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Metal hollow nanostructures have a wide range of potential applications in energy storage and
conversion, owing to their low density, high surface to volume ratio, and high contact surface area.
However, the fabrication of such nanostructures remains challenging to date, with most fabrication
routes only limited to specific materials. Herein, a universal templating strategy for fabricating
hierarchical and aligned arrays of hollow metal nanostructures, from a variety of metallic materials
including Cu, Ag, Ni and Pd, is reported. By using copper as a representative material, it is demonstrated

Received 3rd December 2021, that these nanostructures exhibit an enhanced electrocatalytic activity for CO, conversion, with the Cu

Accepted 27th January 2022 nanostructures producing more than 205% and 183% higher yield for CO and H, respectively, compared
DOI: 10.1039/d1ma01142a to non-nanostructured plain copper films at an applied potential of —2.4 V vs. Ag/AgCL. This work opens

up a new route for fabricating hollow nanostructures with tailored metal compositions for energy
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Introduction

Hollow and porous metal nanostructures have a wide range
of applications, ranging from catalysis, batteries, super-
capacitors, plasmonics and solar cells, owing to their low
density, high surface to volume ratio, and unique surface
plasmon properties.’® As electrodes, the metal nanostructures
provide larger contact surface area during electrochemical
processes, reducing charge diffusion length and improving
efficiency, while the inner voids suppress the destructive volu-
metric expansion and dendrite formation in lithium ion bat-
teries, thereby improving the battery life."* The ability to
generate surface plasmons upon irradiation with light also
makes hollow nanostructures promising for highly sensitive
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storage and conversion applications.

surface plasmon enhanced Raman spectroscopy and plasmon
enhanced solar cells.

The reproducible and scalable manufacturing of hollow
metal nanostructures, however, remains challenging to date.’
The most established fabrication methods are the hard and soft
templating methods, whereby the metal is synthesized on the
surface of ceramic, polymer or carbon templates, followed by
selective removal of the sacrificial templates.” Although these
techniques were successfully employed for the fabrication of
various metal oxide hollow nanostructures, such as ZnO, TiO,
and NiO microspheres,®® the fabrication of pure metals has
been limited to a few select noble metal materials such as Pt, Au
and Pd. Major limitations of this process are related to the
harsh synthetic conditions, which require high temperature
thermal annealing, leading to metal coalescence, as well as
corrosive etching steps incompatible with most transition
metals.™”

An alternative method for the fabrication of hollow metal
nanostructures is the galvanic replacement technique,'® which
relies on the redox reaction, whereby a sacrificial metal tem-
plate is selectively corroded by the ions of a secondary metal in
solution, to produce hollow nanostructures composed of both
metals.’®"? During the process, atoms present on the surface
of the metal template become oxidized and are dissolved, while
the metal ions of the secondary metal get reduced and deposit
on the sacrificial metal template. Successful formation of the
hollow nanostructures depends on the site selectivity of the
crystal facets of the template, with corrosion taking place on

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sites that have high surface free energy, while the deposition of
the secondary metal takes place on the areas of low surface
energy.'® However, the galvanic reactions of transition metals is
challenging to control due to the high surface free energy of the
materials, leading to non-selective dissolution without simul-
taneous deposition of the secondary metal.'®'* As a result, the
technique has also primarily been limited to the formation
of noble metals based hollow nanostructures and much still
remains to be done to develop hollow transition metal
nanostructures.>""

Furthermore, almost all techniques reported to date pro-
duced hollow nanostructures in a discrete form, such as
spheres, nanocages and nanotubes, which require further
assembly onto a supporting substrate or conductive electrode
prior to application.”® This immobilization step may result in a
number of undesirable effects, including non-structured
agglomeration and clogging of the inner pores of the materials
by binding agents, compromising their unique properties.
Previous attempt to produce array of such nanostructures relied
on electro-deposition technique,'®'* which would be difficult
to reproduce across various metallic materials, or involved
corrosive steps that would be incompatible with most transi-
tion metals.”> A universal technique to allow the formation
of self-supporting arrays of the hollow nanostructures from
different metallic materials is yet to be devised.

Herein, a general templating strategy and novel procedure
for the fabrication of aligned arrays of self-supporting hollow
metal nanostructures, from a variety of metallic materials
including Cu, Ag, Ni and Pd, is reported. By using copper as a
representative material, it is also demonstrated that such
nanostructures exhibit an enhanced efficiency for the electro-
catalytic conversion of CO, to syngas (CO and H,), compared to
non-nanostructured plain copper films under similar electro-
catalytic conditions. This universal fabrication technique does
not require any heat treatment or harsh chemical treatment,

Master mold
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thus solving a major technical challenge for the fabrication of
transition metal-based hollow nanostructures.

