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3D nanostructured inorganic materials appear as promising candidates for various practical applications.
Here we focus on metal nanofoams, a class of 3D nanomaterials uniquely combining the properties of
metals and nanoporous materials, and review the recent developments in their preparation methods.
Common approaches, such as dealloying, solegel synthesis, nanosmelting, combustion synthesis, etc.,
render metallic nanostructures with highly disordered architectures which might have adverse effects on
their mechanical properties. In contrast, block copolymers have the ability to self-assemble into bicon-
tinuous ordered nanostructures that can be applied as templates for the preparation of well-ordered
metal nanofoams. Several examples of block copolymer template-directed synthesis of continuous
metallic nanostructures will be described and the prospects of this approach will be discussed.

� 2013 Elsevier Ltd. Open access under CC BY-NC-ND license. 
1. Introduction

To fulfill the constant quest for novel functional materials, the
cooperation and development of research areas, such as material
science, chemistry, physics, and biology, is required. Nowadays,
much attention is given to thefield of nanostructuredmaterials that,
by definition, have at least one dimension in the range from 1 to
100 nm. In comparison tomacroscopic systems, nanomaterials have
advanced properties arising from their nanoscale dimensions. Zero-
dimensional (0D) nanostructures, nanoparticles, are widely applied
in biology and medicine for probing of DNA structure [1], MRI
contrast enhancement [2], tissue engineering [3,4], cancer ther-
apy [5], etc. Furthermore, they find application in food packaging
and food safety [6], as catalysts with enhanced performance [7], for
hydrogen storage [8,9], data storage [10], etc. One-dimensional (1D)
nanostructures (e.g., wires, rods, tubes) are expected to play an
important role as both interconnects and functional units in fabri-
cating electronic, optoelectronic, electrochemical, and electrome-
chanical nanodevices [11,12]. Several methods have been used to
fabricate 1D nanostructures including template-directed synthesis,
self-assembly of 0D nanostructures, size reduction of 1D micro-
structures, electrospinning and others. For example, Park et al.
), k.u.loos@rug.nl, katjaloos@
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demonstrated the preparation of metallic line patterns using func-
tional block copolymer templates [13]. Polystyrene-block-poly(2-
vinylpyridine) (PS-b-P2VP) and poly(2-vinylpyridine)-block-poly(-
methyl methacrylate) (P2VP-b-PMMA) block copolymers were
spin-coated onto Ag-coated silicon substrate and annealed under
solvent vapor to achieve the desired surface morphology. Subse-
quently, porous block copolymers were obtained by either recon-
struction of the P2VPblock in ethanol or removal of the PMMAblock
by UV irradiation followed by rinsing with acetic acid. Finally, silver
line patternswere generated using electrochemical etching ordirect
metal evaporation and lift-off processes. 2D nanostructures, like
thinfilms, can be grown by vapor-phase (sputtering, chemical vapor
deposition, atomic layer deposition, etc.) or liquid-phase deposition
(electrochemical deposition, LangmuireBlodgett films, self-
assembled monolayers, etc.) [14e16]. Finally, 3D nanostructures
represent the ultimate form factor for a number of materials.
However, their creation is a rather delicate task [17]. The available
top-down approaches are extremely challenging: lithography
techniques allow precise patterning, but can only be implemented
in an inherently 2D manner, whilst the available 3D microscale
techniques cannot be easily translated to the nanoscale. Currently,
the attention is focused on bottom-up approaches that are usually
based on self-assembling processes often similar to those occurring
in nature.

In this feature article we discuss 3D nanostructured metals.
First, we describe the established methods for metal nanofoam
preparation and their limitations in terms of ordering at the
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Fig. 1. Scanning electron micrographs of nanoporous gold obtained from AgeAu alloy
by selective Ag etching in nitric acid: (a) Cross-section of dealloyed Ag32%Au68%, (b)
Plan view of dealloyed Ag26%Au74% (atom%). Adapted from Ref. [28].

Fig. 2. Scanning electron micrograph of nanoporous gold obtained from solegel
approach. Reprinted from Ref. [18].

I. Vukovic et al. / Polymer 54 (2013) 2591e26052592
nanoscale. Then, we discuss the application of block copolymers
and block copolymer based systems as precursors to metallic
nanostructures and suggest the possibilities to overcome the
aforementioned limitations with examples of block copolymer
template-directed synthesis of metal nanofoams. Finally, we end
with a brief outlook on the future trends in this research area.

2. Metal nanofoams: properties and preparation methods

A nanoporous metal foam is defined as a three-dimensional
structure comprised of interconnected metallic features with a
porosity greater than 50 vol% and in which sub-micron pores
significantly contribute to the specific surface area of the foam [18].
Metal nanofoams have, on the one hand, properties characteristic
of metals such as electrical and thermal conductivity, catalytic ac-
tivity and ductility/malleability whilst, on the other hand, also
display properties characteristic of nanostructured materials such
as high surface area, ultralow density and high strength-to-weight
ratio. Due to this unique combination, metal nanofoams appear as
candidates for a number of technological applications. Several ex-
amples are described in the following paragraph.

