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N
anoporous metal foams represent a
new, very promising class of mate-
rials that combine the properties of

metals, such as catalytic activity, thermal
and electrical conductivity, and the proper-
ties of nanoporous materials: low relative
density and high specific surface area. These
unique properties allow nanoporous metal
foams to be used for a large number of
possible applications as, for example, high
power density batteries, substitutes for pla-
tinum group catalysts, hydrogen storage
materials, actuators, etc.1

In the case of actuators, charge is injected
at the surfaces, resulting in the enhance-
ment of surface stresses.2,3 When charge is
injected, a narrow space charge layer of
atomic dimensions is formed at the surface.
In this layer, the electronic density of states
changes, which modifies the atomic bond-
ing potentials. As a result, the surface layer
tends to favor a lateral atomic spacing that
differs from that of the bulk, creating a
surface stress. Despite the limited size of
space charge regions in metals due to the
efficient electronic screening, it has been
shown that these tunable surface stresses
can be exploited in highly porous materials
when the ligament (subunit) sizes are on the
order of tens of nanometers.4,5 This has
recently led to a new class of actuators:
nanoporous metals.6 When immersed in
an electrolyte, nanoporous metal expands
and contracts reversibly if an external bias
voltage is applied. An intriguing feature of
nanoporous actuator materials is that the
overall behavior is not a direct result of the
electromechanical behavior of the nano-
scale ligaments. Instead, the macroscopic
functional properties emerge as a result of
the interaction of individual subunits, which
is strongly dictated by the topological
information of the nanostructural architec-
ture, that is, the morphology and connec-
tivity of the nanoscale ligaments.

Dealloying,7 sol�gel approaches,8,9 and
combustion synthesis10 are commonly em-
ployed techniques to generate nanoporous
metals. A characteristic property of these
materials is that their nanocellular architec-
ture is highly disordered. It is well-known
from studies on the mechanical behavior of
structural cellular metals and metallic foams
that disordered architectures are not able to
effectively transmit stresses from the ligament
scale to the overall (macro) scale, resulting in
poor mechanical properties.11�13 In the pre-
sent paper, we demonstrate how the unique
self-assembly properties of block-copolymer-
based supramolecules may be employed to
synthesize nanoporous metals having a well-
defined and ordered cellular architecture with
porosities exceeding 50% v/v.
It is well-known that block copolymers,

depending on the number of blocks, their
chain length and flexibility, volume fraction,
and the extent of repulsion between the
chemically connected blocks, self-assemble
into a variety of structureswith internal length
scales ranging from tens to hundreds ormore
nanometers.14�16 The most common are
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ABSTRACT Metal nanofoams with a porosity above 50% v/v have recently attracted great

interest in materials science due to their interesting properties. We demonstrate a new

straightforward route to prepare such nanofoams using diblock copolymer-based PS-block-P4VP-

(PDP) supramolecules that self-assemble into a bicontinuous gyroid morphology, consisting of PS

network channels in a P4VP(PDP) matrix. After dissolving the PDP, the P4VP collapses onto the PS

struts and a free-standing bicontinuous gyroid template of 50�100 μm thickness and inter-

connected, uniformly sized pores is formed. The hydrophilic P4VP corona facilitates the penetration

of water-based plating reagents into the porous template and enables a successful metal deposition.

After plating, the polymer is simply degraded by heating, resulting in a well-ordered inverse gyroid

nickel foam. Essential to this approach is the removal of only one part of the matrix (i.e., PDP).

Therefore, the template accounts for 50% v/v or more. The porosity characteristics (amount, size of

pores) can be tuned by selecting the appropriate copolymer and by adjusting the amount of PDP.

KEYWORDS: metal nanofoams . nanopores . diblock copolymers . supramolecules .
metal plating
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body-centered cubic spheres, hexagonally ordered
cylinders, and lamellar phase. Other morphologies,
such as the bicontinuous gyroid and hexagonally
perforated lamellae, are usually observed in the weak
to intermediate segregation regime.17,18 However, it
has been reported recently that the bicontinuous
gyroid morphology may also exist in the strong segre-
gation regime, albeit in an even narrower region.19�21

Increase in the number of blocks of the polymer chain
and variation of the chain architecture lead to even
more complex structures (see refs 16 and 22�27 and
references therein).
Block copolymers containing chemically degradable

blocks are versatile precursors to nanoporous
materials.28 Widely employed techniques to eliminate
the targeted block from self-assembled block copoly-
mers are etching,29,30 hydrolysis,31 and ozonolysis.32,33