Results and discussion

The fabrication technique reported here involves three main
steps, namely the design of silicon (Si) master mould, the
preparation of polyvinyl alcohol template and then metal
deposition (Fig. 1a). The master mould was prepared using
deep reactive ion etching (DRIE) on a silicon wafer, which was
precoated with a monolayer of poly(styrene) beads (Fig. S1,
ESIt) to serve as a mask during the etching, thus enabling
selective sculpturing of nano/micro patterns across the silicon
surface.'® DRIE was carried out using the Bosch process,'®"’
with sulfur hexafluoride (SF¢) as the etchant gas and octafluo-
rocyclobutane (C,Fg) as the passivating gas. The etching pro-
cess involved exposing the Si wafers alternately to SFs and C4Fg
gases for 24 cycles, leading to the formation of arrays of
cylindrical micropillars with diameter of 2.60 + 0.14 pm and
height of about 7.50 um (Fig. 1b). The obtained micropillars
were then subjected to a pseudo-Bosch etching step by exposing
the substrate simultaneously to SF¢ and C,Fg gases in the
absence of the PS mask. This action sharpened the tips,
resulting in an array of cone-shaped Si nanostructures, with a
tip diameter of 201 + 6 nm and a height of 6.0 £ 0.8 um
(Fig. 1c).

The cone-shaped nanostructures were then used as a master
mould in the preparation of polyvinyl alcohol (PVA) templates
(Fig. 1d), by casting the PVA precursor onto the nanostructured
surface, followed by curing at room temperature. Each Si
master mould may be re-used multiple times enabling the
production of many replicas of the PVA templates.

Last, metal deposition was accomplished using magnetron
sputtering in the presence of the PVA template as the substrate

Metal deposition Hollow nanostructure array

Fig. 1

(a) lllustration of the preparation of hollow metal nanostructures. Surface morphology of (b) Si micropillars formed through the Bosch process for

24 cycles, (c) Si master mould formed after pseudo etching the Si micropillars for 3.15 min, (d) PVA template.
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Fig. 2 Surface morphology and X-ray diffraction (XRD) patterns of the hollow nanostructures. (a and b) Surface morphology of Cu hollow
nanostructures, (c) XRD analysis of the Cu hollow nanostructures, (d and e) surface morphology of Ag hollow nanostructures, (f) XRD analysis of the
Ag hollow nanostructures, (g and h) surface morphology of Pd hollow nanostructures, (i) XRD analysis of the Pd hollow nanostructures, (j and k) surface
morphology of Ni hollow nanostructures, (I) XRD analysis of the Ni hollow nanostructures.

material. Magnetron sputtering utilizes high-energy gas ions,
typically argon, to knock off atoms from the surface of a target,
which then condenses onto the surface of a substrate located
within the reaction chamber.'®'® The technique was selected
owing to its versatility, allowing the deposition of thin films
from a variety of materials including metals, ceramic and
polymers.”*?> The technique is also already established at
an industrial scale in electronic, automotive and biomedical
sectors, which will facilitate potential upscaling of this fabrica-
tion process.'®*® After the deposition, the PVA template was
dissolved in hot water, leaving well-aligned and self-supporting
arrays of hollow metal nanostructures (Fig. 2).

As evidenced by the scanning electron microscopy images
(Fig. 2), hollow nanostructures arrays could be obtained using
Cu, Ag, Pd and Ni metals, demonstrating the versatility of the

2458 | Mater. Adv., 2022, 3, 2456-2463

templated assembly technique. The height of the hollow nano-
structures was typically in the range between 3.2 to 4.7 pum,
while the hollow tip had diameters in the range between 1.0 to
1.5 pm, and shell thickness of less than 100 nm. The formation
of the hollow nanostructures was attributed to the incomplete
filling of the micro-moulds on the PVA template, which could
be controlled depending on the depth of the micro-moulds.
When a PVA template with much shallower micro-moulds
(~1 pm) were used, only solid nanorods were obtained without
any hollow nanostructures (Fig. S2, ESIf). During the early
stages of the metal deposition, metal atoms nucleated and
crystalized on the surface of the PVA template (Fig. S3a, ESIT),
including the inner walls of the micro-moulds across the PVA
template. As the deposition progressed, the film on the top
surface of the template intergrew, blocking the opening to the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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micro-moulds (Fig. S3b, ESIt) and therefore preventing further
deposition within the voids, leading to hollow nanostructures.