Hydrogen is an environmentally friendly energy carrier and its
storage is one of the key challenges in the hydrogen economy. It can
be stored as pressurized gas, cryogenic liquid or solid fuel as a
combination with other materials such as metal hydrides. Due to
safety reasons, metal hydrides are the preferable option for
hydrogen storage and it has been demonstrated that in comparison
to bulk material, nanostructured metals significantly improve the
reaction kinetics, reduce the enthalpy of metal hydrides formation,
lower the hydrogen absorption and release temperatures [19e21].
Nanoporous metals and their derivates can also be employed for
the production of novel 3D-structured batteries. Open porous
networks and thin ligaments enable fast diffusion of ions into and
out of electrodes, thus, creating fast discharging and recharging
batteries [22]. Due to the size-effect-enhanced catalytic properties,
nanostructured metals, such as nickel, could be a low-cost substi-
tution for precious-metal catalysts [18]. Furthermore, literature
reports the tunability of the physical properties of nanoporous
metals through an applied voltage [23,24]. Injection of the surface
charges into a porous metal nanofoam enhances the surface
stresses leading to its expansion or contraction. Actuation proper-
ties of metallic nanofoams have been proven experimentally [25]. A
bilayer foil consisting of solid and nanoporous gold layer was
immersed in aqueous electrolyte and the electrochemical potential
varied. The nanoporous layer expanded or shrunk whilst the solid
one maintained its original dimensions, and thus, the bilayer foil
bent with a tip displacement of several millimeters. The observed
strain was orders of magnitude larger than in conventional canti-
lever bending experiments. Metal nanofoams can also be applied as
implant materials as they have a high strength-to-weight ratio and
assist osseointegration. The high porosity and interconnected
nanochannels enhance bone ingrowth and insure the long-term
stability of the implant [26,27].

Several approaches for the preparation of nanoporous metal
foams have been established. Erlebacher et al. reported the for-
mation of nanoporous gold by the dealloying process from a binary
alloy of silver and gold [28]. Silver, as a less-noble metal, can be
etched away either electrochemically or by using acid, resulting in a
nanoporous gold network with a ligament spacing of ca. 10 nm
(Fig. 1). The morphology of nanoporous gold in terms of sizes of
ligaments and pores can be controlled by varying the dealloying
potential [29]. An interesting approach in which the dealloying is
combined with templating to render hierarchically porous gold has
been reported by Nyce et al. [30] First, AgeAu alloy was electroless
plated onto micron-sized spheres of polystyrene and then the
polymer was removed by pyrolysis. Finally, silver was etched away
from AgeAu alloy using nitric acid leaving behind hierarchically
porous gold.

Solegel techniques are well-developed for the synthesis of
metal nanoparticles, but their applicability to assemble nano-
particles into metal foams appears to be very challenging. It has



Fig. 3. Scanning electron micrograph of iron aerogel prepared by nanosmelting of RF/
iron oxide aerogel. Reprinted from Ref. [18].
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been found that the solubility of metal nanoparticles and the
removal of the stabilizing ligand are the most important criteria for
successful preparation of porous metals [31]. In one example of
gold nanofoam preparation via the solegel route, highly water-
soluble Au nanoparticles (solubility up to 30 wt%), stabilized with
a mixture of hydrophilic and hydrophobic ligands, were dissolved
in water and the solution was oxidized with hydrogen peroxide.
Nanostructured gold precipitates were formed after 48 h
(Fig. 2) [18].

Leventis et al. have recently reported a viable route towards
metal nanofoams through nanosmelting of hybrid polymer/metal
aerogels [32]. Using the solegel approach, an aerogel consisting of
resorcinol-formaldehyde (RF) polymer and iron oxide was pre-
pared. Subsequently, the aerogel was exposed to high temperatures
Fig. 4. Schematic representations of block copolymer structures showing only the
domains of the minority phase. The lamellar (LAM), cylindrical (CYL) and the spherical
(SPH) morphology are three examples of common, classical phases and the gyroid
(GYR), perforated lamellar (PL), and the ordered bicontinuous double diamond (OBDD)
are three examples of the more complex morphologies revealed in diblock copolymers.
The enlarged view of the LAM phase depicts the self-assembly of individual block
copolymer chains within this morphology. Reprinted with permission from Ref. [42].
(800e1000 �C) under argon atmosphere, which led to simulta-
neous polymer degradation and iron oxide reduction to metallic
iron (Fig. 3). Similarly, the preparation of porous Cu, Ni, Sn, and Co
networks by nanosmelting has been demonstrated [33].

Combustion synthesis represents another pathway for the
nanostructured metal production, inwhichmetal is mixed with the
energetic precursor that releases energy during its decomposition
and drives the formation of metal nanofoam. Tappan et al. have
demonstrated the preparation of nanoporous Fe, Cu, Co, and Ag via
combustion synthesis [34].

As described, utilizing previously presented techniques, one can
prepare highly porous metal foams with nano-sized pores. How-
ever, the prepared foams are typically highly disordered which
disables the effective stress transmission from the ligament nano-
scale to the overall macroscale and results in poor mechanical
properties [35e37]. The ordering issue can be overcome in the
alternative block copolymer template-directed approach for metal
nanofoam synthesis.

3. Self-assembled block copolymers and supramolecular
complexes

Chemically distinct polymers generally do not mix, but macro-
phase separate, in a similar fashion to oil and water. In a block
copolymer, two or more chemically different homopolymers are
covalently linked and this linkage prevents macrophase separation.
However, due to the unfavorable interactions between the different
blocks, phase separation still occurs but, because of their connec-
tivity, only on the nanometer scale and this process is called
microphase separation. The unfavorable interactions between
chemically distinct species induce stretching of the polymer chains
(i.e., to minimize the interaction enthalpy) and the entropic elas-
ticity (of the entropic spring) resists this stretching (i.e., to maxi-
mize the conformational entropy). This enthalpy-entropy balance
governs the microphase separation in block copolymers. Experi-
mentally, the block copolymer phase behavior can be controlled by
the selection of the composition and the architecture of the block
copolymer, the overall degree of polymerization and the segmente
segment interaction parameter [38e41]. The schematic illustra-
tions of the most common, classical and some complex phases are
depicted in Fig. 4, illustrating the domains of the minority phase. In
the enlarged view of the lamellar morphology, the self-assembly of
individual molecules within the domains is shown where blue and
red parts represent the two chemically distinct blocks [42]. The
phase diagram of diblock copolymers was theoretically predicted
using self-consistent mean-field theory (Fig. 5a) [43,44]. Experi-
mental phase diagrams are found to generally be similar to the
calculated one, except that they appear more asymmetric. The
experimentally determined phase diagram of polystyrene-block-
polyisoprene (PS-b-PI) is represented in Fig. 5b [45,46]. As the
number of blocks in the copolymer increases, possibilities for novel,
complex structures are created. Several examples include three-
domain lamellae, coreeshell or alternating spheres, cylinders, and
gyroid, perforated structures and others [46e50]. Similarly, com-
plex polymer architectures give rise to new, intriguing morphol-
ogies. For instance, a star-shaped architecture results in
Archimedean tiling pattern morphologies that are unique for this
type of copolymers [51].

