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ABSTRACT: Mesoporous Pt—Au binary alloys were electro-
chemically synthesized from lyotropic liquid crystals (LLCs)
containing corresponding metal species. Two-dimensional exago-
nally ordered LLC templates were prepared on conductive
substrates from diluted surfactant solutions including water, a
nonionic surfactant, ethanol, and metal species by drop-coating.
Electrochemical synthesis using such LLC templates enabled the
preparation of ordered mesoporous Pt—Au binary alloys without

phase segregation. The framework composition in the mesoporous Pt—Au alloy was controlled simply by changing the
compositional ratios in the precursor solution. Mesoporous Pt—Au alloys with low Au content exhibited well-ordered 2D
hexagonal mesostructures, reflecting those of the original templates. With increasing Au content, however, the mesostructural
order gradually decreased, thereby reducing the electrochemically active surface area. Wide-angle X-ray diffraction profiles, X-ray
photoelectron spectra, and elemental mapping showed that both Pt and Au were atomically distributed in the frameworks. The
electrochemical stability of mesoporous Pt—Au alloys toward methanol oxidation was highly improved relative to that of
nonporous Pt and mesoporous Pt films, suggesting that mesoporous Pt—Au alloy films are potentially applicable as
electrocatalysts for direct methanol fuel cells. Also, mesoporous Pt—Au alloy electrodes showed a highly sensitive amperometric
response for glucose molecules, which will be useful in next-generation enzyme-free glucose sensors.

1. INTRODUCTION

Noble metals such as Pt and Au are highly resistant to
corrosion or oxidation, unlike most base metals, and they are
known as the most chemically stable metals. Recently,
nanostructured noble metals have been extensively explored
because of their unique physical and chemical properties, which
are different from those of the metals in bulk."* In particular,
Pt-based nanomaterials (e.g,, nanoparticles, nanotubes, nano-
fibers, and nanoporous materials) have been widely researched
and are expected to be used in exciting technological
applications, including fuel cells, hydrogenation, sensors, and
catalysts.”~” Although Au previously was known to be
catalytically less active than other metals, the discovery of Au-
based catalysts with extraordinarily high catalytic activity for a
variety of reactions, including low-temperature CO oxidation,
has driven recent interest in Au chemistry and Au-based
nanomaterials.® '

Recent reports have demonstrated that Pt—Au alloy
nanoparticles have unique effects on catalysis, which is of
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fundamental interest and importance for further enhanced

. .. 11-16
functionalities.

The Pt—Au bimetallic system is very
interesting because it has more unusual catalytic properties
than pure Au and pure Pt. The Pt—Au alloy surface shows
outstanding electrocatalytic performance for methanol oxida-
tion reactions in fuel cells because the presence of Au
suppresses the adsorption of poisoning species, such as CO."”
However, in general, Pt and Au are difficult to form in a
homogeneous binary alloy state. Therefore, phase segregation

has often been reported."® ™'

The creation of a binary Pt—Au
alloy is a worthwhile challenge. Although many efforts have
been made to prepare bimetallic Pt—Au nanomaterials under
various synthetic conditions, their processes are still compli-
cated because of the different reduction kinetics of Au and Pt

ions.
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Figure 1. Illustration of the experimental procedure for preparation of mesoporous Pt—Au alloy films by electrochemical deposition. The
photographs show mesoporous Pt—Au films deposited on Au-coated Si substrates.