An attractive alternative is provided by self-assembled
supramolecules, where nanoporous structures may be
obtained by simple dissolution. Suitable block-copoly-
mer-based supramolecules are obtained by hydrogen
bonding side groups to one of the blocks of a diblock
copolymer, which then are removed by a selective
solvent after the self-assembly has taken place.34,35

That the morphology of these systems can be tai-
lored by a simple variation of the relative volume
fraction of the side groups is an important additional
asset of this approach.36 The thus generated nano-
porous materials retain the originally ordered mor-
phology of the precursor and, consequently, provide
ample opportunities for nanotechnological appli-
cations.30,37,38 This approach is conceptually similar
to the generation of nanoporous structures from
diblock copolymer/homopolymer blends of poly-
styrene-block-polymethylmethacrylate andpolymethyl-
methacrylate, PS-b-PMMA/PMMA, via selective removal
of homopolymer PMMA by acetic acid.39

The cylindrical morphology can be, for instance,
used as a template for the fabrication of nanowires,
provided the cylinders have a perpendicular orienta-
tion to the substrate surface.37,38 A way to create

nanoporous structures that do not involve alignment
issues is to use continuous morphologies.30,40 Hashi-
moto et al. were the first to exploit the bicontinuous
gyroid morphology for metal plating purposes.41 They
reported the formation of a nanoporous film by the
ozonolysis of the minority phase (PI) in a gyroid form-
ing PS-PI block copolymer/PS homopolymer blend.
The nanochannels were subsequently coated with
nickel. Following this, a number of studies on the prepa-
ration and potential application of gyroid-forming
nanoporous structures have appeared.30,42�44

Here, we report a new method for a simple and
robust preparation of well-ordered gyroid metallic
nanofoams. Our procedure is summarized schemati-
cally in Figure 1. A supramolecular complex of PS-b-
P4VP diblock copolymer and amphiphilic PDP was
used as a precursor for the nanoporous template for
subsequent metal plating. PDP molecules interact via
hydrogen bonds with the pyridine rings to form a PS-b-
P4VP(PDP)x complex (Figure 1a; the subscript x de-
notes the ratio between PDP molecules and P4VP
repeat units). The block lengths of the block copolymer
and the amount of PDP were selected in such a way
that the self-assembly gave rise to a bicontinuous
gyroid morphology with a PS network in a matrix of
P4VP(PDP)x (Figure 1b). The PDP side chains were
selectively removed in ethanol (Figure 1c), after which
the P4VP chains collapsed onto the PS, thus forming a
polar corona around the PS network struts. Subse-
quently, electroless deposition was performed such
that the metal was distributed uniformly throughout
the macroscopic thickness of the template (50�
100 μm, Figure 1d). The metal nanofoam obtained
after the removal of polymer template perserved the
well-defined gyroid structure with long-range order
(Figure 1e).
The value of the Flory�Huggins interaction para-

meter betweenpolystyrene (PS) andpoly(4-vinylpyridine)
(P4VP) is on the order of χS,4VP = 0.35.45,46 This
implies that a PS-b-P4VP diblock copolymer will
be in the strong segregation limit except for small

Figure 1. Schematic representation of the preparation of gyroid metallic nanofoam. (a) Chemical structure of the
supramolecular complex PS-b-P4VP(PDP)x. (b) Bicontinuous gyroid morphology of PS-b-P4VP(PDP)x. (c) Nanoporous
template after the PDP removal. (d) By electroless deposition, the voids between PS struts are filled with nickel. (e) Gyroid
nickel nanofoam after the polymer template removal by pyrolysis.
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molar masses, which therefore diminishes the possi-
bility of a bicontinuous gyroid self-assembly.47 How-
ever, the addition of a small amphiphilic molecule, such
as 3-pentadecylphenol (PDP), to PS-b-P4VP appears
to reduce the effective interaction parameter between
the two phases, PS and P4VP(PDP), respectively, as a
series of lamellar self-assembled PS-b-P4VP(PDP)1.0
systems showed a chain length dependence of the

long period that is characteristic for the intermediate
segregation regime.48 This is also corroborated by
the observation that a PS-b-P4VP(PDP)1.0 complex,
from a PS-b-P4VP diblock copolymer with block
weight average molar masses of 19.3 and 5.1 kg mol�1,
respectively, becomes disordered above ca. 170 �C.
The pure diblock copolymer, for which χN ≈ 80, ob-
viously remains ordered at all accessible temperatures.