When additional components are combined with copolymer
systems, the obtained complexes exhibit interesting phase
behavior. Supramolecular complexes are defined as assemblies of
molecules held together by non-covalent interactions. A specific
example of a supramolecular complex is the so-called comb-coil
block copolymer in which one of the blocks, namely the comb
block, contains side chains that are non-covalently linked to the



Fig. 5. (a) Block copolymer phase diagram as calculated using the self-consistent mean-field theory, (b) Experimentally determined phase diagram of PS-b-PI. Schematic repre-
sentations of different morphologies are given below. Reprinted with permission from Ref. [46]. Copyright 1999, American Institute of Physics.
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main chain, usually via hydrogen bonds. A supramolecular complex
of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) and pen-
tadecylphenol (PDP) has been extensively studied in the group of
Ikkala and our group [52e55]. Each PDP molecule contains a hy-
droxyl group which can act as a hydrogen-bond promoting group
and each repeating unit of P4VP contains a nitrogen atom that can
act as a hydrogen-bond accepting group. Therefore, if PDP is added
to P4VP, hydrogen bonds are formed between the nitrogen of the
pyridine ring and the hydrogen on the phenol ring. The chemical
structure and the schematic representation of the PS-b-P4VP(PDP)
supramolecule is illustrated in Fig. 6a. Non-polar PDP alkyl tails
microphase separate from P4VP in such a way that PDP molecules
align perpendicularly to the P4VP homopolymer which gives rise to
the formation of two length scale structures-within-structures
(Fig. 6b). The variation in the PDP content allows for the simple
tuning of the long-length scale morphology of the complex [56e
58]. Furthermore, PDP can be selectively removed by an appro-
priate solvent (e.g., ethanol) resulting in nanoporous polymer
material [59,60].

4. What do block copolymers and butterflies have in
common?

The gyroid morphology was first identified in 1967 in strontium
soaps by Luzzatti and Spegt [61]. Three years later, this
Fig. 6. (a) The chemical structure and the schematic representation of PS-b-P4VP(PDP) supra
structures-within-structures.
bicontinuous triple periodic minimal surface was mathematically
described by the NASA physicist Alan Schoen and named
“gyroid” [62]. The single gyroid contains the percolated network
and matrix phases and it is characterized by the I4132 symmetry,
whilst the double gyroid with Ia3d symmetry has two parallel
network phases that are related by inversion (Fig. 7) [63]. The
transmission electron micrographs typical for a bicontinuous
polymer phase were published already in 1976, but the authors did
not comment on the bicontinuous nature of the system [64]. The
bicontinuous ordered polymer structure was reported for the first
time in 1986 by Alward et al. in a star-block copolymer comprised
of PS-b-PI arms [65]. Thomas et al. described the observed
morphology as the ordered bicontinuous double diamond (OBDD)
with Pn3m symmetry [66]. However, theoretical calculations that
followed did not provide the evidence that the OBDD is an equi-
librium structure in AB diblock copolymers [67e70]. The gyroid
morphology in block copolymers has been described for the first
time in 1994 [71,72]. Hajduk et al. analyzed a linear diblock
copolymer PS-b-PI containing 37 wt% PS, using small angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM).
TEM images suggested the bicontinuous morphology, but SAXS
data were inconsistent with the OBDD structure. Peaks in the SAXS
pattern were found at the positions O6, O8, O20, O22, O32 and O38
which are allowed by twelve cubic space groups. One of them, the
Ia3d space group, has additional five allowed reflections that were
molecule, (b) PS-b-P4VP(PDP) supramolecules self-assemble into hierarchically ordered



Fig. 7. (a) The single gyroid morphology with I4132 symmetry, (b) the double gyroid morphology with Ia3d symmetry. Adapted with permission from Ref. [116].
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not present in the experimental Bragg pattern, whilst the others
have seven or more. A space filling model with Ia3d symmetry was
generated and used to predict SAXS and TEM results. They found a
good agreement between the predicted and the experimental
data [71]. Theoretical calculations that followed confirmed that the
double gyroid can be an equilibrium structure in AB diblock co-
polymers [43]. In more complicated block copolymer systems, such
as block copolymer blends, variations of double gyroid morphology
have been discovered. The coreeshell double gyroid phase is one
example in which gyroid networks are built out of two different
polymer blocks, one being a core and the other a corona of gyroid
networks that are embedded in the third polymer block that rep-
resents a gyroid matrix [73].

The double gyroid as an isotropic structure with continuous
triple periodic percolated domains appears to be superior to clas-
sical morphologies (lamellar, cylindrical or spherical) for a number
of technological applications. For instance, the gyroid structure, due
to the high interfacial area per specimen volume, could be exploited
for gas separation purposes [74]. Shefelbine et al. prepared ABC
triblock copolymer with the coreeshell double gyroid morphology.
Glassy polystyrene was chosen as a middle block that separated
Fig. 8. Anatomy of the structural color-producing nanostructures in lycaenid and papilionid
2.5 and 2 mm, respectively), (C, F) TEM images (scale bars 200 nm and 2 mm, respectively).
two rubbery end blocks e polyisoprene and polydimethylsiloxane.
A gasmixturewould enter one rubbery block, characterized by high
permeability and low selectivity. Further, it would diffuse selec-
tively through a glassy layer and would, finally, be collected from
the second rubbery layer. Furthermore, due to the ordering and
periodicity in three dimensions, the gyroid structure is an excellent
candidate for photonic crystal applications [75e77]. Urbas et al.
[76] examined the optical properties of the gyroid forming PS-b-PI
block copolymer with spacing comparable to the wavelength of
visible light. Furthermore, the gyroid forming block copolymers
could be used for templating purposes: one block could be selec-
tively removed which results in a porous gyroid template that can
be, for example, backfilled with an inorganic material. This will be
further elaborated in Section 5 and supported with examples in
Section 6. For templating purposes, the gyroid is preferable over
anisotropic block copolymer phases (e.g., cylindrical) which often
require laborious alignment procedures prior to the applica-
tion [78e80].

