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Abstract: We report the synthesis of mesostructured Pt films with extralarge periodicity from lyotropic liquid
crystals consisting of block copolymers (polystyrene-b-polyethylene oxide, PS-b-PEO) on Au substrates
by electrochemical deposition. The Pt films with three types of (two-dimensional (2D)-hexagonal, lamellar,
and cage-type) mesostructures are successfully synthesized by controlling the compositional ratio between
block copolymers and Pt species in precursor solutions. The mesostructured Pt films have high
electrochemically active surface areas. The bumpy mesopore surfaces, which reflect the mesopore walls
consisting of connected nanoparticles, greatly contribute to the enhancement of the surface areas. The
mesopore walls have single crystal domains over 400 nm? region proved by the lattice fringes of Pt extending

over several nanopatrticles.

1. Introduction

Since the first reports,>? ordered mesoporous materials with
various framework compositions have been synthesized through
self-organization of surfactants.> ® Among them, mesoporous
metals hold promise for a wide range of potential applications,
such as metal catalysts and electrodes, owing to their metallic
frameworks. Mesoporous metals have been synthesized by the
reduction of metal ions dissolved in lyotropic liquid crystals
(LLC) consisting of highly concentrated surfactants.*®** Suc-
cessful control over the metallic compositions and morphologies
is akey factor for the enhancement of their functionalities and
the generation of the properties of new materials. To date,
mesoporous alloys with tunable compositions have been de-

T Waseda University.
FWPI Center for MANA, NIMS,
S PRESTO, JST.
(1) Yanagisawa, T.; Shimizu, T.; Kuroda, K.; Kato, C. Bull. Chem. Soc.
Jpn. 1990, 63, 988.
(2) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.;; Vartuli, J. C.; Beck,
J. S. Nature 1992, 359, 710.
(3) Yang, P.; Zhao, D.; Margolese, D. |.; Chmelka, B. F.; Stucky, G. D.
Nature 1998, 396, 152.
(4) Wan, Y.; Zhao, D. Chem. Rev. 2007, 107, 2821.
(5) Schuth, F. Chem. Mater. 2001, 13, 3184.
(6) Schuth, F.; Schmidt, W. Adv. Mater. 2002, 14, 629.
(7) Inagaki, S.; Guan, S.; Ohsuna, T.; Terasaki, O. Nature 2002, 416,
304.
(8) Meng, Y.; Gu, D.; Zhang, F.; Shi, Y.; Yang, H.; Li, Z.; Yu, C.; Tu,
B.; Zhao, D. Angew. Chem., Int. Ed. 2005, 44, 7053.
(9) Kondo, J. N.; Domen, K. Chem. Mater. 2008, 20, 835.
(10) Attard, G. S,; Bartlett, P. N.; Coleman, N. R. B.; Elliott, J. M.; Owen,
J. R.;; Wang, J. H. Science 1997, 278, 838.
(11) Attard, G. S,; Goltner, C. G.; Corker, J. M.; Henke, S.; Templer, R. H.
Angew. Chem,, Int. Ed. 1997, 36, 1315.

208 m J. AM. CHEM. SOC. 2010, 132, 208-214

signed through the coreduction of different metal species.*?~*°

In addition, the collaboration of both LLC and hard templates,
such as porous anodic alumina, has led to the versatile control
of the morphologies (e.g., nanorods,*® nanotubes®’).

Despite such progress, the versatile controls of pore size and
pore geometries remain as major challenges. Most of the
mesoporous metals reported previously have been limited to
only a two-dimensional (2D) hexagonal mesostructure with
mesopores less than 3 nm in diameter.’® " Such a limit of
mesopore size seriously devalues the advantages of mesoporous
metals because the small mesopores do not work effectively in
reaction to large-size molecules.*® It was recently shown that
block copolymer self-assembly provided access to large meso-
porous structures, and mesoporous Pt powders were obtained.'*%°
However, such powdery morphology is of limited relevance for
electrochemical or sensor devices in which the mesoporous
metals are required as thin films. Furthermore, the design of
various mesostructures in mesoporous metal films is aso
demanded because the characteristic functions vary depending
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on the mesostructures. The 2D-hexagonal mesostructure has
higher accessibility than other mesostructures due to its straight
tubular channels.®* Cage-type mesostructured films with win-
dows between mesopores have potential use as host materials
of nanoreactors which have only been realized in powdery silica
systems.?

