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Perpendicular mesoporous Pt thin films: electrodeposition from titania
nanopillars and their electrochemical propertiest
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A perpendicular mesoporous platinum electrode with a flat
surface is successfully synthesized by electrodeposition using
titania nanopillars as template, and the electrochemical studies
indicate that this material is a promising catalytic electrode for
fuel cells because of its high surface area and perpendicular
nanopores.

Porous Pt electrodes are an essential component for electro-
chemical devices such as fuel cells’? and sensors,>* and thus
the preparation of electrodes with an optimal structure is
important. Different synthetic processes have been utilized
for producing Pt electrodes with various porous structures.
For example, mesoporous Pt with cylindrical pores parallel to
the substrate are synthesized by reduction of metal ions
dissolved in the aqueous domains of lyotropic liquid crystal-
line (LLC) phase.>® Three-dimensionally ordered macropor-
ous (3DOM) Pt electrodes are synthesized by means of
colloidal crystal templating.® These porous electrodes have
advantages over particles-based electrodes because of their
ordered porous nanostructure with relatively large surface
area (e.g., ca. 20-50 m*> g~ ! for mesoporous Pt).>*> The
ordered structures are useful for precise analyses and the
optimization of mass- and ion-transfers in the pores. The large
surface promotes reactions on the electrode, and thus the
electric current from fuel cells and sensors increases. In
particular, perpendicularly-oriented pores exhibit good acces-
sibility from film surfaces and therefore should increase the
mass- and ion-transfers.” However, the lack of concurrent
achievement of large surface area comparable to nanoparticles
(>10 m? g7!) and perpendicularly-oriented porosity greatly
reduces the merit.” Perpendicular porous metals (e.g., Pt, Ni,
Au) have only been fabricated by means of anodic-alumina
replication so far, but the pore sizes of these electrodes are

“ Graduate School of Science and Engineering, Waseda University,
Okubo 3-4-1, Shinjuku, Tokyo, 169-8555, Japan
b Faculty of Science and Engineering, Waseda University, 3-4-1
Okubo, Shinjuku, Tokyo, 169-8555, Japan.
E-mail: osakatets@waseda.jp
¢ Waseda Institute for Advanced Study, Waseda University, Nishi-
Waseda 1-6-1, Shinjuku, Tokyo, 169-8050, Japan
1 Electronic supplementary information (ESI) available: Cyclic vol-
tammograms of titania modified electrodes, water vapor adsorp-
tion—desorption isothermal lines of titania nanopillars, additional
SEM and TEM images and details of analysis on Fig. 3. See DOI:
10.1039/b803225d
1 Current address: Department of Chemistry, lowa State University,
Ames, Towa 50011-3111, USA.

generally large (in the range of sub-micrometers)® for the
application to fuel cells and sensors.

Here we propose a new method for fabricating mesoporous
Pt films with uniform pores (ca. 10 nm), perpendicular align-
ment, and large surface area by electrodeposition using titania
nanopillars as template (Scheme 1). In addition, the electro-
chemical study of the Pt film indicates the potential applica-
tion as electrodes in fuel cells. Moreover, we expect that such
electrodes with a well-defined pore structure is useful for
precise analyses on the reactions of fuel cells and sensors.

The fabrication process of the perpendicular mesoporous Pt
film is illustrated in Scheme 1. First, the film of titania
nanopillars was prepared by following our previous proce-
dure.® A precursor solution containing titanium tetraisoprop-
oxide (TTIP), a surfactant Pluronic P123, ethanol, and
HCl,q, was prepared and then spin-coated onto Pt-sputtered
Si substrates. The as-coated films were aged at —20 °C for 24
h, and then were heated up to 400 °C (1 °C min ') and kept at
400 °C for 4 h. Observation with scanning electron microscopy
(SEM) confirmed that arrays of nanopillars with an ordered
interval of pores around 16 nm were formed on a Pt substrate
as shown in Fig. 1(A-C). We previously reported the nano-
pillars were generated from aggregation of crystalline titania
nanoparticles.” The same structure can also be prepared on
indium tin oxide (ITO) substrates (ESIt), thus this process is
applicable to various electrodes. The characterization of the
pore (porosity, surface area, etc.) was performed by water
vapor adsorption—desorption isotherms (ESI*).'® The film of
titania nanopillars exhibits a high porosity (ca. 34%) and a flat
surface over large area. These properties are beneficial to the
replication of the structure by electrodeposition.