The gyroid structure appears also in nature, namely in butterfly
wing scales, and it is responsible for the shimmering wing colors of
several butterfly species. Saranathan et al. [81] investigated 3D
butterflies: (A, D) light micrographs (scale bars 100 mm), (B, E) SEM images (scale bars
Reprinted with permission from Ref. [81].



Fig. 9. SAXS patterns of the nanostructures of five different butterfly species indicating
the single gyroid morphology with I4132 symmetry. Reprinted with permission from
Ref. [81].
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photonic nanostructures in five butterfly species by SAXS, TEM and
SEM and identified their morphology as the single gyroid with
I4132 symmetry (Figs. 8 and 9). The butterflies initially develop the
thermodynamically favorable double gyroid phase that consists of
two networks, different in composition, embedded in a matrix.
Chitin is then deposited on one of the two networks and after the
cell dies, the chitin-air structure is left behind. The morphology of
the porous chitin structure is single gyroid which is optically more
efficient than the double gyroid one. This structure could be
mimicked in gyroid forming ABC terpolymers, with two chemically
distinct networks [82]. A single gyroid template could be provided
by the selective removal of one of the networks.

5. Block copolymer template directed preparation of metal
nanofoams

The nanoscale ordering in block copolymer structures can be
extended to inorganic materials with more appealing properties,
e.g., metals. This process generally encompasses several steps
(Fig. 10):

1. Selective removal of the sacrificial polymer block,
2. Backfilling of the porous structure with inorganic material (e.g.,

metal),
3. Removal of the remaining polymer template.

The first two steps can be combined into one by selective in-
clusion of inorganic compounds, e.g., metal ions, in one of the
copolymer blocks [83].
Fig. 10. Block copolymer template directed preparation of ordered inorganic nanostructu
structure with inorganic material (e.g., metal), 3. removal of the remaining polymer templa
5.1. Selective removal of the sacrificial polymer block

In recent years, many studies successfully demonstrated the se-
lective degradation of polymer blocks from a self-assembled block
copolymer structure. Polydiene blocks, such as polyisoprene (PI) or
polybutadiene (PBD), can be etched away via ozonolysis [84e86].
Chen et al. [86] examined the ozonolysis efficiency in blends of block
copolymer PS-b-PI and homopolymer PS and found a strong
dependence on themorphology of the PImicrodomains. The degree
of ozonization after 24 h reaction demonstrated a decreasing trend
from 90, 80, 70 to 50% if the PI microdomains transformed from
lamellae, to gyroid network, to cylinders, to spheres, respectively, in
the PS matrix, which was attributed to the decrease of the contact
area PI/ozone and the accessible volume of PI microdomains.

UV irradiation can be employed for selective removal of PMMA
blocks. The exposure of PS-b-PMMA block copolymer to UV light
leads to degradation of the PMMA phase and simultaneous cross-
linking of the PS phase [87]. If a blend of block copolymer PS-b-
PMMA and homopolymer PMMA is used as a precursor, the
nanoporous structure can be generated in two ways: (1) all PMMA
(PMMA block and PMMA homopolymer) can be removed by UV
irradiation or (2) only PMMA homopolymer can be removed using a
selective solvent, namely acetic acid [88].

Polylactic acid (PLA) blocks can be readily removed from a block
copolymer (e.g., PS-b-PLA) by a mild aqueous base [89e91]. From
crystalline-amorphous block copolymers, such as polyethylene-
block-polystyrene (PE-b-PS) or polystyrene-block-poly(vinylidene
fluoride)-block-polystyrene (PS-b-PVDF-b-PS), the amorphous
component can be selectivelyetchedwith fumingnitric acid [92,93].
Reactive ion etching can be used to generate porous structures from
block copolymer precursors with one etch-resistant block [94e97].
Finally, amphiphilic molecule PDP can be removed from a supra-
molecular complex containing P4VP(PDP) comb-block by selective
dissolution in ethanol, as already mentioned in Section 3, resulting
in porous polymer template [54,59,60].
5.2. Backfilling of the porous structure with inorganic material

Metal oxides (e.g., SiO2 or TiO2) can be introduced inside the
pores of a polymer template via the solegel process. In the solegel
process, the starting colloidal solution e sol, typically composed of
metal alkoxides or metal salts, fills pores of a polymer template and
subsequently, via hydrolysis and polycondensation reactions,
transforms into gel e an integrated network composed of discrete
colloidal particles or polymer networks [98]. Hsueh et al. prepared a
polystyrene-block-poly(L-lactide) (PS-b-PLLA) block copolymerwith
double gyroid morphology and then selectively removed the PLLA
block via hydrolysis [99,100]. The obtained porous PS network was
filled with amorphous SiO2 via the solegel process. The SAXS
pattern, TEM and electron tomography (Fig. 11a) images of the PS/
SiO2 nanohybrid confirmed its double gyroidmorphology. After the
polymer removal, a gyroid forming SiO2 network was exposed
(Fig. 11b) and its porosity was calculated from nitrogen adsorption
res: 1. selective removal of the sacrificial polymer block, 2. backfilling of the porous
te.