Figure 2. Bright-field TEM images representing the double-wave pattern: the projection through the gyroid (211) plane. The
samples are PS-b-P4VP(PDP)x diblock copolymer complexes with the following characteristics: (a) x = 1.0, fP4VP(PDP) = 0.61,
Mtotal = 61 000 gmol�1; (b) x = 1.0, fP4VP(PDP) = 0.62,Mtotal = 83 300 gmol�1; (c) x = 0.8, fP4VP(PDP) = 0.59,Mtotal = 90 600 gmol�1;
(d) x = 1.5, fP4VP(PDP) = 0.69, Mtotal = 135 000 g mol�1. P4VP(PDP)x domains are dark due to the iodine staining.

Figure 3. Bright-field TEM image representing the wagon-
wheel pattern: the projection through the gyroid (111)
plane. The sample is PS-b-P4VP(PDP)1.5 diblock copolymer
complex, fP4VP(PDP) = 0.69, Mtotal = 135 000 g mol�1. P4VP-
(PDP)1.5 domains are dark due to the iodine staining.

Figure 4. 1H NMR of (a) PDP, (b) PS-b-P4VP diblock copo-
lymer, (c) PS-b-P4VP(PDP)x supramolecular complex, and
(d) PS-b-P4VP(PDP)x after washing with ethanol; the peaks
marked with an asterisk are due to residual ethanol.
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These complexes therefore have a higher probability for
bicontinuous gyroid structure formation. Additives can
as well stabilize structures that are not found in conven-
tional diblock copolymers, such as plumber nightmare
morphology,49 but there are no indications that this also
occurs in our supramolecular systems.50

It is very important to realize that the PS(core)�
P4VP(corona) (Figure 1c) gyroid network occupies
more than 50 vol %, and consequently, the porosity
of the formed nanoporous metal foam (Figure 1e) is
high enough to fulfill the general requirement for the
formation of a metal nanofoam.1 In contrast, the
removal of the matrix-forming block from a conven-
tional bicontinuous gyroid diblock copolymer struc-
ture would result in a highly porous template (porosity
ca. 65 vol %) and a correspondingly far less porous (ca.
35 vol %) metal nanostructure.
Additionally, in a conventional diblock copolymer

approach employing, for example, diblock copolymers
of PS and polyethylene oxide (PEO) or polylactide
(PLA),40 the removal of the chemically degradable
matrix (PLA or PEO) from the bicontinuous gyroid
morphology results in a rather hydrophobic surface
of PS, which usually requires surface modification for
uniform metal deposition.51 With the supramolecular
approach presented here, this issue is overcome by the
presence of the hydrophilic P4VP corona that facilitates
the penetration of the water-based plating reagents
into the porous template.

RESULTS AND DISCUSSION

Morphological Characterization of PS-b-P4VP(PDP)x Com-
plexes. In principle, PS-b-P4VP(PDP)x complexes could
form two different gyroid morphologies, one with PS
as the minority phase forming the bicontinuous net-
work in a P4VP(PDP)x matrix and the reverse system
where the P4VP(PDP)x phase forms the bicontinuous
network in a PS matrix. The former has indeed been
observed for a specific PS-b-P4VP(PDP)x complex with
x = 1.0 and a weight fraction of the comb block
(fP4VP(PDP)) 0.62.50 The reverse structure has never
been observed.

For the present study, different amounts of PDP
(0.5 e x e 1.5) were added to a set of four different
PS-b-P4VP diblock copolymers with a weight fraction
of the P4VP block (fP4VP) ranging from 0.28 to 0.30. The
total molar mass of the supramolecular complexes did
not exceed 150 kg mol�1, and the weight fraction of
the comb block (fP4VP(PDP)) in the complexes varied
from 0.50 to 0.69. A simple adjustment of the amount
of PDP allowed us to prepare a series of supramolecular
complexes with a bicontinuous gyroid morphology
starting from these diblock copolymers. Similarly, the
morphology of block copolymers can be manipulated
by addition of homopolymer.15

The gyroid morphology of the PS-b-P4VP(PDP)x
complexes in bulk was confirmed by TEM. Figure 2
shows representative bright-field TEM images of the
iodine-stained ultrathin sections. The P4VP(PDP)xblock
domains appear dark because they are selectively
stained with iodine due to the formation of a charge
transfer complex. TEM images reveal the typical dou-
ble-wave pattern that is known to represent the pro-
jection through the (211) plane of the gyroid unit cell. It
becomes obvious that the periodicity for the selected
systems increases with a factor of 3, from ca. 50 to ca.