In this report, we propose the introduction of mesoporous
structures in Pt—Au binary alloy systems using as templates
lyotropic liquid crystals (LLCs) containing highly concentrated
surfactants. Metallic mesoporous structures can provide high
surface areas and large pore volumes as well as high
electroconductivity, which are important factors for electro-
chemical applications.” Since the first report of mesoporous Pt
by Attard et al. in 1997,> various kinds of mesoporous metals
with different compositions have been reported.”*~ 3¢ However,
mesoporous alloys containing Au have never been reported
because of difficulty of synthesizing them. The general synthesis
involves the formation of the LLC template followed by the
reduction of metal ions in the presence of the LLC. LLCs
consisting of highly concentrated surfactants (normally >40 wt
9%)>"* are generally prepared by manually mixing ternary
components (including surfactants, water, and metal species).
This process is repeated until a homogeneous mixture is
obtained. As is generally known, Au ions are easily deposited
under sunlight or at high temperature; thus, preferential Au
deposition is unavoidable (see the example in Figure S1 in the
Supporting Information). Here we successfully prepared
mesoporous Pt—Au alloys by utilizing LLC films spontaneously
formed from a diluted surfactant solution through solvent
evaporation. The LLC helps the Au and Pt ions to be uniformly
distributed, as the ions interact effectively with the ethylene
oxide groups of the surfactant. Therefore, both Pt and Au
species in the presence of the LLC are thought to be uniformly
reduced despite the different deposition potentials for the Au
and Pt ions, thereby enabling the preparation of a perfect Pt—
Au alloy state. Wide-angle X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and elemental mapping
clearly proved that both Pt and Au were atomically distributed
in the frameworks without phase segregation. The electro-
chemical stability of the mesoporous Pt—Au alloys toward
methanol oxidation was highly improved relative to that of
nonporous Pt and mesoporous Pt films. The mesoporous Pt—
Au alloy films showed high potential for use as an electro-
catalyst in direct methanol fuel cells. Also, the mesoporous Pt—
Au alloy electrodes showed a highly sensitive amperometric
response for glucose molecules, which will be useful for
enzyme-free glucose sensors in the future. Through the
potential electrochemical applications, we have clearly demon-
strated several benefits provided by alloying Pt with Au, which
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we believe to be an important technology for securing high

functionality.

2. EXPERIMENTAL PROCEDURES

2.1. Materials. The nonionic surfactant octaethylene glycol
monohexadecyl ether, C,¢H;;(OCH,CH,);OH (C;cEO;), was used
to form the LLCs. Hydrogen hexachloroplatinate(IV) hydrate
(H,PtClg-6H,0O purity >98.5%, Kanto Kagaku Co.) and hydrogen
tetrachloroaurate(IlI) tetrahydrate (HAuCl,-4H,O purity >99.0%,
Kanto Kagaku Co.) were used as Pt and Au sources, respectively.
Ethanol (H,O content <0.005%, Wako Chemical Co.) was used both
for dilution of the precursor solution and removal of surfactants.
Indium tin oxide (ITO) or Au-coated silicon substrates were used as
working electrodes. For the preparation of Au-coated silicon
substrates, Ti and Au layers were uniformly coated onto the Si
substrate by vacuum deposition. A 100 nm gold layer was then
deposited in an ULVAC CRTM-6000 electron-beam evaporation
chamber preceded by a 20 nm titanium layer. The titanium layer
promotes adhesion between the gold layer and the silicon dioxide
surface.

2.2. Preparation of Mesoporous Pt—Au Films. The preparation
process is systematically displayed in Figure 1. First, two-dimensional
(2D) hexagonally ordered LLC templates were prepared on
conductive substrates from diluted surfactant solutions including
water, nonionic surfactant, ethanol, and metal species by drop-
coating.“_44 H,PtCls-6H,0 and HAuCl,-4H,0 were dissolved in
distilled water in gradually varying Au®*/(Pt**+Au**) mole ratios. The
total concentration of Pt and Au species was maintained at 1.6 M.
Next, the nonionic surfactant C;4EOg was added to the solutions. The
concentration of the surfactant relative to water was adjusted to 55 wt
%. Ethanol was added to the solution as a volatile solvent. The ethanol
to surfactant ratio was adjusted to 85 wt %. The precursor solution was
stirred for 40 min at room temperature and became a homogeneous
solution with low viscosity (see Figure 2). The precursor was dip-
coated onto a substrate and dried at 25 °C for 1 h. After the volatile
solvent was completely evaporated, the LLC film including both Pt
and Au species was formed over the entire substrate. Electrochemical
depositions were then carried out for 30 s at room temperature at a
constant potential (—0.04 V vs Ag/AgCl) using a potentiostat/
galvanostat (model HA-151, Hokuto Denko Corp.). The Pt substrate
used as the counter electrode was placed onto the LLC-modified
substrate to sandwich the LLC. The Ag/AgCl electrode used as the
reference electrode was connected to the LLC using a salt bridge
(Figure 1). After the metal deposition, the deposits were washed with
ethanol and water to remove surfactants and undeposited metal
species.
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Figure 2. (top two lines) Photographs of the precursor solutions and the LLC films obtained after solvent evaporation. (bottom two lines) Polarized
optical microscopy (POM) images of the LLC films. The last line shows POM images obtained after 30 min. The scale bar is 10 ym. The Pt*:Au’**
compositional ratios in the precursor solutions are noted in parentheses.