Fig. 11. The reconstructed 3D images of: (a) gyroid PS/SiO2 nanohybrid, (b) gyroid SiO2 composed of two parallel networks related by inversion (red and green). Reprinted with
permission from Ref. [99]. Copyright 2010 American Chemical Society.
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measurements to be 66%. The refractive index of dense amorphous
SiO2 is rather lowand it further decreases in the porous sample. The
refractive index of the prepared gyroid SiO2 network was estimated
tobe about 1.1, thus it appeared suitable for optical applications such
as antireflection structures [99]. The hydrolysis reaction rate in the
solegel process towards SiO2 is exceptionally low which allows for
complete diffusion of sol into the template pores before the gelation
starts. On the other hand, titanium alkoxides are not as stable and
pores will be blocked by gel before sol completely penetrates the
template. Therefore, to fabricate the gyroid PS/TiO2 nanohybrid, one
has to carefully control the reaction conditions. A thermal treatment
was employed to remove PS and expose the free-standing, gyroid
anatase TiO2 (Fig. 12). Its photocatalytic efficiency was determined
by evaluating the degradation of methylene blue under UV irradi-
ation. It was found that the decomposition rate is about two times
higher in comparison to commercial TiO2 powder [100].

Electrochemical and electroless plating are commonly used
techniques to deposit metals onto or into templates [101e104]. To
electrochemically deposit metal inside the pores of a polymer tem-
plate, the working electrode is usually coated by a template and,
together with the counter and the reference electrode, placed in the
plating bath and connected to an external source of current. To
completely plate the sample, the surface of the underlying working
electrode should be accessible to the plating bath, whichmay appear
difficult for thicker polymer templates with many defects or highly
complex structure. Also relatively simple polymer templates, such as
the cylindrical one, require proper alignment prior to electro-
chemical plating. In electroless plating, a polymer template is
immersed into the electroless plating bath andmetal is deposited via
an autocatalytic process onto the surface of the template. Electroless
plating does not require an external current source and allows
plating onto complex shapes and through pores. Furthermore, non-
conductive surfaces, such as polymers or ceramics, can undergo
electroless plating after the appropriate treatment. Thepretreatment
usually consists of two steps: (1) sensitization in SnCl2/HCl, when
Sn2þ ions adsorb onto the template surface, (2) activation in PdCl2/
HCl, when Pd sites are formed through the following redox reaction:
Sn2þ þ Pd2þ / Sn4þ þ Pd0. The Pd sites act as catalysts during the
electroless metal plating procedure. In electroless deposition, metal
ions, Mzþ, are reduced by the reducing agent, Rn�, and the process
can be simply described as: Mzþ þ Rn� /M0 þ Rz�n. The process is
autocatalytic, i.e., it is catalyzedbymetal beingdeposited. Besides the
source of metal ions and the reducing agent, the electroless plating
bath usually contains the complexing agent, that acts as a buffer and
reduces the concentration of free metal ions, and the stabilizer, that
prevents the decomposition of the plating solution.

5.3. Removal of the remaining polymer template

There are several methods to remove polymer from the poly-
mer/inorganic nanohybrid, such as pyrolysis [30,60], dissolu-
tion [105,106], UV degradation [99,100], etc.

Pyrolysis involves the decomposition of polymer at elevated
temperature, leaving behind an inorganic material with preserved
morphology. Inorganic materials may as well undergo changes at
elevated temperatures. For instance, thermal treatment will in-
crease the crystallinity of TiO2, thus, amorphous TiO2 may trans-
form to one of its crystalline forms: rutile, anatase, and
brookite [100]. Another example is nanoporous gold that un-
dergoes thermal coarsening due to the recrystallization in solid
state at elevated temperatures [107]. Therefore, the applicability of
pyrolysis for polymer template removal depends on the type of
inorganic material and its purposes.

6. Examples of metal nanofoams prepared by block
copolymer templating

There have been a few reports in the literature demonstrating
the replication of complex block copolymer structures into the
ordered metal phase. In the following paragraphs, we describe
several prominent examples and focus on the fabrication of gyroid
metal nanofoams.

Crossland et al. [105] investigated the thin film morphology of
poly(4-fluorostyrene)-block-poly(D,L-lactide) (PFS-b-PLA) that in



Fig. 12. SEM micrograph of the gyroid anatase TiO2 network. The inset represents the
centimeter-sized bulk sample. Reprinted with permission from Ref. [100]. Copyright
2012 American Chemical Society.
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bulk acquires the cylindrical morphology at 150 �C and the gyroid
morphology at 180 �C. When the thin filmwas annealed for 35 h at
180 �C and then cooled down to room temperature over 3 h, it was
found to adopt the gyroid phase in the entire sample volume. The
PLA block was then selectively removed by hydrolysis in a mild
aqueous base and platinumwas deposited into the remaining pores
via electrochemical deposition. Final removal of the PFS block, by
dissolution in toluene or exposure to O2 plasma, resulted in isolated
mounds or a continuous freestanding array of a gyroid Pt replica
(Fig. 13) depending on the properties of the underlying substrate.
Smooth Au-coated silicon substrate favors the formation of isolated
mounds of Pt replica (Fig. 13a and c). Chemical modification of the
Au-coated silicon substrate using a self-assembled monolayer
Fig. 13. SEM images in cross-sectional and plan view of two gyroid Pt replicas. a, b) If underl
formed, c, d) If underlying substrate was Au-coated silicon substrate modified with a self-a
replica is formed. Adapted from Ref. [105].
(SAM) of 1-undecanethiol induced much higher substrate coverage
(Fig. 13b and d). Presumably, in comparison to Au, SAM is more
energetically neutral to copolymer blocks and does not favor the
PFS phase. Surface topography is also found to significantly influ-
ence the replication of gyroid Pt over large areas. FTO-glass or Au-
coated FTO glass, with the amplitude of surface roughness (ca.
50 nm) comparable to the copolymer domain spacing, led to the
complete surface coverage and formation of a continuous free-
standing array of gyroid Pt replica.