The replication method by using hard templates, such as
mesoporous silica, zeolites, and porous membranes, has also
been introduced as another way for synthesis of mesostructured
metals.>>~*° The mesostructures of final products reflect those
of original hard templates. The final products possess inverse
mesostructures of their templates (i.e., spherical (zero-dimen-
sional, OD) or wire (1D) arrays). This process is powerful for
preparing mesoporous materials with various compositions
which are more difficult to be synthesized by conventional
processes. These ordered mesoporous materials have been
reviewed in several papers.>> %> However, this procedure
involves multisteps and harsh (e.g., alkaline condition) treat-
ments to remove templates. In contrast, the soft-templating
method using a LLC system has several advantages; one-step
synthesis, mild experimental conditionsfor the removal of LLC,
versatile controls of morphologies and compositions as men-
tioned above.*? " Therefore, we have focused on the LLC
systems for synthesis of mesoporous metals.

In this paper, we propose the synthesis of 2D-hexagonal,
lamellar, and cage-type mesostructured Pt thin films with
extralarge periodicity electrodeposited from block copolymer-
based LLC formed on Au substrates (Figure 1). By changing
the compositional ratio between block copolymer and Pt species
of a precursor solution, the mesostructures in the metal films
can be finely controlled from cage-type to 2D-hexagonal and
lamellar mesostructures.

2. Experimental Section

2.1. Materials. Hydrogen hexachloroplatinate(lV) hydrate
(H2PtClg-6H,0, Kanto Kagaku Co.) was used as a Pt source.
Tetrahydrofuran (THF, Wako Chemical Co.) was used for both the
dilution of the precursor solution and the removal of templates.
Poly(styrene-b-ethylene oxide) block copolymer (PSzgoo-b-PEO4s00)
was purchased by Polymer Source, Inc.

2.2. Synthesis of 2D-Hexagonal, Lamellar, and Cage-Type
Mesostructured Pt Thin Films. All of the experiments were
carried out at the room temperature (about 25 °C). For preparing
precursor solutions, PS-b-PEO (0.25 g) was dissolved in THF (12.5
g) and stirred for 1 h. After adding 50 wt % aqueous solution of
H,PtClg-6H,0 (0.10—0.80 mL), the solutions were stirred for 1 h.
The added amounts of Pt aqueous solution was changed depending
on the mesostructures: 0.10 mL for lamellar, 0.30—0.50 mL for
2D-hexagonal, and 0.80—1.50 mL for cage-type mesostructures,
respectively. After the resultant precursor solutions were drop-
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Figure 1. Overview of this study. High-resolution SEM images of (&)
lamellar, (b) 2D-hexagonal, and (c) cage-type mesostructured films. (a-1,
b-1, and c¢-1) Cross-sectiona images and (a2, b-2, and c-2) top-surface
images.
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synthesized from precursor solutions including 0.50 mL of a Pt agueous
solution.

coated onto a Au-coated Si substrate, LLC films were formed
immediately through solvent evaporation of THF. Pt speciesin the
LLC films were electrodeposited at a constant potential (—0.10 V
vs Ag/AgCl) by using a potentiostat/galvanostat HA-151 (Hokuto
Denko Corp.). The experimental procedures are described in
Scheme 1. After electrodeposition, the block copolymer and the
undeposited Pt species were removed with THF and water. From
the XPS (X-ray photoelectron spectroscopy) spectrum of the
samples after washing, the peaks assigned to chloride ions of
H,PtCls were not observed at around 198 eV (Figure S1). Also,
any undeposited Pt species such as Pt** were not observed, though
intense two peaks assigned to Pt° 4f,, and Pt° 4fs, were observed
at 71.0 and 74.0 eV, respectively (Figure S2).3* Furthermore, in
the IR (infrared spectroscopy) spectra of the samples after washing,
any peaks derived from aromatic rings of the block copolymers
were not observed (not shown). On the basis of these results, it
can be explained that the block copolymers and undeposited Pt
species were successfully removed by washing with THF and water.