150 nm. Figure 3 shows the wagon-wheel pattern that
is characteristic for the gyroid (111) projection.

Generation and Characterization of the Porous Structure. By
subjecting the film of the PS-b-P4VP(PDP)x complex to
ethanol, the PDP side chains were selectively removed
(Figure 1c). The complete removal of PDP was proven
by 1H NMR (Figure 4).

The signals characteristic for PDP are marked in
Figure 4a. Figure 4c shows the spectrum of the

Figure 5. Nitrogen adsorption�desorption isotherm of the
porous PS-b-P4VP(PDP)1.0 film after ethanol treatment.

Figure 6. Pore size distribution of the porous PS-b-P4VP-
(PDP)1.0 film after ethanol treatment; the derivative of the
cumulative pore volume curve vs pore diameter.

TABLE 1. Textural Properties of the Porous PS-b-

P4VP(PDP)1.0 Film after Ethanol Treatment Obtained

from the Nitrogen Adsorption�Desorption Isotherm

SBET, m
2 g�1 Vp,0.99, mm

3 g�1 Vp,total
a, mm3 g�1 Dmed

a, nm Dmax
a, nm

104 795 715 39.8 40.8

a Cumulative pore volume Vp,total, median pore diameter Dmed, and maximum pore
diameter Dmax are determined using the Dollimore and Heal method.
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supramolecular complex PS-b-P4VP(PDP)x. As expected, it
is simply the sum of PDP and diblock copolymer
(Figure 4b) spectra, and the characteristic PDP peaks are
visible. However, after the ethanol treatment (Figure 4d),
the PDP peaks are absent and the spectrumof the diblock
copolymer is recovered. This confirms that the ethanol
washing provides the complete removal of PDP from the
sample. The absence of PDP after the ethanol treatment
was verified using DSC as well (Supporting Information,
Figure 1). The DSC data furthermore indicate that the
temperature of the subsequent nickel plating step should
not exceed 105 �C because higher temperatures will most
likely destroy the gyroid morphology.

By the complete PDP removal, the matrix of the
complexes is emptied and a double PS (core)�P4VP
(corona) network is exposed. A formation of large
defects in the structure, a presence of closed or
disconnected pores or even a complete collapse of
the network are some of the apparent possibilities
which can consequently disqualify this system as a

precursor to nanoporous metal foams. Therefore, the
textural properties of the porous PS-b-P4VP(PDP)1.0
film (fP4VP(PDP) = 0.62 andMtotal = 83 300 gmol�1 before
the ethanol treatment) after the ethanol treatment
were determined using the nitrogen adsorption�
desorption isotherm. The nitrogen adsorption�desorp-
tion isotherm corresponds to the type IV isotherms
according to the IUPAC classification (Figure 5). The
initial part of the isotherm (at low relative pressure) is
reversible, and it is attributed to a monolayer�
multilayer adsorption of nitrogen onto the sample sur-
face. At higher relative pressure, there is a hysteresis
loop of the H1 type, which is associated with the
capillary condensation in the mesopores and indicates
cylindrical pore geometry and high degree of pore size
uniformity. The shape of the adsoprtion isotherm at
relative pressure near unity offers the possibility to
determine the total pore volume, Vp,0.99, using the
method given by Gurvitsch.52,53 From the adsorption
branch of the nitrogen isotherm, the distribution of the
pore volume according to their size is calculated. The
calculation is based on the Kelvin equation that corre-
lates the relative equilibrium pressure to the pore
diameter (allowance for the thickness of the adsorbed
layer is made, and a cylindrical shape of the pores is
assumed). The derivative of the cumulative pore volume
with respect to the pore diameter for the porous PS-b-
P4VP(PDP)1.0 film after the ethanol treatment is
shown in Figure 6. The data obtained are summarized
in Table 1. The textural properties of the porous film
were also determined by mercury porosimetry (Support-
ing Information, Figure 2, Table 1). Excellent agreement
between the nitrogen adsorption and mercury porosi-
metry results is found. Additionally, mercury porosimetry
was performed for one more sample, notably a porous
PS-b-P4VP(PDP)0.8 film (fP4VP(PDP) = 0.58 and Mtotal =
90600gmol�1 before the ethanol treatment, Supporting
Information, Figure 3, Table 1).