Vignolini et al. [108] demonstrated the creation of a gold optical
metamaterial starting from triblock copolymer polyisoprene-block-
polystyrene-block-polyethylene oxide (PI-b-PS-b-PEO). The poly-
mer adopted the double gyroid morphology with two chemically
distinct networks (PI and PEO) in a matrix of polystyrene. The PI
networkwas selectively removed by UV irradiation and subsequent
rinsing with ethanol. Then, the polymer template was backfilled
with gold by electrochemical deposition and, finally, the remaining
template was removed by plasma etching resulting in a single
gyroid, nanoscale ordered Au foam. The preparation procedure is
schematically depicted in Fig. 14. The single gyroid Au replica was
examined under linearly polarized light (Fig. 15). The tested area
contained one grain boundary that divided the sample into two
domains with the same orientation perpendicular to the substrate
surface and the twinning in lateral direction. At the twinning
boundary, the angle between [100] directions was found to be
about 105� (Fig. 15a). Both domains reflected the identical color
when the polarization of incident light was perpendicular to the
grain boundary (Fig. 15b). If the polarization of incident light was
parallel to the [100] direction of one of the domains (simulta-
neously, it is almost perpendicular to the [100] direction of the
other domain), the largest optical contrast was observed (Fig. 15c).
The absorption peak was found to tune sinusoidally between 525
and 630 nm with the polarization direction (Fig. 15e). For the
polarization along the [100] direction in the single gyroid Au, the
absorption peak appeared at short wavelengths and is red-shifted
for polarization in perpendicular direction (Fig. 15d). Additionally,
ying substrate was Au-coated silicon substrate, isolated mounds of gyroid Pt replica are
ssembled monolayer of 1-undecanethiol, a continuous freestanding array of gyroid Pt



Fig. 14. Schematic representation of sample fabrication: (a) triblock copolymer PI-b-PS-b-PEO self-assembles into the double gyroid structure with two distinct networks (blue PI
and red PEO) in a matrix of PS (grey), (b) the PI block is selectively removed, (c) the polymer template is backfilled with gold (yellow), (d) after the template removal by plasma
etching, a single gyroid Au nanofoam is exposed. Reprinted from Ref. [108].
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the Au replica exhibits optical chirality. Transmission measure-
ments with circularly polarized light were performed while the
samplewas rotated around the [110] surface normal. Themaximum
transmissionwas observed for two rotation angles in each full turn,
i.e., when the optical axis coincides with the gyroid [111] chiral
direction.

Warren et al. [109] demonstrated an alternative route towards
ordered metal nanofoams via direct self-assembly of block co-
polymers with ligand-stabilized metal nanoparticles. Block copol-
ymer polyisoprene-block-poly(dimethylaminoethyl methacrylate)
PI-b-PDMAEMA and ligand-stabilized Pt nanoparticles were dis-
solved in chloroform. The solutionswere transferred to Al dishes and
heated at 50 �C for approximately 1 h until the solvent completely
evaporated. After annealing at 130 �C for 2 days under vacuum,
samples adopted the ordered morphology. A cylindrical sample was
exposed to rapid pyrolysis and converted to an ordered porous PteC
composite. Finally, carbonwas removed using AreO plasma and the
Pt nanofoam was exposed. The electrical conductivity of the PteC
composite was found to be rather high (400 S/cm). This strategy can
be extended to different metals and block copolymer morphologies.

Binarymixture of PS-b-PI block copolymer and PS homopolymer
with an overall PS volume fraction of 0.66 and the double gyroid
morphology was prepared by Hashimoto et al. [85] After the se-
lective removal of the PI block by ozonolysis, a gyroid polymer
scaffoldwas electroless nickel plated. Fig.16 shows theTEM imageof
the nickel plated sample and the inset highlights 10 nm nickel
particles deposited onto the surface of a 25 nm diameter nano-
channel, thus leaving a 5 nmdiameter empty channel in themiddle.

In 2011, our group reported the formation of a freestanding
gyroid nickel nanofoam via electroless plating of a block copolymer
based template [60]. At the same time, Hsueh et al. [106] published
the preparation of gyroid Ni replica starting from PS-b-PLLA block
copolymers. The unique aspects of our approach will be described
next.

7. Supramolecular route to gyroid Ni nanofoams

As mentioned in Section 3, supramolecular complexes of block
copolymers containing the P4VP block and amphiphilic PDP mol-
ecules have been thoroughly examined in the group of Ikkala and
our group. We recently attempted to use supramolecular com-
plexes of triblock copolymer poly(tert-butoxystyrene)-block-poly-
styrene-block-poly(4-vinylpyridine) PtBOS-b-PS-b-P4VP and
amphiphilic PDP molecules that self-assemble into a coreeshell
double gyroid morphology as precursors to well-ordered metal
nanofoams [59]. The TEM image of the representative coreeshell
double gyroid PtBOS-b-PS-b-P4VP(PDP)x complex (Fig. 17) displays
a typical gyroid double-wave pattern. The core channels are
emptied by ethanol treatment and subsequently electroless nickel
plated. Channels located close to the surface are filled with nickel
whilst ones in the middle of the film remain empty as shown in
Fig. 18. This seems to be induced by narrow channels (average pore
diameter is determined by mercury porosimetry to be 12 nm) and
the fast-growing nickel deposit near the free surface that hinders
the reagents’ diffusion towards the bulk [110].

Subsequently, we evaluated a supramolecular complex PS-b-
P4VP(PDP) as a precursor to a gyroid nickel nanofoam. Unique to
this approach is that the gyroid matrix, or more precisely, part of
the matrix, was removed from the complex to render a nanoporous
template. Our procedure is schematically summarized in Fig. 19. A



Fig. 15. Linear dichroism of the Au gyroid: (a) SEM image of the examined sample area, (b, c) Optical reflection images obtained with linearly polarized light, perpendicular to the
grain boundary (b) or parallel to the [100] gyroid direction of the domain 2 (c), (d) Reflection spectra for area 1 with the polarization perpendicular (red) and parallel (dark grey) to
the [100] gyroid direction, (e) Dependence of the extinction (reflectivity) peak position and width on the angle between the [100] gyroid direction and incident light polarization.
Reprinted from Ref. [108].