2.3. Characterizations. Small angle X-ray scattering (SAXS)
patterns were measured using a Rigaku Nano viewer with Cu Ko
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Figure 2. SAXS patterns of (a) lamellar, (b) 2D-hexagonal, and (c) cage-
type mesostructured LL C before electrodeposition. Each LLC was prepared
from a precursor solution including (a) 0.10, (b) 0.50, and (c) 0.80 mL of
a Pt agueous solution.

radiation (40 kV, 30 mA). SEM images were obtained using a
Hitachi HR-SEM S-5500 microscope operating at 30 kV. Samples
were observed directly without any coatings. Transmission electron
microscopy (TEM) images and electron diffraction (ED) patterns
were taken by a JEOL JEM-2010 microscope using an accelerating
voltage of 200 kV. For TEM observation, film samples were
scratched from the Au substrate and the samples were dispersed in
ethanol by ultrasound and mounted on a carbon-coated microgrid
(Okenshqji Co.). For the measurement of electrochemically active
surface areas, calculated from hydrogen adsorption/desorption on
the mesostructured Pt films, cyclic voltammometry (CV) was
performed in 1.0 M agueous H,SO, solution at the potential scan
rate of 100 mV-sec! by a potentiostat/galvanostat HZ-5000
(Hokuto Denko Co.). XPS spectra were taken at room temperature
using a JPS-9010TR (JEOL) instrument with a Mg Ka X-ray
source. All binding energies were calibrated by referencing C 1s
(285.0 eV). FT-IR spectra of the LLC films on Si substrates were
obtained by transmission mode with a nominal resolution of 2.0
cm™* on aFT/IR-6100 (JASCO Co.). Liquid-state *H NMR (nuclear
magnetic resonance) spectrawere obtained by using a JEOL ECX-
500 spectrometer with resonance frequencies of 500.0 MHz. The
sample solutions for the NMR measurement were prepared by
dissolving the LLC films in chloroform-d. The solutions were put
into a5 mm glass tube. Tetramethylsilane (TMS) was added as an
internal reference. Chloroform-d was used to obtain lock signals.

3. Results and Discussion

When the amount of the aqueous Pt solution in the precursor
solutions ranged from 0.30 to 0.50 mL, mesoporous Pt films
with a 2D-hexagonal mesostructure were prepared (Figures 1b,
2b, 3, and 4). The small-angle X-ray scattering (SAXS) patterns
of the LLC film before Pt deposition showed obvious peaks
with higher-order diffractions (d = 16.5 nm (0.30 mL, not
shown) and 15.2 nm (0.50 mL, Figure 2b)).

After the Pt deposition, the obtained films were crack-free
and had a uniform thickness of around 100 nm over the entire
area (Figures 3 and 4). For the formation of such continuous
films, the selection of substrate composition isimportant. When
Pt species in an agueous Pt solution without block copolymers
are electrochemically reduced on Au substrates, the atomic
arrangements of the deposited Pt were reflected by those of the
Au substrate, as is evidenced by the scanning tunneling

210 J. AM. CHEM. SOC. = VOL. 132, NO. 1, 2010

Figure 3. (a and b) Top-surface and (c, d, and €) cross-sectional SEM
images of 2D-hexagonal mesostructured Pt films prepared from a precursor
solution including 0.50 mL of a Pt agueous solution. Panel e is a highly
magnified image of the square region of panel d. The nanopaticles were
assembled to make the frameworks. The cylindrical mesochannels of panel
c indicated 2D-hexagonal mesostructures oriented parallel to the substrate,
which was also supported from Figure 1b.

