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Platinum nanotubes are created by galvanic deposition inside porous templates. The effects of the elec-
trolyte’s ion concentration and pH, of the applied potential and of the deposition duration on the mor-
phology of the tubes are investigated systematically. The system provides a model electrode platform
with accurately tunable geometry for the fundamental investigation of electrochemical transformations.
For slow electrochemical reactions, we observe a linear increase of the galvanic current with the
length of the nanotubes, and therefore with the specific surface area of the electrode. In contrast to this,
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inherently fast electrochemical transformations are diffusion-limited and give rise to the same current
density independently of the geometry. These results delineate a strategy for optimizing the perform-
ance of electrochemical energy conversion devices systematically via nanostructuring the electrode

www.rsc.org/dalton surfaces.

Introduction

Nanostructured electrode surfaces are broadly considered as a
promising strategy towards efficient, cost-effective energy-
converting or energy-storing devices such as batteries, fuel cells,
electrolyzers, and solar cells." Energy conversion relies on the
transfer of electrons across an interface, so that the enhanced
specific surface area of a structured electrode could allow for
an increased throughput. Simultaneously, the transport of
charge carriers (electrons and holes, but also ions and mole-
cules) towards the interface and back away from it may
become limiting. Therefore, device performance improve-
ments by electrode nanostructuring must result from an opti-
mized geometry which balances interface area gain with short
transport paths.”

Despite impressive individual achievements, a general
knowledge of the scientific parameters underpinning these
phenomena (interfacial electron transfer rates, reaction
mechanisms, and diffusion constants) is still missing.
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Electrode performance improvements reached through a sys-
tematic experimental variation of the geometric and/or oper-
ation parameters in such micro- and nanoelectrodes are
limited to very few examples and to flat electrode surfaces.**
Fundamental studies of transport effects at three-dimensional
nanoporous electrodes can only be performed at surfaces fea-
turing ordered nanostructures of well-defined and accurately
tunable geometry. Such ordered nanostructures can be made,
for example, by vapor-liquid-solid (VLS) growth of nanowires,’
or by atomic layer deposition (ALD) of an appropriate template
such as porous anodic alumina.® Those vacuum-based tech-
niques, however, require dedicated instrumentation. Alterna-
tively, electrodeposition (galvanic plating) can be performed in
a porous template to yield ordered nanowire arrays.” This
latter method presents the advantage of experimental simpli-
city and broad access, but is limited to short wires because
when the template is removed to uncover the wires’ external
surfaces, capillary forces drive their agglomeration and
bending.

In this paper, we establish such a model system consisting
of ordered, straight, cylindrical platinum nanotubes, the
length and diameter of which can be set at the experimental-
ist’s discretion and individually. The tubes present an inner
surface to the electrolyte, which allows for subsequent electro-
chemical investigation inside the supporting matrix. In this
manner, agglomeration of long structures is prevented. To
prepare these structures, we make exclusive use of straightfor-
ward electrodeposition methods of broad availability. Further,
we demonstrate how our samples can provide insight into the
rate-limiting factors of electrochemical reactions by measuring
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the galvanic current as a function of the nanotube length for
various reactions with contrasting electrode kinetics.

Preparation

The preparation combines two major ingredients. Firstly, we
use a template that provides the overall order of the tubes and
defines their diameter. Secondly, we perform the galvanic
plating of platinum under conditions such that it results in
the coating of the pore walls and thereby the formation of
tubes instead of the complete filling of the pore volume, which
yields solid wires.® The inner surface of the platinum nano-
tubes later serves as the electrochemically active area. The elec-
trochemical deposition of tubes instead of wires in elongated
pores can be controlled by the formation of a dihydrogen
bubble at the lower pore extremity.”'® In this case, the
morphology and wall thickness depend on the concentration
of metal ions, pH, and applied potential in a predictable manner.