Fig. 16. The TEM image of the electroless nickel plated polymer template with the
double gyroid morphology. The inset shows a 25 nm nanochannel coated with 10 nm
nickel nanoparticles. Reprinted with permission from Ref. [85]. Copyright 1997
American Chemical Society.

Fig. 17. TEM micrograph of the PtBOS-b-PS-b-P4VP(PDP)x complex with x ¼ 0.7,
fPtBOS ¼ fPS ¼ 0.397 and Mtotal ¼ 88 300 g mol�1. P4VP(PDP)x domains are selectively
stained with iodine and appear dark in the image. The double-wave pattern indicates
the cross-section through the gyroid [211] plane. Adapted from Ref. [59].
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Fig. 18. TEM micrograph of nickel plated gyroid sample derived from the PtBOS-b-PS-
b-P4VP(PDP)x complex with x ¼ 0.5, fP4VP(PDP) ¼ 0.413 and Mtotal ¼ 84 800 g mol�1.
Channels located close to the surface are filled with nickel whilst the ones in the
middle of the film remain empty. Adapted from Ref. [59].
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parent block copolymer PS-b-P4VP and hydrogen bonding PDP
molecules are dissolved in chloroform and solvent annealed for one
week (Fig. 19a). The supramolecular PS-b-P4VP(PDP)x complex (x
represents the ratio between the number of PDP molecules and the
number of P4VP monomer units) with the double gyroid
morphology consisting of PS networks and a P4VP(PDP)x matrix is
obtained (Fig. 19b). Then, the complex is immersed in ethanol, a
selective solvent for PDP, which leads to the formation of an open
network structure consisting of a PS core and a P4VP corona
Fig. 19. Schematic representation of sample fabrication via the supramolecular route: (a) PS
(b) The complex self-assembles into the bicontinuous gyroid morphology. (c) Nanoporous tem
with nickel by electroless deposition. (e) After pyrolysis, a gyroid nickel nanofoam is exposed
(Fig. 19c). Electroless plating is employed to backfill the porous
polymer template with nickel (Fig. 19d) and finally, the remaining
polymer is removed by pyrolysis and a well-ordered gyroid nickel
replica is exposed (Fig. 19e).

Contrary to previously described examples, our porous polymer
template PS(core)-P4VP(corona) is obtained by partial removal of
the gyroidmatrix and represents a double network occupyingmore
than 50 vol%. Removal of the matrix from the gyroid forming
conventional diblock copolymers would result in a template
occupying only ca. 35 vol%, which is not suitable for the formation
of a metallic replica with porosity high enough to fulfill the general
requirement for metal nanofoams (porosity higher than 50 vol%).
Furthermore, the removal of the sacrificial block from conventional
block copolymers, such as PS-b-PLA or PS-b-PEO [111], results in a
hydrophobic PS surface that usually requires modification prior to
electroless plating in order to achieve the uniform metal deposi-
tion [112]. In our approach, the presence of the P4VP hydrophilic
corona facilitates the penetration of water-based plating reagents
into the porous template and enables successful metal deposition.

The morphology of supramolecular complexes PS-b-P4VP(PDP)x
is examined by TEM and SAXS. Fig. 20a and b displays typical gyroid
patterns of a representative supramolecular complex: the double-
wave and the wagon-wheel patterns that are known to represent
projections through the [211] and the [111] plane of the gyroid unit
cell, respectively. The PS block domains appear bright whilst the
P4VP(PDP)x block domains appear dark due to iodine staining.
Fig. 20c represents the double-wave pattern of a different gyroid
sample of which the periodicity is decreasedwith a factor of 2. SAXS
peaks at positions: O6q*, O8q*, O14q*, O22q*, and O50q* confirm the
bicontinuous Ia3d morphology of the sample (Fig. 20d).

The complete removal of PDP by subjecting the PS-b-
P4VP(PDP)x complex to ethanol is proven by 1H NMR and DSC. After
the ethanol treatment, all 1H NMR signals characteristic for PDP are
absent and the spectrum of the diblock copolymer is recovered.
Additionally, the DSC data imply that the thermal behavior of the
ethanol treated sample and that of the diblock copolymer is iden-
tical. Textural properties of the representative porous gyroid tem-
plate are determined by nitrogen adsorption and mercury
-b-P4VP and PDP are dissolved in chloroform and after one week of solvent annealing,
plate is obtained by selective PDP dissolution in ethanol. (d) The template is backfilled
. Reprinted with permission from Ref. [60]. Copyright 2011 American Chemical Society.



Fig. 20. (a, b) TEM micrographs of the PS-b-P4VP(PDP)x sample with x ¼ 1.5, fP4VP(PDP) ¼ 0.69 and Mtotal ¼ 135 000 g mol�1, representing the double-wave and the wagon-wheel
gyroid pattern, respectively. (c, d) TEM micrograph and SAXS pattern of the gyroid PS-b-P4VP(PDP)x sample with x ¼ 0.8, fP4VP(PDP) ¼ 0.59 and Mtotal ¼ 90 600 g mol�1. Reprinted
with permission from Ref. [60]. Copyright 2011 American Chemical Society.
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porosimetry. The BET specific surface area of 104 m2 g�1 is rather
high, the template occupies almost 60 vol%, the average pore
diameter is 40 nm, and pore size distribution is very narrow
(Fig. 21).
Fig. 21. Pore size distribution of the porous gyroid template derived from PS-b-
P4VP(PDP)x complex with x ¼ 1.0, fP4VP(PDP) ¼ 0.62 and Mtotal ¼ 83 300 g mol�1. The
graph represents the derivative of the cumulative pore volume vs pore diameter.
Reprinted with permission from Ref. [60]. Copyright 2011 American Chemical Society.
Prior to electroless plating, the Pd catalyst is deposited onto the
gyroid template surface to direct the selective nickel ion reduction.
Successively, nickel metal fills the pores of the polymer template.
Fig. 22a represents the TEM micrograph of the unstained nickel
plated gyroid sample and the contrast in the image originates from
metal deposited in the nanochannels. Additionally, the character-
istic wagon-wheel pattern confirms the preservation of the double
gyroid morphology during the processing steps. HR TEM micro-
graphs (Fig. 22b, c) show relatively large, interconnected Ni crys-
tallites and EDX analysis (Fig. 22d) reveals the chemical composition
of the plated sample. As expected, prominent carbon and nickel
peaks are observed, together with the oxygen peak that indicates
the oxidation of the nickel nanofoamwhen stored in air.