Figure 4. (aand b) Top-surface and (c and d) cross-sectional SEM images
of 2D-hexagonal mesostructured Pt films prepared from a precursor solution
including 0.30 mL of a Pt aqueous solution.

microscopic (STM) images.*? Because the lattice parameters
of the deposited Pt are quite similar as those of Au, the
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Figure 5. (aand b) Top-surface and (c) cross-sectional SEM images of
cage-type mesostructured Pt films prepared from a precursor solution
including 0.80 mL of a Pt aqueous solution.

nucleation of Pt easily occurs. Therefore, in the present case, a
lot of the Pt nuclel are homogeneously generated on the Au
substrate at the initial stage of the Pt deposition. Then, Pt can
uniformly grow from the initial Pt nuclei. Therefore, Pt can be
continuously deposited over the entire area of the Au substrate.
In contrast, when ITO substrates were used instead of Au
substrates, granular particles were deposited.® The lattice
parameters of surface ITO are different from those of Pt.
Because of such a mismatch of the parameters, the number of
Pt nuclei generated at the initial stage is not sufficient to make
a continuous film. The low deposition potential is another
necessary factor for continuous crack-free films. The low
deposition potential can prevent side reactions such as the
evolution of gas at the interface between the LLCs and Au
substrates. The evolution of gas has often been the cause of
cracks in films. In our electrodeposition conditions, the film
growth from the LLC is carried out under mild deposition
conditions even though the LLC suppress the diffusion of the
metal ions.

From highly magnified images, the top surface of the film
showed stripes (Figures 1b—2, 3a,b and 4a,b), which are typical
features of mesochannels oriented parallel to the substrate. These
stripes were bent rather than aligned in a uniaxial direction.
Both the honeycomb arrangements of mesopores and tubular
mesochannels (Figures 1b-1, 3c—e, and 4c,d) indicate the
formation of 2D-hexagonal mesostructure.

Other mesostructured films, such as cage-type and lamellar
structures, were synthesized on substrates by changing the
amount of the aqueous Pt solution in the precursor solutions
(Figure 1a,c). When the amount of the Pt solution was increased
to 0.80 mL, the cage-type of Pt mesostructure was obtained
(Figure 5). The agueous Pt species were strongly interacted with
EO groups in LLC, and a stable conformation was formed.*
With the increase of the Pt species, the size of hydrophilic
groups was relatively larger than that of the hydrophobic groups,
and the curvature of the block copolymer assemblies was larger,
being transformed to a cage-type mesostructure. The SAXS
measurement of the LLC film before Pt deposition showed an
obvious peak (d = 14.7 nm), and its higher-order diffractions
became unclear (Figure 2c). After the deposition, open meso-
pores of around 10 nm in diameter were observed from the top
surface of the film. (Figure 5a,b) The repeat distance was around

(33) Cdlik, O.; Dag, O. Angew. Chem,, Int. Ed. 2001, 40, 3800.
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Figure 6. (a) Top-surface and (b—f) cross-sectiona SEM images of lamellar
mesostructured Pt films prepared from a precursor solution including 0.10
mL of a Pt aqueous solution. Panel e is a highly magnified image of the
square region of panel d.

15 nm, which was consistent with the SAXS data (Figure 2c).
From the cross-sectional SEM images, the spherical mesopores
were observed in the inner part of the film, indicating that
mesopores were present all over the film (Figure 5c¢) and that
they were packed randomly and interconnected with each other.

On the other hand, LLC films with a lamellar mesostructure
were formed by adding a smaller amount (0.10 mL) of the Pt
aqueous solution (Figure 1a). The SAXS pattern of LLC films
showed intense peaks (d = 17.3 nm) (Figure 2a). After the Pt
deposition, stacked layers with a parallel orientation to the
substrates were mainly observed over a large area (Figures 1la
and 6a—c). In very small domains, layers were accidentally
oriented perpendicularly to the substrate and/or tilted (Figures
6d—f). The standing layers ran across the film. The alignment
transition in a perpendicular direction was thought to occur
during Pt deposition. This phenomenon would be due to the
gradua increase of the Pt ion concentration localy near the
interface between the LLC film and the Au substrate. Although
the mechanism for the local perpendicular orientation is unclear,
a previous system of PS-b-PMMA with large amounts of Li*
and Cl~ ions shows a similar situation,3 in which both of the
ions are present at the interface between the polymer and the
substrate,® inducing the transition of the orientation of lamellar
mesophase possibly due to the change of the interfacial
interaction.

