Electrochemistry Communications 114 (2020) 106714

journal homepage: www.elsevier.com/locate/elecom

Contents lists available at ScienceDirect

electrochemist:

communications

Electrochemistry Communications V7

Common mechanism for helical nanotube formation by anodic
polymerization and by cathodic deposition using helical pores on silicon

electrodes

Check for
updates

Yuki Maeda®, Takumi Yasuda®, Kenta Matsuzaki”, Yutaka Okazaki”“, Emilie Pouget®, Reiko Oda°,

Atsushi Kitada®, Kuniaki Murase”, Guillaume Raffy”, Dario M. Bassani’, Kazuhiro Fukami

2 Department of Materials Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

® Graduate School of Energy Science, Kyoto University, Kyoto 606-8501, Japan

2a,*

¢ Institut de Chimie et Biologie des Membranes & des Nanoobjets (UMR5248 CBMN), CNRS — Université de Bordeaux — Bordeaux INP, 33607 Pessac, France

d Université de Bordeaux, CNRS, Bordeaux INP, ISM, UMR 5255, F-33405, Talence, France

ARTICLE INFO ABSTRACT

Keywords:

Helical pore
Nanohelices
Conducting polymers
Metals

Tubes

We report that platinum-assisted chemical etching formed self-organized helical pores in silicon substrates can
be utilized as platforms for the electrochemical production of nanohelices of conducting polymers (polypyrrole)
and metals (gold). Surprisingly, the nanohelices thus created are tubes although the polymerization and de-
position were carried out by anodic and cathodic reactions, respectively. Based on our results, we propose a
common mechanism for the formation of tubular nanohelices by both anodic polymerization and cathodic de-

position through the accumulation of reactants in microporous silicon which covers the wall surface of the

helical pores.

1. Introduction

Helical nanometric structures are a form of chiral material which
has found applications in enantioselective catalysis and circularly po-
larized light management [1-4]. A number of fabrication methods are
known, either through top-down [5,6] or bottom-up methods [7]. For
the latter, which gives access to sub-micron helices that are non-at-
tainable with the top-down approach, the control of symmetry breaking
is assured by molecular chirality. Meanwhile, the number of studies on
the production and the use of chiral surfaces/helices by electrochemical
techniques, although extremely promising for chiral recognition,
synthesis and sensing [8-10] is still limited. The establishment of a
general strategy for the production of nanohelices by an electro-
chemical technique would thus open a large panel of applications.

It has been reported that helical pores are spontaneously formed
during platinum-assisted chemical etching (PacEtch) of silicon induced
by the oxidation of silicon and reduction of H,O, [11]. We have re-
vealed that the emergence of helical pores originates from the sym-
metry breaking in the spatiotemporal pattern of H,O, reduction, which
is a spontaneous periodic reaction spatially coupled through the elec-
trolyte solution [12]. The periodicity of the spatiotemporal pattern
governs the periodicity in spiral of the helical pores. Therefore, one can
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control the dimensions of the helical pores by tuning the spatiotemporal
patterns of H,0, reduction.

Electrochemical techniques such as electrodeposition and electro-
polymerization are powerful tools to produce replicas of porous elec-
trodes. Since silicon is a semiconductor, porous silicon can work as an
electrode for electrochemical reactions and there are many reports of its
use in producing microscopic structures of metals and conducting
polymers [13-16]. Here, we report the filling of helical pores prepared
by PacEtch of silicon achieved both by the electropolymerization of
polypyrrole and the electrodeposition of gold. In earlier studies, it was
reported that polypyrrole was deposited as tubes in non-helical
(straight) porous silicon prepared by anodization of silicon in HF so-
lutions without metallic catalysts, while metal was deposited as rods
(without any cavities in the deposits) in such straight pores [13,14]. As
a surprising result, the nanohelices both of polypyrrole and gold fab-
ricated in the present study are made of tubes. Herein, we discuss a
common mechanism of the electrochemical filling of the helical pores in
silicon.

