension 
liquid and, thus, high-surface-tension water are in the Cassie 
regime at least within the above specifi ed ranges of nail densi-
ties. (The Wenzel regime would result in a decreased CAs of 
hexadecane compared to the fl at surface.) The composite inter-
face (corresponding to the metastable Cassie state) is attributed 
to the reentrant topography of the nail microstructures which 
leads to upward capillary force that keeps the liquid contact line 
pinned to the rim of nail heads. Further evidence for the effect 
of the overhang geometry on wetting arises from the reference 
experiment in which CAs of the same liquids were measured 
on the surface of SAM-modifi ed nickel nanowires (i.e., without 
heads, Figure  4 b). Although the wire microstructure retains 
superhydrophobic properties for water (CAs  >  150 ° , Figure  4 e), 
it becomes more hydrophilic for hexadecane (CAs  <  70 °  ,  
Figure  4 h) than the fl at surface, implying that the latter liquid 
is in the wetting Wenzel state.  

 At the nail densities well below the optimal range (see the 
fi rst points on the plot in Figure  3 a), the microstructure does 
not support the composite wetting state, and the CAs of water 
and hexadecane are similar to those on the fl at surface. The liq-
uids at these densities sag between widely-spaced micronails 
to such an extent so they come into contact with the support 
surface. On the other hand, at the nail densities well above 
the optimal range, the heads merge together forming a nearly 
continuous surface with a high level of roughness but without 
overhang geometry. These microstructures are unable to form 
the composite interface. For example, at the nail density of 
2.5  ×  10  − 3   μ m  − 2  (where the heads are merged to such an extent 
that they form a complete layer), the CA of hexadecane is lower 
and the CA of water is higher than the corresponding equi-
librium CAs, demonstrating that the wetting properties are 
dominated by surface roughness; in particular, the roughness 
enhances hydrophobicity of the hydrophobic surface and ole-
ophilicity of the oleophilic one according to the Wenzel model. 

 As already mentioned, the highest CAs for hexadecane 
achieved in our experiments were about 105 ° –110 °  (Figure  3 a). 
These CA values are lower than those reported for periodic 
micro-hoodoo arrays, [  27  ,  31  ,  69  ]  for which superomniphobic prop-
erties (CAs above 150 °  for both water and oils) have been 
observed. The discrepancy in the performance of micronails 
and micro-hoodoos lies primarily in the spatial arrangement 
of overhang structures. Specifi cally, careful examination of the 
SEM images reveals that the majority of micronails are con-
gregated within clusters (where micronails are in contact with 
each other; see Figure  3 b). The average distance between the 
clusters is obviously much higher than in a periodic lattice or a 
random structure of the same density but comprised of isolated 
micronails. Micronail clustering makes possible the situation in 
which a microstructure consisting of isolated overhang features 
supports the Cassie regime, whereas a clustered microstructure 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 870–877
of the same density of features, exhibiting relatively large voids 
between the clusters, does not. To achieve the composite inter-
face in the latter case, the density of features has to be increased 
to the level when the liquid sagging in voids between clusters 
does not wet the supporting substrate. An increased density 
translates in turn into a higher fraction of the material’s sur-
face in contact with the liquid ( f  s ) and to lower apparent contact 
angles according to the Cassie equation. For the studied micro-
structure and hexadecane as the testing liquid, the Cassie state 
is reached when  f  s  approaches 0.4. The high value of  f  s  leads to 
the observed CAs of hexadecane. 

 The nonzero texture angle   ψ   does not affect the apparent 
contact angle but the stability of the composite interface. Its 
value at the head’s rim (ca. 30 ° ), however, is much smaller than 
chemical CA of hexadecane on fl uorinated surface (70 ° ), and 
hence its impact on robustness of the Cassie regime is small.    

 3. Conclusions 

 A novel colloidal occlusion template method has been demon-
strated. This facile and inexpensive method, which combines 
colloidal masking and template-assisted electrochemical depo-
sition, was used to generate omniphobic surfaces comprised 
of nail-shaped reentrant features on solid substrates. After 
chemical modifi cation to reduce the surface tension, these for-
ests of micronails exhibited both superhydrophobicity and oleo-
phobicity. The unique properties of the obtained microtextures 
open a number of new prospective applications, whose investi-
gation is under way in our laboratory.   

 4. Experimental Section 
 Commercial porous AAO membranes (Anodisc, from Whatman, Inc., 
UK) having the diameter of 13 mm, the nominal pore size of 200 nm, 
and the pore density  ≈ 10 13  m  − 2  were used as sacrifi cial templates. A 
dispersion of sulfonated PS latex (Interfacial Dynamics Corp., OR) with 
the average particle size of 200 nm and a low polydispersity was used for 
the preparation of colloidal masks on the membrane surface. To this end, 
70  μ L of a latex dispersion in ethanol, which contained from 1 to 2.5 g/L 
of PS particles and 2 vol% of glycerol, was uniformly cast on one side of 
the membrane and dried. After the complete evaporation of ethanol, the 
sample was held in vacuum oven (140  ° C and ca. 2  ×  10 3  Pa) for 20 min 
to fuse the PS particles and form a porous mask that adheres well to the 
membrane surface and hermetically seals the membrane pores under the 
mask. Then, a 1- μ m-thick gold (99.99%) layer was sputtered (using CrC-
150 Sputtering System, Torr International, NY) on the latex side of the 
template to serve as an electrode during electrodeposition. The template 
with the gold electrode was placed on a glass support with the gold side 
facing the glass. Electrode connections were made with silver paint, and 
the sample’s perimeter was insulated with a 20 wt% PMMA solution in 
a solvent mixture of methyl ethyl ketone and ethyl acetate (7:3 v/v). As 
the PMMA insulator dried, electrochemical deposition was performed 
through the uncovered central part of the template at potentiostatic 
mode (–1 V vs Ag/AgCl) in the electrochemical bath containing 300 g/L 
of NiSO 4  · 6H 2 O, 45 g/L of NiCl 2  · 6H 2 O, saturated H 3 BO 3  (45 g/L) at pH 
3.3 at room temperature. The sample was the cathode whereas a nickel 
plate served as the anode. After the electrochemical deposition of nickel, 
the sample was rinsed with deionized water. Then, the AAO membrane 
was dissolved in 1.5 M NaOH for 30 min while steering to expose the 
nickel microstructure and washed thoroughly in deionized water. The 
substrates with the nickel microstructures were sputter-coated with 
875wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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