In the first step, these effects were studied with polycarbo-
nate ‘track-etch’ filters serving as templates with 200 nm pore
diameter, after an electrical contact was defined on one side
by sputter-coating of a thin gold layer, followed by a short gal-
vanic deposition of gold from a commercial electrolyte. Hexa-
chloroplatinic acid (6.0 mM) was used in 1.0 M sulfuric acid as
an electrolyte. Under these conditions, the application of a
potential of +0.40 V or lower vs. a saturated Ag/AgCl/KCl refer-
ence electrode'” results in appreciable deposition of metallic
Pt."> As expected, the current increases when the potential is
lowered. However, the stabilized currents obtained between
+0.20 V and —-0.60 V are of the same order of magnitude,
whereas the Tafel equation predicts an exponential depen-
dence I(5) of the galvanic current I on the overpotential 5 =
|E — E°| for a single reaction. The current then increases more
steeply at more negative potentials. Congruently, differences
can be observed in the morphology of samples grown for
3.5 minutes, when they are investigated by scanning electron
microscopy (SEM) after dissolving the polymeric matrix
(examples of the overall sample morphologies are shown in
the ESIt). Nanotubes are obtained at all potentials under these
conditions, but their wall thickness varies. Fig. 1 summarizes
the quantitative data gathered from this series of samples.
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Fig. 1 Effect of the applied potential E (vs. Ag/AgCl) on the wall thick-
ness d; of the nanotubes (after 3.5 minutes of growth), the total galvanic
current i (exposed macroscopic electrode area 0.05 cm?) and the nano-
tube growth rate G (6 mM PtCl,%~, 1 M H,SO,). The uncertainty on d is
estimated at +20 nm.
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Clearly, the growth rate does not scale linearly with the current
density, which again points to a non-unity galvanic efficiency
for platinum reduction—proton reduction becoming more
prevalent at more negative potentials. This evolution is paral-
leled by a systematic decrease of the tube walil thickness as
more negative potentials are applied. These observations are
qualitatively consistent with the published model.'® Note that
at the most negative potential, the tubes reach the top extre-
mity of the pores after approximately 3.5 minutes of growth,
which results in the subsequent increase of the experimental
absolute current.

This theoretical model is further substantiated by the con-
centration dependence, documented at three different values
of the applied potential in Fig. 2. The higher the hexachloro-
platinate concentration, the thicker the wall, as one could
expect given that the electroplating current should depend on
the ionic concentration linearly. Note that at pH 0, the two
parameters concentration and potential enable the experimen-
talist to tune the tube wall thickness from roughly 10% of the
pore radius to 100% of it, that is, to solid wires.
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Fig. 2 Effect of the H,PtClg concentration, cpy, on the wall thickness d,
of the Pt nanotubes deposited galvanically in 200 nm wide pores
(1 M H,SO,). The galvanic current density j is plotted for three values of
the applied potential E (vs. Ag/AgCl) in the top panel, whereas the
corresponding d, are sketched, together with numerical values, in
the lower panel. The uncertainty on d, is estimated at +20 nm. The
samples were investigated after 5 minutes of growth.
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Fig. 3 Effect of the pH on the wall thickness d; of the Pt nanotubes
deposited galvanically from a buffered phosphoric electrolyte (2 mM
H,PtClg) in 200 nm wide pores, and on the corresponding galvanic
current density j. Three distinct values of the applied potential E
(vs. Ag/AgCl) are considered. The uncertainty on d; is estimated at
+20 nm. The samples were investigated after 5 minutes of growth.
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Fig. 4 Variation of the tube morphology with deposition time. Left,
scanning electron micrographs of Pt nanotubes taken axially after 2, 5,
10, and 30 minutes of growth (2 mM H,PtClg, pH 3.8, —400 mV); scale
bar: 100 nm. Right, graphical representation of the data gathered at
—800, —400, and 0 mV (vs. Ag/AgCl). The uncertainty on d; is estimated
at +20 nm.
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Alternatively, the morphology of the deposit can be affected
by the pH. Within the range 0 < pH < 2.4 accessible by adding
sulfuric acid to the 2.0 mM chloroplatinic acid electrolyte, we
find significant variation of neither the galvanic current
density nor the tube wall thickness upon pH at either —0.8 V,
—0.4 V or 0.0 V. However, when potassium hydrogen phosphate
(0.12 M) is acidified with hydrochloric acid, a clear trend
emerges at all three applied potentials, documented in Fig. 3,
which once again qualitatively follows the model put forth
previously. '’