Figure 7. Bright-field TEM images of the unstained ultrathin-sectioned nickel-plated gyroid polymer template. The nickel-
plated domains appear dark. The starting supramolecular complexes PS-b-P4VP(PDP)x have the following characteristics: x =
1.5, fP4VP(PDP) = 0.69,Mtotal = 135 000 g mol�1. A schematic representation of the nickel-plated film is shown, as well. (a) Area
located near the surface of the plated film; the epoxy resin used for embedding is visible in the left part of the image. (b) Area
located in the middle of the plated film.

Figure 8. Bright-field TEM image of the unstained ultrathin-
sectioned nickel-plated gyroid polymer template. The
nickel-plated domains appear dark. The starting supramo-
lecular complex PS-b-P4VP(PDP)x has the following char-
acteristics: x = 1.0, fP4VP(PDP) = 0.62,Mtotal = 83 300 g mol�1.
The image represents the (111) gyroid projection.
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The data confirm the formation of a mesoporous
structure with a very narrow pore size distribution. The
average pore diameter of 40 nm is comparable to the
size of the P4VP(PDP)1.0 domain. The BET specific surface
area is rather high and is determined to be 104 m2 g�1.
The expected porosity of the PS-b-P4VP(PDP)1.0 film after
the ethanol treatment is calculated to be 46 vol % on the
basis of the amount of PDP originally present using
the approximation of equal bulk densities. From Vp,0.99
and Vp,total determined using the nitrogen adsorption�
desorption isotherm, the porosity of the template was
evaluated to be 44.3 and 41.7 vol %, respectively, well
below the 50% v/v as required for a template for the
production of metal nanofoams.

Inserting Nickel in the Polymer Template. Electroless
plating is employed to insert nickel in the pores of the
gyroid polymer template (Figure 1d). This technique

offers the possibility to create uniform coatings over
complicated surfaces or to insert metal in complex-
shaped nanochannels.54,55 Another advantage over
conventional electrochemical plating is that the surface
of the template does not necessarily have to be con-
ductive. The water-based plating reagents diffuse
through the interconnected channels and influence
sensitization and activation of their surface followed
by nickel deposition onto the activated areas. The
affinity between the aqueous plating solutions and
the surface of the template is a very important factor
for the successful nickel deposition.

In the pretreatment step, the catalyst Pd is depos-
ited onto the surface of the gyroid network: PS core/
P4VP corona. It directs selective nickel ion reduction at
the activated surfaces. During the successive metal
deposition, nickel fills the pores of the polymer

Figure 9. SEM images of the inverse gyroid nickel replicas obtained after the polymer template removal by pyrolysis
(pyrolysis time = (a) 3 h; (b,c) 4 days). A 3D network structure composed of the interconnected nickel struts is clearly visible.
The starting supramolecular complexes PS-b-P4VP(PDP)x have the following characteristics: (a) x = 1.0, fP4VP(PDP) = 0.62,
Mtotal = 83 300 g mol�1; (b,c) x = 1.5, fP4VP(PDP) = 0.69, Mtotal = 135 000 g mol�1.
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template. Figure 7 shows the bright-field TEM images
of ultrathin sections of the nickel-plated samples.
The samples are not stained, and therefore, the
contrast in the TEM images results from nickel de-
posited in the nanochannels. The observed TEM
images are in good agreement with the TEM images
of the supramolecular complexes: the dark nickel
domains in Figure 7 correspond to the dark P4VP-
(PDP)1.0 domains stained with iodine in Figure 2.
Figure 7a represents an area located near the surface
of the plated film, while the middle of the plated film
is shown in Figure 7b. Both pictures confirm the
homogeneous distribution of nickel throughout the
film. The characteristic wagon-wheel pattern of the
(111) gyroid projection is shown in Figure 8 and
further confirms the preservation of the double
gyroid morphology during the PDP removal and
the electroless nickel plating.