2.3. Characterizations. The liquid-crystalline state of the LLC
films on glass substrates was confirmed by polarized optical
microscopy (POM) using an Olympus BX-S1 optical microscope
under a crossed Nicol field; the images were recorded on a digital
camera (Canon IXY DIGITAL 800 IS). The 6—26 scanning profiles at
the lower diffraction angles were measured using a Mac Science
MO3XHF22 diffractometer with Mn-filtered Fe Ka radiation (40 kV,
20 mA). The 2D XRD patterns were measured using Rigaku RINT
RAPID diffraction system with Co radiation (40 kV, 20 mA). Scanning
electron microscopy (SEM) images were obtained using Hitachi S-
4800 and Hitachi S-5500 microscopes. Transmission electron
microscopy (TEM) images were taken using a JEOL JEM-2010
microscope at an accelerating voltage of 200 kV. Energy-disersive
spectroscopy (EDS) mapping was performed using a JEM-2100F
microscope at an accelerating voltage of 200 kV.

2.4. Electrochemical Tests. All electrochemical measurements
were done in a three-electrode system. The electrochemically active
surface areas (ECSAs) of mesoporous Pt and Pt—Au alloy films were
calculated from the reduction peaks of platinum oxide species and Au
oxide species in cyclic voltammograms (CVs) obtained in an alkaline
medium (0.1 M NaOH) at a scan rate of 20 mV s™'. On the basis of
the assumption that the charges associated with the reduction of the
oxide species are 543 and 493 mC m™ for Pt and Au surfaces,
respectively, the ECSAs were theoretically calculated. Methanol
electrocatalytic oxidation measurements were carried out in a 0.5 M
H,SO, solution containing 0.5 M methanol at a scan rate of 50
mV-s~". In the electrocatalytic investigations, the ECSAs were used to
normalize the current. Before the above electrochemical measure-
ments, nitrogen gas was used for purging (about 30 min) to remove
dissolved O, from the electrolyte solutions. Glucose detection using
mesoporous Pt and Pt—Au alloy films was also evaluated. A 0.1 M
phosphate-buffered saline (PBS) solution containing 0.15 M NaCl was
used. The concentration of the added glucose solution was 1 mM. The
signals for the added glucose solution were measured by amperometric
curves in a quiescent solution.

3. RESULTS AND DISCUSSION

Figure 2 shows POM images of LLC films including Pt and Au
species. All of the LLC films showed clear birefringence. 2D
XRD patterns (Figure S2 in the Supporting Information)
showed three spots assigned to (10), (11), and (01) in 2D
hexagonal symmetry. Low-angle XRD profiles also showed (10)
and (20) peaks for the 2D hexagonal mesophases (Figure S3 in
the Supporting Information). The absence of the (11) peak
indicated that rodlike self-assemblies were formed with the (10)
face aligned parallel to the substrate. The stability of the LLC
films decreased with increasing amounts of Au (with Pt*":Au®*
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= 10:90 and 0:100). Although the LLC films showed obvious
textures at the initial stage, the textures completely disappeared
within 30 min (Figure 2). The 2D XRD patterns for these LLC
flms (not shown) also exhibited no spots, indicating the
collapse of the initial 2D hexagonal mesophases.