The model, however, does not account for the wall thick-
ness variation observed when tubes obtained after various
deposition times are compared with each other. Fig. 4 docu-
ments that tubes grown at very negative potentials tend to thin
out whereas those grown closer to equilibrium conditions will
close down to wires.

The method established in the track-etch membranes can
be transferred to another, more ordered, class of porous tem-
plates, namely, porous ‘anodic’ alumina. The anodization of
aluminum at +195 V in phosphoric acid results in the creation
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Fig. 5 Scanning electron micrograph of Pt nanowires grown in an
anodic alumina template (10 mM H,PtCle, pH 1.5, =250 mV vs. Ag/AgCl,
30 minutes).
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Fig. 6 X-ray diffraction diagram of a Pt nanotube sample (green), com-
pared with a reference sample containing only the alumina template and
the Au contact (gray). The ordinate axis is the signal, in arbitrary units. The
graphs have been scaled and offset for clarity. Growth conditions of the
Pt sample: 10 mM H,PtClg, pH 1.5, —600 mV vs. Ag/AgCl, 40 minutes.

1314 in which Pt wires

of hexagonally ordered cylindrical pores,
and tubes can be grown under the conditions described above.
Fig. 5 shows ordered arrays of Pt nanowires obtained in this
type of template. We note that beyond a length of approxi-
mately 2 pm, the wall thickness is no longer constant, in agree-
ment with the observations presented in Fig. 4. Pores of 10 pm
or more can only be filled with either solid wires or thin-
walled tubes.

The chemical identity of the deposit is established by
energy-dispersive X-ray spectroscopy and X-ray diffraction. The
X-ray diffractogram (Fig. 6) displays the peaks expected of fcc
Pt,"""7 in addition to those of the underlying Au contact. The
amorphous alumina matrix contributes a very broad back-
ground signal.
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Electrode behavior

The structured material deposited here displays the electro-
chemical behavior expected for platinum. The cyclic voltammo-
gram recorded in 1 M H,SO, when an array of nanotubes is
used as the working electrode (black curve in Fig. 7) is in
perfect agreement with the literature precedents reported for
flat platinum electrodes."® The two reversible peaks at negative
potential are due to the reductive uptake of hydrogen adatoms
from the electrolyte and their oxidative loss. The poorly reversi-
ble wave near +0.5 V corresponds to the oxidative formation of
surface hydroxides and oxides and their reductive loss. Finally,
oxygen evolution sets on beyond +1.2 V. More interestingly,
such Pt nanotube arrays can also provide a platform for the
electrochemical oxidation of ethanol, found in direct ethanol
fuel cells. The essentially perfect match obtained between our
electrochemical curves (Fig. 7, red) and those published for
flat reference samples furnishes an additional example for the
electrochemical competence of our nanotubular system.'*?° In
line with Goodenough’s report,"® the nanostructured electrode
gives rise to the cathodic peak labeled R® in the absence of
alcohol only (reduction of adsorbed Pt-OH moieties), whereas
in its presence, one observes the anodic waves of, and O,
(attributed to the oxidation of adsorbed formyls and carbonyls
to CO,, respectively) on the anodic scan, as well as an
additional, unusual anodic feature O® on the cathodic sweep
(due to the three-electron oxidation of adsorbed Pt-CO groups
upon one-electron reduction of Pt-OH).