Initial attempts to use polydimethylsiloxane (PDMS) tem-
plate to produce such structures proved unsuccessful, as the
resultant metal film could not be easily and securely detached
from the PDMS without damage. PVA, on the other hand, can
be easily dissolved in hot water,>® making it highly promising
for the handling of such delicate nanostructures.

The crystal microstructures of the metal nanostructures
were confirmed using X-ray diffraction analysis, as presented
in Fig. 2¢, f, i and 1. The main diffraction peaks for Cu were
observed at 20 angle of 43.31° 50.45° and 74.12°, corres-
ponding to 111, 200, and 220 crystal planes (Fig. 2c),> while
diffraction patterns for Ag were observed at 26 angle of 38.1°
(111), 44.3° (200), 64.7° (220) and 77.5° (311).>® Diffraction
peaks for Pd were observed at 20 angle of 39.8°, 46.2°, 67°
and 81.3° corresponding to 111, 200, 220 and 311 crystal
planes,*® while diffraction peaks for Ni were found at 44.4°,
51.9° and 76.2° corresponding to 111, 200 and 220 crystal
planes.”” From the XRD results it is evident that the obtained
nanostructures were readily crystalline, without the need for
calcination. Based on the Sherrer equation,”® the Cu nanos-
tructures were found to have an average crystallite size of

View Article Online
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14.3 nm, while Ag, Pd and Ni had average crystal sizes of
13.7, 6.9 and 6.3 nm respectively.

Based energy dispersive X-ray analysis (EDX), the metal
content was estimated to be in the range between 92 to
97 wt%, with small amounts of oxides and carbon contamina-
tions (Fig. S4, ESIt). Cu and Ag had metal content of 94.5 and
97.3 wt% respectively, while Pd and Ni had metal content of
96 and 92.8 wt% respectively.

The potential application of the nanostructures in the
electrocatalytic conversion of CO, was investigated using
copper hollow nanostructures, in the presence of 1-ethyl-3-
methylimidazolium acetate ([C,mimOAc]) ionic liquid (150 mM),
dissolved in dimethylacetamide (DMAc). [C,mimOAc] combined
with DMAC was selected as the electrolyte owing to their higher
solubilization capacity for CO, compared to the conventional
aqueous electrolytes.>*"

Fig. 3a shows the cyclic voltammetry results recorded in CO,
and N, saturated electrolytes, with Ag/AgCl as the reference
electrode and a platinum wire as the counter electrode. When
the copper hollow nanostructures were used as the working
electrode, the onset potential for CO, reduction was observed at
—0.04 V. This is less negative (lower overpotential) compared to
that of the plain copper film, also prepared by sputtering,
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Fig. 3 (a) Cyclic voltammetry at a scanning rate of 50 mV s, (b) products yield for electrocatalytic conversion of CO; in the presence of 150 mM
[ComimOACc] dissolved in DMAC (c) current density, (d) faradaic efficiency for the Cu hollow nanostructures.
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which had an onset potential of —0.7 V, indicating the nano-
structuring improved the kinetics for the electrocatalytic
reduction of CO,.**