In previous reports, Dag and co-workers investigated the
conformation state of dissolved metal ions in various LLC
systems.*™** There are two types of conformation of the
dissolved metal ions: direct and indirect coordination with
ethylene oxide groups of the surfactant. As an example of the
former, the LLC system consisting of [Co(H,0)4]X, (X =
NO*, CI, CIO™) and P65 [PEO,s—PPO;,—PEO,s; PEO =
poly(ethylene oxide), PPO = poly(propylene oxide)] was
reported.*® At equilibrium, the Co®* species were directly
coordinated with the ethylene oxide groups of P65 without the
formation of Co**—aqua complexes. Such a coordination state
caused the formation of disordered LLC regions. In particular, a
dry atmosphere accelerated the evaporation of the coordinated
water molecules in the Co’>’—aqua complexes, leading to the
collapse of the ordered LLC mesophases. On the other hand, in
the other LLC systems, the dissolved metal ions are
coordinated by water molecules to form metal—aqua
complexes.*”** Hydrogen bonds between ethylene oxide
groups of the surfactant and coordinated water molecules are
formed, resulting in the stabilization of the metal aqua
complexes in the LLC (ie., the coordinated water molecules
are not easily evaporated in the atmosphere). Consequently,
the conformation state of the dissolved metal ions has a strong
influence on the LLC stability.

In the present systems, the evaporation of the water
molecules accelerated with increases in the amount of dissolved
Au ions, leading to the collapse of the ordered 2D mesophases.
On the basis of the results, it was speculated that the Au®** ions
derived from HAuCl, were favorably and directly coordinated
with ethylene oxide groups, while the Pt*' ions were
coordinated by water molecules to form metal—aqua complexes
whose coordinated water molecules were also coordinated with
ethylene oxide groups by hydrogen bonds. As shown in Figure
S3, the basal spacings of the (10) peaks were calculated to be
4.76 nm for Pt*":Au** = 100:0, 4.68 nm for Pt*:Au* = 94:6,
447 nm for Pt*:Au® = 80:20, and 4.35 nm for Pt*":Au*" =
30:70. Thus, the basal spacings decreased as amount of
dissolved Au’* ions increased. Such a decrease means a
decrease of the hydrophilic region, which is evidence of the
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Figure 3. Bright-field and dark-field TEM images for the samples deposited from LLC films with different compositions. The insets show SAED
patterns taken from an area of 40 000 nm” (200 nm X 200 nm). The product compositions (Pt:Au) are noted. The Pt**:Au*>* compositional ratios in

the precursor solutions used are also noted in parentheses.

decrease of the coordinated water contents with the increase in
the amount of Au®* ions. Thus, in the case of the LLC with a
high content of Au®" jons, the coordinated water molecules
quickly evaporated under the normal atmosphere, and the
stability of the LLC was dramatically decreased. However, when
the LLC films after the collapse of the ordered mesophases
were placed under conditions of saturated humidity, the
textures reappeared and were retained for more than 1 week.
The appearance of ordered LLC mesophases was caused by the
dissolution of a sufficient number of coordinated water
molecules into the LLC under the saturated humidity.

LLC films with various compositional ratios were prepared
on conductive ITO substrates. Mesoporous Pt—Au alloy
particles with different compositions were then deposited.
Their compositions, mesostructures, and atomic crystallinities
were carefully characterized. TEM and SEM images showed
that the deposits consisted of aggregated spherical particles
(Figures 3 and 4). The particle size distribution was in the
range from 50 to 500 nm. Figure S shows the relationship
between the LLC composition and the product composition,
which was estimated by inductively coupled plasma (ICP)
analysis. The deposited alloys contained relatively Au-rich
phases over the entire range of LLC compositions. The Au
content in the products increased remarkably in the LLC
composition range of Au**/(Pt"*+Au*") = 0.0—0.4. The Au
content in the products did not change so greatly when the
LLC composition was above Au®*/(Pt**+Au*") = 0.7. Because
the reduction potential of AuCl,”/Au (+1.00 V vs SHE) is
quite different from that of PtCl,>”/Pt (+0.76 V vs SHE), the
Au species were preferentially reduced under our experimental
conditions. In any case, the composition of the products could
be varied by varying the LLC composition.