This electrode system now provides a well-defined and
broadly tunable platform for the investigation of transport

| | | |
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Fig. 7 Cyclic voltammetric traces recorded at a nanotubular Pt electrode
in aqueous H,SO, solution (0.5 M, black) and after addition of ethanol
(0.5 M, red). The curves are offset for clarity. The measurements were
initiated at —0.20 V (vs. Ag/AgCl/KCl(sat.) reference) in the anodic direction
at 100 mV s™'. The measurements in ethanol solution evolved with
repeated cycling: the first ten cycles are displayed in increasingly light color.
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effects in electrochemical reactions: by varying the platinum
tube length, the experimentalist can change the electrode’s
specific surface area in direct proportion to the length of the
ion diffusion paths in the solution towards the solid surface.
For this purpose, electrodes can be prepared from anodic
alumina membranes of various thicknesses, in which Pt nano-
tubes are grown until they reach the pore extremity and a con-
tinuous Pt layer develops atop the membrane. This solid
metallic layer is then utilized as the electrical contact for the
subsequent electrochemical measurements: the sample is
flipped over and Au removed in a KI; solution. When electro-
des prepared in this way with 10 pm to 30 um long Pt tubes
(200 nm diameter, 20(+10) nm wall thickness) are poised at
+0.20 V in an aqueous solution of 0.05 M potassium hexacyano-
ferrate(u), the galvanic current stabilizes at similar values
for all of them (Fig. 8). This is in line with the well-established
fast one-electron transfer reactions of the [Fe(CN)q]>*~ redox
couple. In this case, ion transport from the bulk solution to
the interface is slower than electron transfer at the interface,
so that the increase of interface area leads to no significant
gain in galvanic throughput. The situation is different for
slow multielectron transformations such as the two-electron
reduction of water. Here (at —0.30 V in 0.5 M H,S0O,), the
current increases with the tube length in a linear manner
(Fig. 8). In this case, the diffusion of protons is fast with
respect to their reduction to dihydrogen at the surface. There-
fore, the full surface area of the tubes participates in the
electrochemistry no matter how deeply buried some of the
electrodes may be. The oxidation of ethanol, a reaction of
interest for fuel cells, behaves in a similar manner. This is also
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Fig. 8 Steady-state electrochemical current densities j recorded for
three distinct reactions at electrodes made out of Pt nanotubes with
various lengths L. Experimental conditions: black, 0.05 M K4Fe(CN)g,
+0.2 V; red, 0.5 M H,SOy4, —0.30 V; green, 0.5 M H,SO,4, 0.5 M ethanol,
+1.1 V (all potentials are reported with respect to Ag/AgCl). The current
can vary by up to 20% over time (vertical error bars). The linear fits
shown as dashed lines highlight the contrasting behavior of these reac-
tions: the current density increases linearly with the electrode’s specific
surface area in the case of slow electrochemical transformations (water
reduction and ethanol oxidation), whereas it is independent of it for the
fast oxidation of hexacyanoferrate(i), which is diffusion-controlled.
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a slow, multielectron transformation which profits from an
increased specific surface area despite the longer diffusion
pathways associated with the nanopores, as is apparent in
Fig. 8 (data taken in acidic ethanol solution at +1.1 V).

Conclusions

Taken together, our results establish the applicability of a
nanotubular platinum/alumina system as a model with well-
defined, tunable geometry for systematic investigations of elec-
trochemical reactions. The system is prepared exclusively using
simple electrochemical techniques. The electrode consists of
the electrochemist’s standard material platinum, but the
system can be generalized to other metal compositions with
tailored catalytic activity. The length of the tubes is defined by
the duration of the galvanic plating procedure and/or by the
thickness of the porous template, their diameter by the con-
ditions of the aluminum anodization, and their wall thickness
by the parameters of the galvanic plating. The influence of pH,
hexachloroplatinate concentration and applied potential on
the morphology of the deposit obtained after short deposition
times are all in qualitative agreement with a published theore-
tical model. The limitations of the theory become apparent for
longer deposition durations, where the tube wall thicknesses
evolve with time.