2. Experimental

Helical pores are formed in p-Si (100) with a resistivity of
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10-20 Q cm. The p-Si substrate was subjected to ultrasonic cleansing in
acetone and ultrapure water. The substrate was dipped into 5% HF to
remove the native oxide layer, and then it was put in a platinum de-
position bath composed of 1 mM H,PtClg + 150 mM HF aqueous so-
lution to load the platinum nanocatalyst. Etchant was a mixture of 48%
HF + 30% H,0, (10:1 in volume). PacEtch was conducted for 10 min.

In the present study, we performed two different types of electro-
chemical filling, i.e., anodic electropolymerization and cathodic elec-
trodeposition. Details for the reactions were published elsewhere
[13,14]. Importantly, the conditions were as follows: electro-
polymerization of polypyrrole was conducted in an acetonitrile solution
of 0.1 M pyrrole + 1.0 M tetrabutylammonium perchlorate under a
constant current density of 127 uA cm ™~ 2. Electrodeposition was carried
out by cathodic polarization under a constant current density of —-14 pA
em~2 in an aqueous solution of 0.01 M HAuCl, + 0.42 M
Na,S,03 + 0.42 M Na,SOs. The silicon wafer was illuminated by a
halogen lamp during gold deposition.

Transmission Electron Microscopy (TEM) was performed with a
Philips EM 120 electron microscope operating at 120 kV, and the
images were collected by 2 k X 2 k Gatan ssCCD camera. Drops of
diluted dispersions of the helices were deposited on carbon film coated
400-mesh copper grids. Scanning electron microscopy (SEM) was per-
formed with Keyence VE-8800 at 10 kV.

To evaluate the existence of microporous silicon on the entire
wall surface of the helical pores, we collected the photoluminescence
(PL) from individual helical pores using a confocal fluorescence mi-
croscope setup. Optical microscopy was performed in confocal hy-
persectral and epi-fluorescence modes. For both, the sample was
disposed upside down onto a glass coverslip with a small objective oil
interlayer (ca.10-20 um) for index continuity, because of the use of
an oil immersion high numerical aperture objective (Olympus
UPLSAPO100X0, NA1.40). For the cross-section view, the sample was
first cleaved with a “scribe and break” method, and then disposed
onto the coverslip taking care of having the cleaved plane parallel to
the coverslip by means of a goniometer. The epi illumination source
was a 365 nm LED, and a 390 nm long-pass filter was used for the
detection on a Hamamatsu ORCA flash4.0 sCMOS camera. The CFM
hyperspectral image was acquired with a Picoquant MT200, modified
with a Andor Sr303i spectrometer equipped with a Newton EMCCD
camera and a home-made software for image reconstruction. The
excitation source was a continuous 473 nm laser, and a 490LP filter
was used to avoid the detection of the second order diffraction of the
excitation light.
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3. Results and discussion

Fig. 1a summarizes a series of results for the fabrication of helical
nanostructures of polypyrrole. By comparing the cross-sectional views
of silicon before and after electropolymerization, complete filling of
helical pore with polypyrrole is clearly observed. Helical nanostructures
of polypyrrole were successfully obtained after removing the silicon
template by immersing the latter in 15 wt% NaOH solution for more
than 10 h, clearly replicating the helical pores as observed by TEM.
These images clearly show that the structure is not rod-like, but a tube
with a constant wall thickness and diameter. It was reported that
polypyrrole tended to be deposited as tubes in conventional and non-
helical mesoporous and macroporous silicon, whose pore sizes were
respectively ~20 nm and ~4 pm and were prepared by anodic dis-
solution of silicon without metallic catalysts [14]. The results shown in
Fig. 1 are therefore in agreement with such previous results.