In the 2D-hexagona systems, however, a perpendicular
orientation was not observed. It could be due to the difference
in the mobility of LLC. The 2D-hexagonal LLC with higher
concentrated Pt species is more stable and rigid because more
Pt ions interacted with EO groups3 Therefore, the 2D-

(34) Wang, J. Y.; Chen, W.; Sievert, J. D.; Russell, T. P. Langmuir 2008,
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Figure 7. (a) Cross-sectiona and (b and c) top-surface SEM images of
mesostructured Pt films with mixed phases of both 2D-hexagona and
lamellar mesostructures, prepared from a precursor solution including 0.20
mL of a Pt agueous solution. Dotted circular and square regions are typical
images of lamellar and 2D-hexagonal structure, respectively.

hexagonal and cage-type LLC mesostructures can be strictly
fixed during the Pt deposition, while the lamellar LLC is
assumed to move by the change in the concentration of Pt ions
during the deposition. In fact, the thicknesses of the layers of
the lamellar Pt film varied from 15 to 50 nm depending on the
location; that is, the observed periodicity largely changed from
that of the original LLC film (Figure 6b—e).

Furthermore, the lamellar Pt film showed a stacked discon-
tinuous plate-like morphology, which is in contrast to the
continuous films with 2D-hexagonal and cage-type mesostruc-
tures (Figures 1a-2 and 6a). The difference is due to the Pt
deposition behavior in LLC. In the 2D-hexagonal and cage-
type LLC, hydrophilic domains with the Pt species are continu-
ously present over the entire films. Therefore, Pt species can
be uniformly attracted around Pt nuclei, which are generated
onto Au substrates at a very early stage of electrodeposition,
making continuous films with uniform thickness. It is possible
to finely control the film thickness by changing the deposition
time. In lamellar LLC, however, Pt species were preferably
moved along the parallel direction to the substrate because the
diffusion of the Pt species was limited due to the sheetlike
hydrophilic domains.

Mixed phases (i.e., lamellar and 2D-hexagona mesostruc-
tures, 2D-hexagonal, and cage-type mesostructures) were de-
posited by adding an intermediate amount of the Pt solution.
When 0.20 mL of the Pt solution was added, cross-sectional
images indicated the presence of both layered and honeycomb
mesostructures at the same time, which is the typical structure
of lamellar and 2D-hexagona mesostructures, respectively
(Figure 7). On the other hand, when the added amount was 0.70
mL., both curved tubular mesochannels (Figure 8a) and closely
packed mesocages (Figure 8b) were observed. The 2D-
hexagonal domain was much smaller than those of the 2D-
hexagona films (Figures 3aand 44). The formation of the mixed
phase is strong evidence that the phase transition occurred
gradually depending on the amount of the Pt speciesinthe LLC.

212 J. AM. CHEM. SOC. = VOL. 132, NO. 1, 2010

Figure 8. Top-surface SEM images of mesostructured Pt films with mixed
phases of 2D-hexagonal and cage-type mesostructures, prepared from a
precursor solution including 0.70 mL of a Pt agueous solution.