At nanotubular surfaces obtained with these methods, the
electrolytic current associated with some difficult and in-
herently slow multielectron reactions depends on the specific
surface area linearly. These results are directly applicable to
various types of electrochemical devices, in particular batteries
and fuel cells, in which electrodes can now be structured in a
systematic manner.

Materials and methods

All solutions were prepared with water from a Millipore
DirectQ system. Chemicals were purchased from VWR, Sigma
Aldrich or Strem Chemicals and used without further purifi-
cation. Nucleopore track-etch polycarbonate membrane filters
were purchased from Whatman with a nominal pore diameter
of 200 nm and thickness of 5 um. A 70 nm thick Au layer was
deposited onto one side of the membrane as an electrical
contact with a Cressington sputter coater 108. Subsequently, a
thicker gold layer was obtained from an Auruna 5000 electro-
lyte from Umicore (-2 V in a two-electrode configuration,
30 minutes). The sample was then laid with its Au-covered side
onto a Cu substrate, whereas the other side was exposed to the
electrolyte. The platinum electrolyte solution was prepared by
dissolving H,PtCls-6H,0 and buffer or acid in various concen-
trations, as detailed in the text. The galvanic plating (as well as
the subsequent electrochemical investigations) was performed
at room temperature on potentiostats Reference 600 or G300
from Gamry. The standard three-electrode configuration was
used with a platinum mesh auxiliary electrode and an aqueous
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Ag/AgCl/KCl(sat) reference from BASi (Bioanalytical Systems,
Inc.). Various potentials were used as described in the text, all
of them are reported with respect to the Ag/AgCl/KCl(sat) refer-
ence. The electrolyte was not stirred. The anodic alumina
templates were prepared by the standard two-step anodization
procedure (electrolysis under 195 V at 0 °C in 1 wt%
H;3PO,),">"® after a preliminary electropolishing step (20 V) in
a 1:3 (v/v) mixture of conc. HCIO, and ethanol. After sputter-
ing Au onto one side of the anodic templates, the Au contact
was made thicker by a short galvanic plating in a commercial
bath (Auruna from Umicore Galvanotechnik GmbH). The elec-
trodeposition of Pt was performed in these templates with the
methods described above for the polycarbonate templates.

After electrodeposition, the samples were prepared for
structural characterization. They were glued onto a copper foil
using silver paste from Plano and the polycarbonate matrix
was dissolved in dichloromethane. Scanning electron micro-
graphs were taken on a Hitachi S4800 with field emission and
a Jeol JSM 6400 with a LaBg cathode. The tube wall thick-
nesses were determined from SEM micrographs of vertically
standing nanotubes. The uncertainties mentioned in the
graph captions represent the experimental error of the SEM
thickness measurement and the distribution of individual
values. documenting the
structural homogeneity of the samples are presented in
the ESL{ Energy-dispersive X-ray spectroscopy was acquired
on the Jeol SEM with an SDD detector. X-ray diffraction
data were collected on a Bruker D8 Advance using mono-
chromatized Cu Ka radiation (1.5406 A).

Samples to be tested as electrodes were left inside the
anodic alumina matrix. The steady-state electrolytic currents of
various redox reactions were measured in bulk electrolyses.
The fast hexacyanoferrate(un/m) couple was tested as an
aqueous 0.05 M K,Fe(CN)s solution in 1 M KCI at +0.20 V (vs.
Ag/AgCl/KCl(sat.)). The reduction of water was performed at
—0.30 Vin 0.5 M H,SO,. The oxidation of ethanol was investi-
gated at +1.10 V in an aqueous solution of 0.5 M ethanol and
0.5 M H,S0,.

Low-magnification micrographs
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