5103

Figure 4. SEM images of the samples deposited from LLC films with
different compositions: (a) mesoporous PtyAu,, prepared from a film
with Au®*/(Pt*+Au®") = 0.04; (b) mesoporous Ptg,Ausg prepared
from a film with Au®/(Pt*+Au®) = 0.2; (c) PtyAug, deposit
prepared from a film with Au**/(Pt"+Au®") = 0.4; (d) Au deposit
prepared from a film with Au**/(Pt*+Au®) = 1.0.
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Figure 5. Relationship between the LLC composition and the product
composition. The product composition was estimated by ICP analysis.

From the high-resolution SEM and TEM images, meso-
porous Pt and Pt—Au alloys with low Au content (<10 atom %)
possessed well-ordered 2D hexagonal mesoporous structures
that were perfectly originated from the initial LLC structure
(Figure 3ab). From the highly magnified SEM images,
honeycomb arrangements of uniform mesopores were directly
observed on the external surface of the particle (Figure 4a-1).
Analysis of the image yielded a pore diameter of ~3.0 nm and a
thickness of the pore wall of ~3.0 nm, and the pore—pore
distance was found to be 6—7 nm. The SEM image in Figure
4a-2 shows that the size of the Pt nanoparticles forming the
framework varied slightly and correspondingly that the
mesopores were also variable. Therefore, the periodicity of
the mesostructures was slightly different at each location. The
mesopore walls were composed of connected nanoparticles
with an average size of ~3 nm (Figure 4a-2). We observed a

similar phenomenon for mesoporous Pt particles prepared by
chemical reduction in our previous work, in which we explained
the formation of connected nanoparticles by the mechanism of
nanoscale metal deposition in the presence of the LLC.>® With
an increase in the amount of dissolved Au®" ions [Au**/
(Pt*+Au*") = 02-04], the ordered mesoporous structure
became distorted. Mesoporous Ptg,Auss alloys [prepared from
films with Au®*/(Pt**+Au®) = 0.2] showed a disordered
structure (Figure 3c), although ordered straight mesochannels
were partially observable (as indicated by the arrow in Figure
4b). Mesoporous Pt,Aug, [prepared from films with Au**/
(Pt*+Au*") = 0.3] possessed no obvious ordered mesostruc-
ture (Figure 3d). When the amount of dissolved Au®* ions was
further increased [Au®'/(Pt**+Au’*) = 0.4—1.0], only bulky
deposits without mesoporosity were formed (Figures 3e,f and
4c,d). Especially when the Au species were reduced from LLC,
the surface of the deposited particle was very smooth compared
with those of others, and the particles showed a single-
crystalline nature (Figure S4 in the Supporting Information).
This observation indicates that unlike the Pt species, the Au
species tend to grow rapidly in the LLC mesophases with
retention of the atomic crystallinity, which may destroy the
ordered LLC mesophase. Therefore, the ordered mesostructure
became disordered and bulky with increasing Au content in the
products.