The mesostructural control can generally be discussed by
packing parameters of block copolymers with inorganic units.3%="
The similar phase transition have been studied on LLC
mesostructures of a ternary (H,PtClg + water + CEQg as a
surfactant) system.®® When the concentration of the Pt species
in water was fixed, the LL C mesostructures were changed from
lamellar to bicontinuous cubic (1a3d), 2D-hexagonal, and finally
micelle cubic with the increase of the weight ratios of the
aqueous Pt solutions to the surfactants. Because the EO groups
of the surfactants can accommodate metal agua complexes
through hydrogen bonds,® the apparent size of the complex
EO group with metal ions becomes bigger as the ratio of the Pt
solutions is increased. This phenomenon should be applied to
our present study using PS-b-PEO with the same hydrophilic
compositions (EO groups). In the IR spectrum of the LLC film
prepared from a precursor solution including 0.50 mL of Pt
agueous solution, an absorption band around 1079 cm™* assigned
to the C—0O stretching vibration of PEO groups was dightly
shifted to lower energy (Supporting Information, Figure S3),3
indicating the same phenomenon on the formation of hydrogen
bonding between Pt agua complexes and PEO groups. Therefore,
the increase in the volume of hydrophilic head groups to
hydrophobic tail groups induces the transitions from lamellar
to 2D hexagonal, and further transition to cage-type mesostruc-
ture.

The phase transitions of the mesostructured Pt system in the
present study are different from those of mesostructured silica
systems. Mesostructured silica films prepared by the EISA
(evaporation-induced self-assembly) method are synthesized
from PEO,—PPO;,—PEOy triblock copolymer (P123) and
tetraethoxysilane (TEOS). The number of Si atoms to one EO
unit is, as a typica example, 0.95 for lamellar, 2.7 for
2D-hexagonal, and 4.3 cage-type (Im3m) mesostructures, re-
spectively.®® In the present case, it is necessary to add smaller
amounts of Pt species and to change the ratio of P/EO unit in
a much larger scale. The number of Pt species to one EO unit
was 0.030 for lamellar, 0.092—0.15 for 2D-hexagonal, and 0.24
for cage-type mesostructures. The difference may be due to the
difference of the interaction strength between the inorganic
species and the EO units. In both systems, inorganic species
and EO units form hydrogen bonding. Unlike silica cases, the
Pt complexes do not form oligomers but are present indepen-
dently as an aqua complex.®® Therefore, the Pt agua complexes
are expected to be more effectively interacted with the EO units.
Even small amounts of Pt complexes can densely entangle lots
of EO unitsin the LLC, forming a stable conformation. When

(36) Alberius, P. C. A.; Frindell, K. L.; Hayward, R. C.; Kramer, E. J;
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C16EOg is used for the synthesis of mesoporous Pt, the number
of Pt species to one EO unit is 0.10 for 2D-hexagonal
mesostructures,®® which corresponds to the present PS-b-PEO
system. These finding should be important for the synthesis of
mesostructured Pt by using soft-templates.

It should be noted that our synthetic procedure of mesoporous
metal's through solvent evaporation is completely different from
the EISA method for the synthesis of mesoporous silica and
other metal oxides films. In the case of the EISA system, as
the organic solvent is gradually evaporated, the inorganic
frameworks (such as silica and metal oxides) are simultaneously
formed through sol—gel reaction of inorganic species.> °3637
Therefore, the obtained mesostructures are strongly dependent
on the temperatures and times of the solvent evaporation.
Disordered structures or mixed mesophases have often been
observed. The fine control of the evaporation process is quite
important for making highly ordered mesoporous films.39~4
In our case, however, these factors on the solvent evaporation
(temperatures and times of solvent evaporation, and both kind
and amount of organic solvents) do not influence the LLC
mesostructure at al. Our precursor solutions for the LLC
formation consist of amphiphilic molecules (as templates),
inorganic species (metal salts), water, and volatile organic
solvents.*®4? The LLC are gradually formed through the
evaporation of the organic solvents. Unlike the EISA system,
metal species are not reacted (including reduction) during the
solvent evaporation. The LLC mesostructures after the solvent
evaporation are determined by the compositional ratio of metal
solutions and block copolymers. The LLC mesostructures can
be directly predicted by a certain phase diagram of ternary
compositions (surfactant, water, and metal species) independent
of the amount of organic solvent. After the LLC formation on
substrates, metals are deposited in the presence of LLC. The
final mesostructures basically reflect those of the LLC.