Next, we electrodeposited Pt into the film of titania nano-
pillars, and the optimal condition was found at 0.35 V vs. Ag/
AgCl in 10 mM H,PtClg for 2250 s using a rotating-disc-
electrode (RDE) system at 1500 rpm in order to obtain a flat
surface.!"!? Because titania is inert at the potential 0.35 V., pt
is deposited only from the Pt substrate to fill out the space of
the template. It has been reported that the mass transfer of
bulky anionic species (e.g. Fe(CN)s>") into a mesoporous

Pt TiO,
deposition etching
—_— —_—
with RDE with HF
TiO,-nanopillars Flat Pt film Flat Pt film
on a Pt substrate with TiO,-pillars with perpendicular
mesopores

Scheme 1 Schematic flow diagram for preparing flat Pt electrodes
with perpendicular mesopores.
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Fig. 1 Characterization of the film of titania nanopillars on con-
ductive substrates; (A—C) SEM images for confirming the generation
of the nanopillars on a Pt substrate: (A) a birds-eye view, (B) a top
view, and (C) a cross-sectional view. (D) Cyclic voltammogramms of
Fe(CN)¢>~/Fe(CN)g*~ on an indium-tin-oxide (ITO) electrode mod-
ified with the mesoporous titania: (a) titania nanopillars calcined at
400 °C, (b) mesoporous titania calcined at 200 °C (before structural
transformation to nanopillars, see ESIt), and (c) bare ITO electrode.
Scan rate: 50 mV s~ '. Electrolyte: 100 mM Na,SO, containing 1 mM
K;3Fe(CN)y.

titania film was inhibited by electrostatic repulsion between the
anion and the titania surface.'* Our cyclic voltammetric (CV)
results (Fig. 1D) indicate that this phenomenon indeed hap-
pened in the case of mesoporous titania film calcined at 200 °C
(curve “b”), i.e. before the formation of nanopillar structure.
However, in the case of the film calcined at 400 °C (curve “a”),
i.e. after the formation of nanopillar structure, the inhibition
was negligible because its CV result is similar to that on a bare
electrode (curve “c””).!® This study indicates that the nanopillar
structure hardly inhibits mass transfer even though the space
among the pillars is in the range of several nanometers.'?

A perpendicular mesoporous Pt electrode was obtained
after the removal of the titania nanopillar template. After
deposition of Pt, the film of the Pt/TiO, composites was
soaked in 50% HF aq. for 5 min,'* washed with a large
amount of pure water, and cleaned throughout the electrode
surface by an electrochemical hydrogen-evolution process
conducted at —0.25 V vs. Ag/AgCl for 20 s in a 0.5 M
H,SO,4. The top and cross-sectional FE-SEM images of the
fabricated Pt electrode (Fig. 2A-D) indeed show that the Pt
electrode exhibits perpendicular mesopores with an average
diameter of ca. 10 nm, a flat surface, and a uniform thickness
of ca. 230 nm for the entire film, indicating a well replicated
structure from titania nanopillars. The porosity is estimated as
ca. 66% according to the porosity of the template when the
replication proceeds perfectly. The elemental mapping data by
TEM-energy dispersive X-ray spectroscopy (TEM-EDX) in-
dicated that the film was mainly composed of Pt with a small
amount of Ti, as shown in Fig. 2E. The black region in the
STEM image is confirmed to be mainly composed of Pt, and
the white region contains Pt and also Ti. This result indicates

Fig. 2 Electron microscopic characterization of the obtained perpen-
dicular mesoporous Pt electrode: top (A, B) and cross-sectional (C, D)
SEM images, and a cross-sectional TEM image (E). The insets in the
TEM image were elemental mapping (EDX): Pt-L (top) and Ti-M
(middle), and the corresponding STEM image (bottom). The red
crosses indicate the same point.

that a small amount of Ti remained as a contaminant in the
electrode even after the HF etching.