For all the samples, the selected-area electron diffraction
(SAED) patterns taken from 40 000 nm? (200 nm X 200 nm)
regions (Figure 3 insets) showed ring patterns assignable to a
face-centered cubic (fcc) structure. No phase separations for Pt
and Au were observed, indicating the formation of a single
phase (fcc structure) as a substitutional solid solution in which
Pt atoms were partially replaced by Au atoms (wide-angle XRD
profiles are given in a later section). To confirm the alloy state
further, nanoscale EDS elemental mapping was carried out by
TEM (Figure 6). The dark-field (DF) scanning TEM (STEM)
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Figure 6. (a, b) Elemental mappings for (a) mesoporous PtyyAu,, prepared from a film with Au®"/(Pt*+Au**) = 0.04 and (b) mesoporous Pts,Ausg
prepared from a film with Au®*/(Pt*+Au®") = 0.2. (¢, d) Cross-sectional compositional line profiles of the square areas in (a) and (b), respectively.
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Figure 7. Highly magnified SEM images of the films deposited from LLCs with different compositions: (a-1, b-1, c-1) birds-eye views; (a-2, b-2, c-2)
cross-sectional images; (a-3, b-3, c-3) top-surface images. The product compositions (Pt:Au) are noted at the top edge. The Pt*":Au** compositional

ratios in the used precursor solutions are also given in parentheses.

image corresponds to the images of the EDS mappings of Pt
and Au (Figure 6a,b). From the line-scanning profile across the
particle, it was more clearly visualized that the Pt and Au atoms
were well-dispersed without any phase separations on the
nanometer scale (Figure 6c,d). The calculated atomic ratios of
Pt and Au were in good agreement with those from the ICP
analysis (Figure S).

The powdery morphology shown in Figures 3, 4, and 6 is of
limited relevance for electrochemical or sensor devices in which
the mesoporous metals are required as thin films. Through the
use of Au-coated silicon substrates, continuous mesoporous
Pt—Au thin films with tunable compositions were prepared. As
shown in Figure 7, the obtained films were crack-free and had a
uniform thickness over the entire area. For the formation of
such continuous films, the selection of the substrate
composition is important.*”*° When the Au and Pt ions are
electrochemically reduced onto the Au surface of the substrate,
the atomic arrangements of the deposited Pt and Au reflect
those of the Au surface. This is because the Au layer on the
substrate also has an fcc structure that is identical to that of the
deposited Pt—Au alloys. Therefore, the nucleation of Pt and Au
easily occurs. In the present case, many Pt and Au nuclei were
homogeneously generated on the Au-coated substrate in the
initial stage of the deposition. Pt and Au then uniformly grew
from the initial Pt nuclei. Thus, Pt and Au could be
continuously deposited over the entire area of the Au-coated
substrate. In contrast, when ITO substrates were used instead
of Au-coated substrates (as shown in the above section),
granular particles were deposited (Figure 3). The lattice
parameters of the ITO surface are completely different from
those of Pt. Because of the large mismatch of the parameters,
the number of Pt nuclei generated in the initial stage is not
sufficient for the formation of a continuous film.
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Wide-angle XRD patterns for mesoporous Pt and Pt—Au
alloy films are shown in Figure S3a in the Supporting
Information. Two peaks derived from the deposited samples
were observed, which can be assigned as the (111) and (200)
peaks of the fcc crystal structure. Compared with the Pt alone
(mesoporous Pt), the (111) peaks gradually shifted to a lower
20 angle with increasing Au content. These peaks for
mesoporous Pt—Au alloy films were observed between the
peaks of Au and Pt as a single peak, indicating that the
deposited Pt—Au was formed as a single-phase alloy. From the
wide-angle XRD patterns, the d spacings of the (200) peaks for
the corresponding alloys with different compositions were
calculated. Figure SSb shows the relationship between the d
spacing and the Au content in the deposited films. The d
spacing increased linearly with increasing relative Au content,
following Vegard’s law. These results proved that the deposited
Pt—Au was indeed an alloy phase rather than a mixture of
monometallic or core—shell particles.'”*°

