Nanoporous Metals:
Straight from the Template

Combining with the nature of metals and the unique material characters of nanostructures, metallic nanopo-
rous materials with exceptional properties, including low relative density, enhanced plasmonic behavior, high
strength-to-weight ratio and size-effect-enhanced catalytic behavior, are of great interest in many fields of
applications. In this study, metallic nanoporous materials with well-ordered gyroid nanostructures are suc-
cessfully fabricated using a nanoporous polymer with gyroid nanochannels as a template for electroless plat-
ing. The metallic nanoporous materials exhibit photonic properties for novel applications including enhanced
plasmonic behavior, photonic crystals and metamaterials. This new approach for hybridization provides a pre-
cisely controlled method to fabricate nanohybrids and metallic nanoporous materials for applications.
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Metallic nanoporous materials (MNMs) are three-
dimensional (3D) nanostructures comprised of inter-
connected metallic particles or filaments exhibiting
high porosity and large surface area. Combining with
the nature of metals and the unique material char-
acters of nanostructures, MNMs with exceptional
properties, including low relative density ( 0y’ Obuii)s
enhanced plasmonic behavior, high strength-to-weight
ratio, and size-effect-enhanced catalytic behavior,
are of great interest in many fields of applications.'
Although different methods of preparing MNMs have
been demonstrated, the way to achieve the produc-
tion of large-area continuous films or bulks with long-

Fig. 2: The [111] projected TEM micrographs of (a) PLLA gyroid

range order and precisely controlled pore geometries phase in PS-PLLA with RuO, staining; (b) PS/Ni gyroid
remains challenging. nanohybrids without staining. Inset shows the selected area
electron diffraction (SAED) pattern of Ni gyroid nanostruc-
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Flectroless We demonstrate a new approach to create free-
plating for standing MNMs by using nanoporous polymer with
interconnected nanocheanaels (gyroid-forming nano-
channels) as a template for electroless plating followed
by removal of the template. Figure 1 illustrates the
schematic of this method.” After hydrolytic treatment,
@ ‘ the PLLA networks can be selectively removed to give
a PS matrix possessing interconnected air networks as
a template for electroless plating. Subsequently, gy-
roid-forming nanohybrids with bicontinuous metallic
networks can be fabricated. As a result, free-standing,
nanoporous gyroid metals can be successfully fab-

Fig. 1: Schematic illustration for the creation of nanoporous gyroid ricated after removal of the PS matrix by dissolution

Ni: (@) PS-PLLA gyroid phase (skeleton of double gyroid using tetrahydrofuran (THF). To the best of our knowl-
structure with two identical networks (green and red)); (b) edge, this is the first time to obtain well-defined, free-
Gyroid-forming nanoporous PS template after removal of standing MNMs with high porosity and surface area
minor PLLA network; (c) PS/Ni gyroid nanohybrids via tem- from such a Straightforward method.

plated electroless plating; (d) Nanoporous gyroid Ni after
removal of PS template.
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Fig. 3: 1D SAXS profiles of (a) PS-PLLA BCPs; (b) nanoporous PS
template; (c) PS/Ni gyroid nanohybrids; (d) nanoporous gy-
roid Ni. Inset shows the enlarged area of q scale from 0.10

nm” to 0.25 nm™.

Figure 2(a) shows the TEM image of PS-PLLA. Cor-
responding 1D SAXS profiles (Fig. 3(a)) further confirms
the observed gyroid phase with a space group of /a3 d
at which scattering peaks are found at the g* ratios of
V6 : V8 : V14 : V16 : ¥32 : ¥50. Figure 3(b) displays the
1D SAXS profile of the PS-PLLA after hydrolysis; the
diffraction peaks at the g* ratios remain unchanged as
compared to Fig. 3(a), reflecting the successful tem-
plating. Consequently, a PS matrix with bi-continuous
nanochannels are fabricated, and employed as a tem-
plate for following electroless plating. The porosity and
interfacial area per gram of the nanoporous PS template
are approximately 37% and 97 m’ g as determined by
nitrogen adsorption experiments and Brunauer-Emmett-
Teller analyzer (BET) analysis, respectively.

Figure 2(b) presents the [111] projected image
of the PS/Ni gyroid nanohybrids without staining.
The projected image in Fig. 2(b) is similar to Fig. 2(a)
but the contrast is reversed, suggesting that the PLLA
blocks should be completely removed after hydrolysis
and the formation of Ni can be successfully synthe-
sized in the nanoporous PS templates via the modi-
fied electroless plating. Figure. 3(c) shows 1D SAXS
profile for the PS/Ni gyroid nanohybrids. On the basis
of the characteristic first two reflections for the nano-
hybrids at a spacing ratio of ¥6 and v8 , the gyroid-
forming nanostructure of PS/Ni nanohybrids can be
identified macroscopically. The inter-domain spacing
(39.8 nm (d;11)0)) is the same with the nanoporous PS
templates, indicating that the gyroid morphology can
be retained after the templating process. Note that
the g* ratios of v2 : v6 : V8 : V14 are different to the
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Fig. 4: FESEM micrograph of nanoporous gyroid Ni from the PS/Ni

gyroid nanohybrids after removal of PS templates.

intrinsic PS-PLLA and the nanoporous PS template,
and a new peak labeled with ¥2 might be attributed
to the slight deformation of the gyroid nanostructure
resulting in the formation of (110) reflection (that is v2
peak),3 as compared to the (211) and (220) reflections
for v6 and v8 diffractions.

Figure 4 displays the FESEM micrograph of the
nanoporous gyroid Ni. The structure of the nanoporous
gyroid Ni can be further identified by SAXS (Fig. 3(d));
the diffraction peaks are at the g* ratios of v2 : v6 : V8.
In contrast to the scattering results of the PS/Ni gyroid
nanohybrids, the v2 peak can be clearly identified; our
previous studies suggested that the appearance of the
v2 peak is attributed to the formation of a pseudo-single
gyroid nanostructure with a space group of /14,32." The
porosity of the nanoporous gyroid Ni is about 62% from
nitrogen adsorption experiments, and the interfacial area
per gram of the nanoporous gyroid Ni was calculated as
1467 m’mol™ (25 m’g").

Those MNMs with the nature of porous metals
and the unique material characteristics of well-ordered
nanostructures would exhibit interesting photonic
properties for novel applications including enhanced
plasmonic behavior, photonic crystals, and metamate-
rials. This new approach for hybridization provides a
precisely controlled method to fabricate nanohybrids
and MNMes.
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