We then carried out electrochemical filling of the helical pores with
gold in view of the numerous new applications of gold nanohelices in
nanoelectromechanical systems or plasmonics [17-19]. Fig. 2a sum-
marizes the results on electrochemical gold filling. Cross-sectional ob-
servations after electrodeposition shows complete filling of the helical
pores as observed for polypyrrole filling. Interestingly, TEM observation
of the gold deposits removed from the helical pore template again in-
dicates that they are tubular helices and the inside is empty, similar to
the polypyrrole helices shown in Fig. 1d. Although the substrates filled
with gold were annealed at 1100 °C, the annealing did not impart a
strong effect on the morphology of the gold deposits. Note that elec-
trodeposition of gold was carried out under illumination from the back
side of the wafer so that the electrons are effectively supplied to the
bottom of the helical pores. However, the gold deposition can also
proceed in the dark under a small cathodic current by hole-injection to
the valence band. The deposits obtained with and without illumination
did not show clear differences, implying that the gold deposits were
always tubular.

While the results obtained with polypyrrole were in agreement with
our previous studies, those with gold filling were totally unexpected. In
order to understand the tubular shape of gold, it is necessary to in-
vestigate how the gold deposition on the wall of the helical pores is
promoted. The results in Figs. 1 and 2 indicate that the underlying
mechanism for the promotion of tubular deposition is the same between
anodic and cathodic reactions. Presumably, the determining deposition
mechanisms are factors that are not directly related to charge transfer,
such as diffusion of the chemicals and their local concentration within
the pores. For instance, the accumulation of solutes on the wall surface
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Fig. 1. (a) Schematic illustration of series of
experiments for the electrochemical filling
of polypyrrole by anodic polymerization.
Cross-sectional images before and after the
filling are shown in (b) and (c), respectively.
The image inserted in (b) is a helical pore
typically observed with a high magnifica-
tion. TEM image of the helical nanos-
tructures of polypyrrole is shown in (d), in-
dicating that the helices are tubes.
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Fig. 2. (a) Schematic illustration of series of
experiments for the electrochemical filling
of gold by cathodic polymerization. Cross-
sectional images before and after the filling
are shown in (b) and (c), respectively. The
image inserted in (b) is a helical pore typi-
cally observed with a high magnification.
TEM image of the helical nanostructures of
gold is shown in (d), indicating that the
helices are tubes as well.

Removal of Si

of the helical pores is one of the likely factors that can explain these
results. In the previous study, we have clarified that relatively hydro-
phobic solutes tend to be accumulated within the nanopores of porous
silicon [20-23]. When both the pore wall surface and the solute are
hydrophobic (solvophobic), surface-induced phase transition within
hydrophobic (solvophobic) nanopore is expected to take place and the
pores are instantaneously filled with a solution possessing a high con-
centration of the hydrophobic (solvophobic) solute. Such surface-in-
duced phase transition was observed in electropolymerization of poly-
pyrrole and electrodeposition of metals from their complexes [20,24].
To accumulate within the micropores through surface-induced phase
transition, the metal ions must have a low charge density so that their
interaction with water is weak, inducing them to behave as relatively
hydrophobic metal ions [20]. It should be noted that the surface-in-
duced phase transition within nanopores is more favorable in the case
of smaller pores such as microporous silicon whose average pore dia-
meter is ~3 nm [21]. In the case of the helical pores investigated
herein, surface-induced phase transitions are not expected considering
that the pore size of the helical pores is much larger than conventional
micro- and mesoporous silicon. However, our finding that tubular
polypyrrole and gold structures were obtained both in anodic electro-
polymerization and cathodic deposition suggests that the wall surface
of the helical pore may be covered with micropores after PacEtch.
Actually, the formation of microporous silicon on the wall surface of
pores formed by metal-assisted etching of silicon is generally known
[25]. Such micropores on the wall surface of the helical pores favors the
initial nucleation of polypyrrole and gold due to the accumulation of
relatively solvophobic pyrrole and the relatively hydrophobic gold ion
complex. The solution for gold deposition used in the present study is
known as an alternative solution to toxic cyanide solutions for gold
deposition [26]. The electrolyte solution used contains gold complexes
with 5032‘ and S,05% such as [Au(503)(5203)]3_. The ionic size of
these gold complexes is quite large with a relatively low charge density,
suggesting an overall hydrophobic character. It should be noted that the
complex also suppresses the uncontrollable displacement deposition
without an external bias. Once the displacement deposition occurs, the
deposition takes place mainly at the pore mouths, resulting in the im-
mediate clogging of the pore mouths and in no further deposition inside
the pores.