Finally, the remaining polymer is decomposed by heating
isothermally at 350 �C for at least half an hour, leaving the nickel
network intact. The exposed nickel replica preserves the inverse
gyroidmorphology, the shape of the gyroid matrix, as confirmed by
SEM (Fig. 23). This shape is the negative of the gyroid networks
shape, therefore their surface area is equal and their porosities sum
up to 100%. Additionally, this a one-part shape whilst its negative
consists of two interpenetrated parts.

In thework that followed, we performed a comprehensive study
of the phase behavior of supramolecular complexes PS-b-
P4VP(PDP)x in the region of the phase diagram where the gyroid



Fig. 22. (a) TEM image of the unstained nickel plated gyroid polymer template derived from the PS-b-P4VP(PDP)x complex with x ¼ 1.0, fP4VP(PDP) ¼ 0.62 andMtotal ¼ 83 300 g mol�1.
The image represents the wagon-wheel gyroid pattern. (b, c) HR TEM images showing relatively large and interconnected Ni crystallites. (d) EDS pattern of the nickel plated sample
showing prominent carbon and nickel peaks, together with the oxygen peak that indicates the oxidation of the nickel nanofoamwhen stored in air. The copper peak originates from
the grid used as a support. The nickel plated sample (b, c, d) is derived from the PS-b-P4VP(PDP)x complex with x ¼ 0.8, fP4VP(PDP) ¼ 0.59 and Mtotal ¼ 90 600 g mol-1. Reprinted with
permission from Ref. [60]. Copyright 2011 American Chemical Society.
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morphology with the P4VP(PDP)x as a majority block was ex-
pected [57]. By varying the molar mass and the composition of the
starting PS-b-P4VP copolymer and the amount of PDP in the
complex, double gyroid templates, and consequently well-ordered
gyroid metal nanofoams, with tunable feature sizes and porosities
can be obtained. The phase behavior of our supramolecular com-
plexes PS-b-P4VP(PDP)x on the other side of the phase diagram, i.e.,
in the region where the gyroid phase with the P4VP(PDP)x as a
minority block was expected, appeared to be quite surprising [58].
Instead of the expected GYR phase, a broad region of the hexago-
nally perforated layer (HPL) phase is found. The HPL is a metastable
phase in conventional block copolymers, but an equilibrium phase
in PS-b-P4VP(PDP)x complexes with the P4VP(PDP)x as a minority
Fig. 23. SEMmicrographs of the inverse gyroid nickel replica derived from the PS-b-P4VP(PD
permission from Ref. [60]. Copyright 2011 American Chemical Society.
component. This untypical phase behavior can be explained by the
presence of PDP “side chain”molecules in the minority component
of the complex, where the HPL morphology reliefs the packing
frustrations.

8. Summary and outlook

In this feature article we focus on the preparation and utilization
of a new class of materials, metal nanofoams, and discuss the
possibility of using block copolymers as a tool for ordered metallic
nanostructures. Metal nanofoams have the potential to outperform
classical materials in a number of fields: hydrogen storage, pro-
duction of novel batteries, catalysis, actuating, etc. Several
P)x complex with x ¼ 1.5, fP4VP(PDP) ¼ 0.69 andMtotal ¼ 135 000 g mol�1. Reprinted with
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techniques for their preparation have been developed and most of
them result in highly porous, but immensely disordered metal
nanofoams. Block copolymers can microphase separate into well-
ordered nanostructures from which one of the blocks can be
selectively etched. The resulting porous template can be backfilled
with metal and subsequently, the remaining polymer can be
removed leading to well-ordered metal nanofoams. Even more
appealing for this purpose than conventional block copolymers, are
supramolecular complexes where side chains hydrogen-bonded to
one of the blocks can be removed by simple dissolution. Addi-
tionally, the morphology of these complexes can be easily tailored
by alteration of the amount of added side chains. The bicontinuous
gyroid morphology appears as the most suitable nanostructure to
provide the interconnected, structurally isotropic metal nano-
foams. Pt, Au and Ni gyroid replicas have already been reported in
the literature and their application in different fields evaluated.

In the future, we expect metal nanofoam characteristics to be
improved and adjusted to meet the requirements for desired appli-
cations. For instance, their structure can be tailored by employing
alternative block copolymer phases as precursors, such as the
orthorhombic Fddd network or plumber’s nightmare phase. Addi-
tionally, their chemical composition can be varied and alternative
metals, such as Ag, Cu, Co, etc., can be deposited in the polymer
template channels, leading to new ordered metal nanofoams.
Furthermore, block copolymer template-directed synthesis can be
combined with dealloying; from the alloy deposited in block copol-
ymer template channels, a less noble metal can be removed, leading
to a hierarchically porous orderedmetal nanofoam. In addition, block
copolymer templates can be oriented by, for instance, electric fields
[113]or large amplitudeoscillatory shearing [114,115].Orientedblock
copolymer templates will lead to metal nanofoams with improved
ordering which might have superior properties, as actuators, for
example, in comparison to the existing metal nanofoams. The syn-
thetic routes towards well-ordered metal nanofoams and their
application potential are still poorly examined andwe expect further
investigation and exciting discoveries to emerge.
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