In the present system, THF was used as the volatile organic
solvent to dissolve the block copolymers. The SAXS patterns
of the LLC mesostructures after THF evaporation did not change
at al, irrespective of the amount of THF solvent. After the LLC
films were formed on the substrates, THF was completely
evaporated, as was confirmed by the NMR spectrum (Supporting
Information, Figure $4). Even when the evaporation speed of
THF was accelerated under higher temperatures, the mesos-
tructures of the LLC films prepared from the same precursor
solutions were identical. Consequently, our process is quite
different from the conventional EISA method. To distinguish
the difference between the conventional EISA method and ours,
we named our process as “evaporation-mediated direct tem-
plating (EDIT)”.*? Recently, this EDIT procedure has been
applied to other metal systems by different research groups for
the synthesis of mesoporous metals and semiconductors. >

It should be noted that the mesopore walls had bumpy
surfaces composed of connected nanoparticles (Figures 3e and
5¢), and the fact of the formation of bumpy surfacesis a unique
characteristic of the metal deposition in LLC. It has been

(39) Lindén, M.; Schunk, S. A.; Schiith, F. Angew. Chem.,, Int. Ed. 1998,
37, 821.

(40) Grosso, D.; Babonneau, F.; Soler-lllia, G. J. A. A.; Albpouy, P. A,;
Amenitsch, H. Chem. Commun. 2002, 748.

(41) Grosso, D.; Balkenende, A. R.; Albouy, P. A.; Ayral, A.; Amenitsch,
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(42) Yamauchi, Y.; Takal, A.; Komatsu, M.; Sawada, M.; Ohsuna, T.;
Kuroda, K. Chem. Mater. 2008, 20, 1004.

(43) Luo, K.; Walker, C. T.; Edler, K. J. Adv. Mater. 2007, 19, 1506.

(44) Turker, Y.; Dag, O. J. Mater. Chem. 2008, 18, 3467.

Figure 9. (aand c¢) TEM images and (b) ED pattern of 2D-hexagonal
mesostructured Pt prepared from a precursor solution including 0.50 mL
of Pt agueous solution. Inset image of panel ¢ is an FFT pattern of the
square region of the panel. The lattice fringes of panel ¢ correspond to Pt
{111} planes due to d-spacings (0.23 nm) and the dihedral angle (ca. 66°).
Samples for the TEM observation were scratched from the substrate and
then dispersed in ethanol by ultrasound and mounted on a carbon-coated
microgrid.

reported that metal nanoparticles are assembled to make thin
films.*® Such films are of interest for their potential applications
owing to their high surface areas, and the random micropores
are derived from the voids among the assembled nanoparticles.
Our mesoporous Pt films possess ordered mesospaces, and the
framework is composed of connected nanoparticles, which
should increase the electrochemically active surface area and
improve mass diffusion efficiency of guest molecules. A highly
magnified TEM observation of the 2D-hexagona mesoporous
Pt film revealed that the Pt atomic crystalinity is coherently
extended across at least more than 10 nanoparticles (Figure 9).
The single crystal domain was over 400 nm? regions. The XPS
spectrum of the 2D-hexagona mesostructured Pt films showed
two peaks at 71.0 and 74.0 €V assignable to Pt 4f;, and Pt
4f5, respectively®! (Supporting Information, Figure S2), which
indicates that Pt species are present as zerovalent.

The cyclic voltammetry (CV) of the mesostructured Pt films
showed a typical feature of the Pt electrode in aqueous H,SO,
solution (Figure 10). To characterize the surface of obtained
mesostructured Pt films, the electrochemical method was applied
because of its merit of proving the catalytic activity of surface
instead of the physical surface area evaluated by the BET
method of N, adsorption. The hydrogen adsorption and desorp-
tion were well-defined at the anodic and cathodic peaks, which
are consistent with the typical CV curves of the polycrystalline
nature of Pt. The CVs proved that the surfaces of these films
are clean and have electrochemical activities. The removal of
the block copolymers was a so supported by these data. On the
basis of the assumption that a monolayer of hydrogen corre-
sponds to an adsorption charge of 210 #C-cm~2,% the electro-
chemically active surface areas of the mesostructured Pt films
with 2D-hexagonal and cage-type were estimated to be about

(45) Kim, S. W.; Park, J;; Jang, Y .; Chung, Y.; Hwang, S.; Hyeon, T. Nano
Lett. 2003, 3, 1289.