Electrocatalytic studies were conducted at applied potentials
between —1.8 and —2.4 V (vs. Ag/AgCl), where syngas (a mixture
of H, and CO) was found to be the only CO, conversion
products. Syngas is an important precursor in the production
of various high value chemicals such as methanol, methane
and diesel.*® Consistent with the cyclic voltammetry results, the
hollow nanostructure exhibited a significantly higher catalytic
activity as compared to the non-nanostructured plain copper
film. For example, at an applied potential of —1.8 V, no
detectable products were obtained when the plain Cu film
was used as the working electrode (Fig. 3b). However, when
the Cu hollow nanostructures were used, syngas was produced
with a CO production rate of 0.46 & 0.05 pmol cm™ > h™ ' and H,
production rate of 1.85 + 0.29 pmol cm~> h™". The product yield
was also found to increase with the applied potential, with the CO
yield increasing from 0.46 £ 0.05 to 0.7 £ 0.034 ymol cm > h™*!
and 1.16 + 0.034 pmol cm > h™ ' when the potential was increased
from —1.8 V to —2.2 and —2.4 V respectively, while H, increased
from 1.85 to 3.48 + 0.9 and 4.82 + 0.9 umol cm™> h™ ", respectively.
The increased yield at higher potential was supported by an
increase in current density, which increased from 1.02 mA cm >
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to 3.04 mA cm > when the potential was increased from —1.8 V to
—2.4 V (Fig. 3c). The CO and H, yields at —2.4 V were 205% and
183% higher compared to that obtained with plain Cu film, which
had CO yield of 0.38 + 0.03 pmol ecm > h™' and H, yield of
1.85 £ 0.29 pmol cm ™2 h™" under the same reaction conditions,
highlighting the importance of the hollow nano-structuring. The
enhanced performance was attributed to the higher contact surface
area of the hollow nanostructure, which increases the density of
active site and minimise the diffusion length for electrons." This
was confirmed by electrochemical surface area (ECSA) measure-
ment, using the double layer capacitance method,**”> where Cu
hollow nanostructures were found to have ECSA of 0.396 cm?,
which was about 6 times higher than that of plain Cu film that had
ECSA of 0.0655 cm” (Fig. 4). No products were detected when the
electrocatalytic study were conducted in N, saturated electrolyte,
with current density remaining close to zero throughout the test
(Fig. S5, ESIt), confirming the generated products were indeed
from the conversion of CO,. The product yields for the hollow
nanostructure corresponded to faradaic efficiency of between
2-2.6% for CO generation and between 6.6% to 10.7% for H,
generation (Fig. 3d). The low current conversion efficiency for the
CO formation is similar to that of other previously reported copper
electrocatalysts,>>*” though the previous reports also detected other
products such as CH,, C,H,, C,H, and formate in addition to CO
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and H,. Although nanostructured catalysts with higher overall
faradaic efficiency have been previously reported,*® most of them
exhibited poor product selectivity, producing multiple mixers for
gaseous and liquid products. In the current work, no other
products were detected using either gas chromatography or nuclear
magnetic resonance (NMR) analysis, suggesting syngas was the
only product generated. Methanol and ethanol for example would
have been detected at 8.3 min and 9.4 min respectively on flame
ionization detector (FID) (Fig. S6a, ESIT), while C,H,, would have
been detected by the thermal conductivity detector (TCD) at 2.4 min
(Fig. Seb, ESIt). The product selectivity for CO, conversion is
governed not only by the catalyst properties but also by the
composition of the electrolyte,® and the electrolyte/solvent combi-
nation used in this study likely influenced the product selectivity.
After exposure to the electrocatalytic reaction conditions, it was
noted the copper nanostructures get oxidized when left in ambient
air, with the reddish-brown colour turning to black. Future work
will investigate alloyed nanostructures not only to improve the
stability, but also to assess how product yield and selectivity may be
modulated based on the alloy composition.*°

Furthermore, although only Cu hollow nanostructures were
investigated for electrocatalysis in this work, hollow metal nano-
structures including Ni, Ag, and Pd have many other potential
applications, owing to their ability to generate surface plasmon
resonance.” For example, it has been previously demonstrated
that the surface plasmon properties for Ag nanostructures can be
tuned based on the void size,” making such nanostructures
promising for a variety of applications including sensing, plasmon
enhanced solar cells, Surface Enhanced Raman Spectroscopy
(SERS) and photocatalysis.>*"*>

Conclusions

In summary, a templating technique for fabricating aligned
and self-supporting arrays of hollow metal nanostructures was
developed. The versatility of the technique was demonstrated
through successful fabrication of Cu, Ag, Ni, and Pd hollow
nanostructures, and the technique could potentially be
extended to other metallic and metal oxide materials that can
be deposited through magnetron sputtering. Hollow copper
nanostructures were shown to exhibit an enhanced electroca-
talytic activity of CO, conversion to syngas, with CO and H,
production rate of more than 205% and 183% compared to that
of non-nanostructured plain copper film, highlighting the
potential of such nanostructures
applications.

Syngas is a valuable precursor for a variety of chemicals and
fuels including methanol, methane and diesel, and the ability
produce it selectively will minimize the cost incurred during the
purification step. Furthermore, use of the well-established
magnetron sputtering technique for the metal deposition will
pave the way for potential scale-up in the future. Future work
will explore the formation and application of alloyed metal
hollow nanostructures, particularly how their electrocatalytic

in energy conversion

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

properties may be modulated depending on the alloy
composition.
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