The electrochemical properties and surface area of the
perpendicular mesoporous Pt electrode were evaluated by
CV in a sulfuric acid solution (Fig. 3A). The result is well-
consistent with a typical CV of polycrystalline Pt electrode, i.e.
sharp hydrogen ad/desorption current peaks (—0.1, 0.03 V),
constant double-layer-charging current (0.2-0.6 V), oxide for-
mation current (>0.6 V), and oxide deformation current peak
(0.6 V).'* The contaminant (i.e., Ti) had no effect on the CV.
We further calculated the roughness factors (Ry) based on the
hydrogen-desorption charge,"® and the Ry value was 50.6 for
the perpendicular mesoporous Pt electrode and was 3.8 for a
planar (poreless) Pt electrode used as a reference. On the basis
of the roughness factor, the thickness, and the density of Pt
(21.4 g cm™), the specific surface area of the obtained Pt
electrode was determined as 14.1 + 1.4 m? g~'. This value is
smaller than the literature values (20-50 m? g~') of meso-
porous Pt fabricated from LLC processes probably due to
larger pores and thicker walls.!®

To use the perpendicular mesoporous Pt electrode as a fuel
cell catalyst, we evaluated the oxygen reduction activity of the
electrode by hydrodynamic voltammetry (HV).'”'® As shown
in Fig. 3B, the HVs of the perpendicular mesoporous Pt
electrode and a planar Pt electrode were recorded at a rotation
rate of 1000 rpm. The results clearly show that there was an
increased current density for the mesoporous Pt as compared
with that of the planar Pt in the range of the potential between
0.35t0 0.7 V. The increased current is commonly attributed to
the large roughness factor of the mesoporous Pt, and also to
the possible increase in the inherent catalytic activity. In order
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Fig. 3 Electrochemical characterization of (a) the perpendicular
mesoporous Pt electrode compared with (b) a planar polycrystalline
Pt electrode. (A) Cyclic voltammograms in 0.5 M H,SO, solution
saturated with nitrogen at 50 mV s~!. (B) Hydrodynamic voltammo-
grams of oxygen reduction in oxygen saturated 0.5 M H,SO, solution
at 25 °C. Rotating rate: 1000 rpm. Scan range: from open-circuit
potential to 0.2 V. Scan rate: 1 mV s~'. (C) Diffusion-controlled Tafel
plot based on electrochemically-active surface area corresponding to
the hydrodynamic voltammograms.

to evaluate the activity, the specific activity defined as current
density per electrochemically-active surface area (A..) is de-
termined from the diffusion-corrected Tafel plot (Fig. 3C). The
typical slope of a Tafel plot of oxygen reduction'” " (i.e., ~60
mV decade™!) was obtained, which can explain that the
reaction mechanism of oxygen reduction for the perpendicular
mesoporous Pt was the same as that for regular Pt electrodes.
At 0.7 V, the perpendicular mesoporous Pt exhibits a higher
specific activity (—7.5 pA cm™>_p,) than the planar Pt (—0.61
pA cm™2_p,). The specific activity of the perpendicular meso-
porous Pt is well-consistent with that (—7.4 pA cm™2_p,) from
the mesoporous Pt electrodes made by LLC process.'® The
increased activity compared with the planar Pt can be ex-
plained by the difference in microstructure (e.g., crystal size)'®
and/or morphology (e.g., concave structure).?’ The high-re-
solution TEM (HR-TEM) image of the perpnedicular meso-
porous Pt electrode displayed Pt nanocrystallites with sizes of
5-7 nm in the framework (ESI{). This crystal size is much
smaller than that of bulk Pt (or the planar Pt electrode). As for
the morphological effect, our perpendicular mesoporous Pt
electrode possesses a concave structure which has been proved
to be able to enhance the catalytic activity of electrode.?®

In conclusion, a perpendicular mesoporous Pt film posses-
sing a nanopore size of 10 nm, a flat surface, and a high surface
area was synthesized by electrodeposition using titania nano-
pillars as a template. Moreover, the fabricated mesoporous Pt
film showed high oxygen-reduction activity as compared to a
planar Pt electrode. This new material is expected to possess

potential applications for electrocatalysts, e.g., oxygen reduc-
tion reaction catalysts for fuel cells.
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