Exposure of the Inverse Gyroid Nickel Foam. Subsequently,
the polymer template is decomposed by heating iso-
thermally at 350 �C (Figure 1e), while leaving the nickel
network intact. Thermogravimetric analyses of the por-
ous PS-b-P4VP(PDP)x films following the PDP removal
(Supporting Information, Figure 4) suggest a minimal
pyrolysis time of 30 min. The nickel replica remains
stable after the thermal treatment and retains the
inverse gyroid morphology imposed by the structure
of the porous polymer template, as evidenced by SEM
images (Figure 9). Longer pyrolysis time, up to 4 days,
does not affect the stability of nickel nanofoam
(Figure 9b,c). Figure 9b reveals the typical gyroid
double-wave pattern, and Figure 9c shows a micro-
meter-sized area of the gyroid ordering. Additional
SEM images (Supporting Information, Figure 5)

confirm the inverse gyroid morphology of the nano-
foams obtained.

The chemical composition of the sample before and
after pyrolysis is analyzedwith energy-dispersive analysis
of X-rays (EDX), and the result is shown in Figure 10. The
dominant carbon peak in Figure 10a disappears after the
thermal treatment of the sample (Figure 10b), which
indicates the efficiency of the thermal treatment. In
Figure 10b, the two prominent peaks correspond to
nickel. An oxygen peak around 0.5 keV indicates the
oxidation of the nickel nanofoam when stored in air.

CONCLUSION

Supramolecular PS-b-P4VP(PDP) complexes with a
bicontinuous gyroid morphology were used as tem-
plates to produce metallic nickel nanofoams. The
complete dissolution of PDP from the complex with
the major P4VP(PDP) component forming the matrix
results in an open network structure with struts con-
sisting of a PS core and a P4VP corona. The high specific
surface area and the narrow pore size distribution of
the structure formed are evidenced by nitrogen ad-
sorption and mercury porosimetry. The open nature of
the pores allows for electroless deposition of metal.
During the processing, the symmetry and the size of
the nanopattern are conserved. The subsequent re-
moval of the polymer template by pyrolysis leads to
the formation of a inverse gyroid nickel nanofoamwith
porosity exceeding 50% v/v. The use of polymer tem-
plates with different compositions and sizes of the
domains enabled us to further tune the porosity
characteristics. Electromechanical properties of these
nickel and other metal nanofoams will be investigated
as part of our ongoing research.

EXPERIMENTAL SECTION
Materials. Four different diblock copolymers of polystyrene

and poly(4-vinylpyridine) were obtained from Polymer Source
Inc.: P9009-S4VP (Mn(PS) = 24 000 g mol�1, Mn(P4VP) = 9500 g
mol�1, Mw/Mn = 1.10), P136-S4VP (Mn(PS) = 31 900 g mol�1,
Mn(P4VP) = 13 200 g mol�1, Mw/Mn = 1.08), P5462-S4VP

(Mn(PS) = 37 500 g mol�1, Mn(P4VP) = 16 000 g mol�1, Mw/Mn

= 1.3), and P3912-S4VP (Mn(PS) = 41 500 g mol�1, Mn(P4VP) =
17 500 g mol�1, Mw/Mn = 1.07). The polymers were used as
received. 3-Pentadecylphenol (PDP) was acquired from Aldrich
(98 wt % purity) and was recrystallized twice from petroleum
ether. Tin chloride (Acros Organics, anhydrous, 98%), palladium

Figure 10. EDX analysis of the nickel-plated sample before (a) and after the polymer template removal (b). The starting
supramolecular complex is PS-b-P4VP(PDP)1.5, fP4VP(PDP) = 0.69, Mtotal = 135 000 g mol�1. The peaks in the region of
2.40�4.00 keV in (b) originate from the silver paste that is used to attach the sample to the sample holder (Supporting
Information, Figure 6).
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chloride (Aldrich, 60% Pd basis), nickel sulfate (Aldrich, anhy-
drous, 99.99%), lactic acid (Aldrich, 85%), citric acid trisodium
salt (Sigma-Aldrich, anhydrous), and borane dimethylamine
complex (Aldrich, 97%) were used as received. The solvents
were of analytical grade.

Preparation of Nanoporous Polymer Films. Films of the supramo-
lecular complex were cast by dissolving the PS-b-P4VP diblock
copolymer and PDP in chloroform. The concentration of poly-
mer was kept below 2% to ensure homogeneous complex
formation, and the solution was stirred for a couple of hours
at room temperature. Afterward, the solution was poured into a
glass Petri dish, whichwas subsequently placed into a saturated
chloroform atmosphere. After several days, the chloroform was
allowed to slowly evaporate, and subsequently the dish was
heated for 20 min in an oven at 130 �C to make sure that the
morphology represents the equilibrium structure of the melt
state of the PS-b-P4VP(PDP) complex. The lowmolecular weight
amphiphile was removed by stirring a piece of the film in
ethanol for 3 days at room temperature, resulting in the
formation of the nanoporous template for metal deposition.