Unfortunately, the pore size of the micropore are ~3 nm, making
them difficult to be directly observed by SEM. However, microporous
silicon is known to exhibit visible light luminescence at room tem-
perature, suggesting that the presence of micropores can be detected
using fluorescence microscopy [27,28]. To test this, we collected the
photoluminescence (PL) from the microporous silicon. Fig. 3a shows

the PL from the top surface of the silicon substrate after PacEtch ob-
served with a confocal fluorescence microscope, together with the PL
spectrum. Unstructured PL emission centered at 610 nm is clearly ob-
served. The latter is attributed to microporous silicon formed on the top
surface of the substrate during the PacEtch process. To probe whether
the microporous features are also present inside the helical pores, an
etched substrate was cleaved and the cross-section was analyzed.
Fig. 3b shows the PL from the cross-section of the substrate observed
under the same conditions. Although the resolution is limited by dif-
fraction, PL features exhibiting a helical shape are clearly observed.
These results indicate that PL originating from microporous silicon is
present on the entire surface of the helical pores. Therefore, the for-
mation of helical nanotubes during electrochemical deposition of
polypyrrole and gold is likely due to effective nucleation taking place
thanks to accumulated solutes in microporous silicon on the wall sur-
face of the helical pores.

To provide additional evidence that microporous silicon accelerates
the nucleation on the silicon surface, time traces of the measured po-
tential during the galvanostatic polymerization and deposition were
measured. Fig. 4 depicts the variation over time of both anodic elec-
tropolymerization and cathodic deposition. In the case of anodic poly-
merization, the time dependence can be divided into three stages.
During Stage-1, the potential gradually increases along with the in-
crease of the overpotential for anodic electropolymerization. Since the
deposited polypyrrole film is not highly conductive, the polymerization
reaction in Stage-1 takes place on silicon rather than on the deposited
polypyrrole. The unpreferable polymerization on the deposited polymer
suppresses the increase in thickness of the deposited polymer film. After
ca. 15 min, the potential is stabilized as observed in Stage-2. According
to this result, Stage-1 corresponds to the preferential deposition of
polypyrrole within the microporous silicon existing on the wall surface
of the helical pores, and then at Stage 2 the silicon wall is totally
covered with polypyrrole. In the transient period from Stage-2 to Stage-
3, the pore mouth (where deposition is expected to be favored due to
mass transport) is closed, and no further polymerization can occur in-
side the helical pores. It is then expected that film growth occurs on the
top surface of the substrate during Stage-3. With increasing poly-
merization time, the thickness of the film increases. This increase re-
sults in the increase of resistance of the polypyrrole film, and thus the
stepwise increases in overpotential is observed in electropolymeriza-
tion. The filling process is summarized as shown in Fig. 4c.

The temporal behavior for gold deposition is significantly different
compared to electropolymerization since gold is highly conductive.
Still, the deposition kinetics can again be divided into three stages. In
Stage-1, accelerated deposition of gold within the microporous silicon is
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Fig. 3. (a) Photoluminescence from the top surface of the silicon substrate after
PacEtch, together with the spectrum of the luminescence. Images in (b) show
the photoluminescence from the cross-section observed using a microscope. In
the magnified images, luminescence shows helical shapes, suggesting that mi-
croporous silicon remains on the wall surface of the helical pores.

expected as reported in our previous study on platinum electrodeposi-
tion [21]. Since the deposition of gold within the microporous silicon is
fast, the gold ions are gradually depleted within the pores. Therefore,
the potential shifts to negative values to increase the deposition rate