(46) Biegler, T.; Rand, D. A. J;; Woods, R. J. Electroanal. Chem. 1971,
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Figure 10. Cyclic voltammograms of the mesostructured Pt films in
aqueous 1.0 M H,SO, solution a 100 mV-s™* Solid pink line, 2D-
hexagonal; two dot chain green line, cage-type; and dashed blue line,
lamellar mesostuctures. (Ha, hydrogen adsorption; Hd, hydrogen desorption;
Oa, formation of Pt—O; Od, reduction of Pt oxide.)

370 m?-cm~3 and 430 m?-cm~3, respectively, from the hydrogen
adsorption/desorption charge. Both values were similar to the
highest values (up to 460 m?-cm™3) of ordered 2D-hexagonal
mesoporous Pt films synthesized from Ci;cEOg on the Au
electrodes.*” The surface area expressed by the unit of m?-cm3
could not be converted to the general unit of m?-g~* because
the density of the mesostructured Pt films could not be estimated,
being due to the inhomogeneous nature of bumpy pore walls.
To estimate these surface areas by the unit of m?-g~?, we apply
asimple model of a mesoporous film (composed of Pt or SiO,)
which have perfect 2D-hexagonal mesostructures with (1)
smooth mesopore surfaces, (2) no micropores, (3) uniaxial
alignment (not bending), and (4) the same pore diameter and
pore wall thickness as those estimated from SEM images (Figure
4). The specific surface area per volume of the assumed simple
model is calculated to be about 47 m2-cm™ for both Pt and
SiO,, and this value can be converted to the surface area per
weight of about 2.6 m?-g~* for mesoporous Pt and 25 m?-g~*
for mesoporous silica if the density of mesopore walls are
assumed to have those of bulk Pt (21.45 g-cm™23) and amorphous
silica (2.2 g-cm™3). The value of 47 m?-cm~3 is much lower
than the experimental surface area (370 m?-cm™3). Therefore,
the present mesostructured Pt films should contain additional
surface areas due to the bumpy mesopore walls consisting of

(47) Elliott, J. M.; Attard, G. S,; Bartlett, P. N.; Coleman, N. R. B.; Merckel,
D. A. S,; Owen, J. R. Chem. Mater. 1999, 11, 3602.
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connected nanoparticles which effectively act as electrochemi-
caly active surfaces, which greatly contributes to the increase
in the surface areas. Similarly, the actual surface area of the
cage-type mesostructured Pt films (430 m2-cm™3) is much higher
than the simulated surface area (94 m?-cm2) of the model of
cage-type of mesostructure with the same periodicity. In the
case of the lamellar mesostructure, the specific surface areawas
about 57 c? per 1 cn?? of the film. The specific surface area
per 1 cm? of the film was not calculated here because the film
thickness was not uniform (Figure 6). From the CV measure-
ments, the mesostructured Pt films with large periodicities have
high electrochemically active surface areas, indicating that the
inner parts of the films are highly accessible.

4, Conclusion

2D-Hexagonal, lamellar, and cage-type mesostructured Pt
films with extralarge periodicity were successfully synthesized
by changing the composition ratio of Pt species over block
copolymers and by electrodeposition on Au substrates. The
mesostructured films have high electrochemically active surface
area due to bumpy frameworks consisting of the connected
nanoparticles. The present synthetic method should be widely
applicable in not only single metal systems but also binary and
ternary aloy systems. The synthesis of various mesostructured
metal films with extralarge periodicity opens new applications,
such as electrochemical sensing and separation utilizing mol-
ecules that are too large to be treated with small mesopores.
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