Electroless Nickel Plating. The electroless metal plating tech-
nique that involved three steps was employed for Ni deposition
onto the polymer substrate.56,57 The first stepwas performed for
surface sensitization. The nanoporous polymer film was im-
mersed in an aqueous solution of tin chloride (0.1 M SnCl2/0.1 M
HCl), and the surface of the nanochannels adsorbed Sn2þ. After
a thorough rinse with deionized water, the film was transferred
into an aqueous solution of palladium chloride (0.0014M PdCl2/
0.25 M HCl). In this step, the surface was activated by a redox
reaction inwhich the Sn2þ ions were oxidized to Sn4þ and at the
same time the Pd2þ ions were reduced to metallic Pd. This
metallic palladium was used as the catalyst for the reduction of
Ni2þ. After a thorough rinse with deionized water, Pd-contain-
ing films were immersed in an electroless nickel plating bath of
the following composition: nickel sulfate (Ni source, 40 g L�1),
sodium citrate (complexant, 20 g L�1), lactic acid (buffer,
complexant, 10 g L�1), and dimethyl amine borane (DMAB)
(reductant, 1 g L�1). The pH of the nickel bath was adjusted to
7.0 using ammonium hydroxide. Plating was done during 1 h at
room temperature.

Formation of Nickel Nanofoam. The nickel-plated sample was
kept in an oven (from 1 h up to 4 days) at 350 �C. This resulted in
the degradation of the polymer template and exposure of the
nickel network.

Characterization. Transmission electron microscopy was per-
formed on a Philips CM10 transmission electron microscope
operating at an accelerating voltage of 100 kV. Images are
recorded on a Gatan slow-scan CCD camera. A piece of the film
was embedded in an epoxy resin (Epofix, Electron Microscopy
Sciences) and cured overnight at 40 �C. The sample was
subsequently microtomed to a thickness of about 80 nm using
a Leica Ultracut UCT-ultramicrotome and a diatome diamond
knife at room temperature. The microtomed sections were
floated on water and subsequently placed on copper grids. To
obtain contrast during TEM, samples without metal were
stained with iodine (45 h).

1HNMR spectra in CDCl3were recorded on a 300MHz Varian
VXR operating at room temperature. The samples of the supra-
molecular complexes before and after PDP removal were pre-
pared by dissolution of a piece of the film in CDCl3.

Temperature-modulated differential scanning calorimetry
was performed using a DSC Q1000 (TA Instruments). A modu-
lated mode with heating/cooling rate of 1 �C min�1, an oscilla-
tion amplitude of 0.5 �C, and an oscillation period of 60 s was
used. Samples were first equilibrated at �30 �C, heated to
180 �C, cooled to�30 �C, and then heated again to 180 �C. Data
taken from the second heating cycle were used for evaluation.

The nitrogen adsorption�desorption isotherms were de-
termined on a Sorptomatic 1990 Thermo Finningen at 77 K. The
sample was outgassed for 8 h at room temperature and for 18 h
at 70 �C. The appropriate software (WinADP) and various
models were used to analyze the obtained isotherms.52,53,58,59

The specific surface area, SBET, was calculated according to the
Brunauer�Emmett�Teller (BET) method from the linear part of
the nitrogen adsorption isotherm (0.05 < p/p0 < 0.25). The pore

size distribution was calculated according to the Dollimore and
Heal method.

Mercury porosimetry was performed using a Carlo Erba
2000, software Milestone 200. The sample was dried at 50 �C
for 8 h and degassed at room temperature and pressure of 0.5
Pa for 2 h. The total pore volume, Vp, and the average pore
diameter, D, were acquired from cumulative pore distribution
curve. The specific surface area, SHg, was calculated on the basis
of the cylindrical pore model.60,61

TGA measurements were performed on a Perkin-Elmer
thermogravimetric analyzer under the nitrogen atmosphere in
a temperature range of 25�350 �C and with the heating rate of
20 �C min�1.

Scanning electron microscopy and energy-dispersive analysis
of X-rays were performed on a Philips XL-30S and XL-30 ESEM.
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