Electrochemistry Communications 114 (2020) 106714

and maintain a constant current density. Once the deposition within the
microporous silicon is finished, the ensuing deposition process begins to
increase the thickness of the gold nanotubes and the potential slowly
returns to less negative values since the availability of the gold ions is
expected to be greater within the helical pores due to their much larger
diameter compared to the micropores. This process corresponds to
Stage-2 and results in the increase of the thickness of the gold tube
walls. Since the ionic transport from the bulk solution to the top surface
of the substrate is relatively high, the overpotential must decrease when
the helical pore is filled and the deposition starts on the top surface, as
measured in Stage-3. In the case of electrodeposition, the deposition
rate is proportional to the concentration of metallic ions in the vicinity
of the wall surface as well as to the reaction rate constant which is a
function of the overpotential. Even if the overpotential is high enough
to promote the electrodeposition, the deposition rate can be slow when
the concentration of metallic ions in the vicinity of the wall surface is
low. Since the metallic ions are supplied from the bulk solution, the
pore mouths are the most favored in view of the concentration of the
metallic ions. This means that the deposition rate at the pore mouths is
faster than the inside of the helical pores, leading to the clogging of the
pore mouths before the complete filling of the helical pores. Thus, in
both polypyrrole and gold deposition, Stage-1 corresponds to the filling
of microporous silicon on the entire surface of the walls of the helical
pores. In contrast to helical pores formed by PacEtch, conventional
meso- and macroporous silicon formed by anodization without metallic
catalysts are not covered with microporous silicon. For this reason, the
Stage-1 behavior shown in Fig. 4 was not previously observed in the
electrodeposition of conventional meso- and macroporous silicon that is
formed by anodization without metallic catalysts, therefore yielding
rod-like deposits without any voids. Note that the thickness of the tubes
can be controlled if one controls the time for deposition within Stage-2.
However, the thickness shown in Figs. 1 and 2 were the maxima due to
the clogging of the pore mouths. Theoretically speaking, the thickness
can be controlled below the maxima.

In view of applications of the helices fabricated in the present study,
the tubular nature of the material may be important for some appli-
cations. In the case of plasmonic applications, the excitation of plasmon
polaritons is generally localized on the metal surface irradiated by the
incident electromagnetic wave and the presence or absence of void may
have a significant effect depending on the thickness of the wall that is
deposited. On the other hand, for applications for chiral chemistry, we
note that the chiral information is contained on the outside surface of
the helical tubes, but that the interior also possesses a chiral helical
morphology. Therefore, the accessibility of the inside volume may af-
fect the overall chiral induction of the material.

The fabrication of completely filled metallic helical tubes may be
possible using techniques similar to the copper deposition for the fab-
rication of integrated circuts. In this system, effective additives in the
electrolyte solutions were used, generally termed accelerator and in-
hibitor in the case of copper deposition. Thanks to the use of additives
in solution, copper can be deposited without any voids.

4. Conclusions

Electrochemical filling of helical pores produced by PacEtch of si-
licon is a promising strategy to fabricate conductive helical nanotubes.
In the present study, we focused on understanding the origin of a
possible common mechanism for anodic polymerization and cathodic
deposition. We concluded that microporous silicon is formed on the
wall surfaces of the helical pores after PacEtch, and that this enhances
uniform nucleation on the wall to favor the growth of helical nano-
tubes. The enhancement of the nucleation is explained in the frame-
work of our previous study, i.e., surface-induced phase transition within
the nanopores. We believe that the present study gives a new insight
that electrochemistry can play a role for the production of chiral helical
nanostructures without the use of chiral molecules.
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Fig. 4. Time developments of potential during the electrochemical filling. Plot in (a) and (b) were obtained during the anodic polymerization and cathodic de-
position, respectively. Both of the time developments are commonly divided into three stages. Illustrations in (c) details the process at each stage.
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