From the cross-sectional elemental mapping of the
mesoporous Pt—Au alloy film, both Pt and Au atoms were
macroscopically dispersed over the entire area (Figure S6 in the
Supporting Information). XPS spectra of the Pt 4f region for
mesoporous Pt and representative Pt—Au samples are shown in
Figure S7 in the Supporting Information. The intensities of the
Pt peaks gradually decreased with increasing Au content in the
film. The satellite peaks derived from the Au layers on the
substrates overlapped with the Pt peaks. The peaks in the Pt
region could be deconvoluted into different components of Pt
4f )y, Pt 4f,),, Pt—O 4f;),, and Pt—O 4f,,. It is noteworthy that
the binding energies in the Pt region were negatively shifted
with increasing Au content. As seen in the enlarged figure
(Figure S7b), the two binding energies of Pt 4f;/, and Pt—O
4f; ), clearly shifted in a negative direction with increasing the
Au content. The same situation has been observed in previous

dx.doi.org/10.1021/ja209044g | J. Am. Chem. Soc. 2012, 134, 5100—-5109
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Figure 8. (a) CVs and (b) chronoamperometric curves at 0.6 V measured in 0.5 M H,SO, containing 0.5 M methanol. The currents were
normalized to the ECSAs obtained from CV curves in 0.1 M NaOH solution. The product compositions (Pt:Au) are noted, and the Pt*:Au®*
compositional ratios in the precursor solutions are also given in parentheses. As a reference, a bulk Pt film (dotted line) is compared with the other
samples. The bulk Pt film was prepared by electrochemical deposition at a constant potential (—0.04 V vs Ag/AgCl). The film thicknesses for all of

the samples were ~100 nm.

reports on Pt-based alloys.”"** The negative shift observed here
can be explained by the change of the Pt electronic structure in
the alloy system. The Fermi level of Pt is higher than that of Au.
Upon the addition of Au, a transfer of d-electron density from
Pt to Au is observed, which effectively lowers the Fermi level of
Pt.>"*? This transfer could be observed from the binding energy
of the f electrons, as shown in Figure S7. The gradual negative
shift in the binding energy is important evidence that both Au
and Pt are atomically mixed without phase separation.

Consequently, the use of the LLC as the template allowed us
to prepare perfect Pt—Au binary alloys with mesoporous
structures. Our previous works show the formation of Au@Pt
core—shell nanoparticles consisting of a Au core and a
nanostructured Pt shell when Au and Pt ions are reduced in
the presence of low-concentration aqueous surfactant sol-
ution.'”?® In that case, the Au ions were first reduced by a
reducing agent to form the Au cores. After the consumption of
the Au ions, the nanostructured Pt shells subsequently started
to grow on the Au cores. In the low-concentration aqueous
surfactant solution, Au and Pt ions could both diffuse freely.
Therefore, such a phase separation (Au core and Pt shell) was
caused by the different deposition potentials for the two types
of ion, which is in contrast to the present study. In the LLCs
with 2D hexagonally ordered mesophases (Figure 2), the
rodlike self-assemblies are periodically arranged, and the
hydrophilic domain with ethylene oxide groups is present
among the rodlike self-assemblies. The dissolved Au and Pt
ions are uniformly distributed over the entire LLC and
effectively interact with the ethylene oxide groups of the
surfactant tails, as described above. Upon application of
electrochemical deposition, the metal deposition occurs inside
the hydrophilic domains among the rods. Unlike the low-
concentration surfactant system," > such a physically confined
area for the metal deposition does not allow the metal ions to
diffuse rapidly, so the metal deposition is thought to be
unaffected by the different deposition potentials of the Au and
Pt ions. Thus, the presence of the LLC can prevent the phase
separation, thereby making possible the preparation of a perfect
Pt—Au alloy state.

The ECSAs for mesoporous Pt and mesoporous Pt—Au films
were calculated by using cyclic voltammetry in an alkaline
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medium (0.1 M NaOH). As shown in Figure S8 in the
Supporting Information, the red-colored peak area is associated
with the reduction of platinum oxide species, while the blue-
colored peak area is associated with the reduction of gold oxide
species. On the basis of the assumption that the charges
associated with the reduction of oxide species are 543 and 493
mC cm ™ for Pt and Au surfaces, respectively, the ECSAs in the
films were theoretically calculated from the observed charges
shown in Figure $8.°*>* The volume-normalized ECSAs were
433 m”? cm ™ for mesoporous Pt, 213 m? cm™ for mesoporous
PtyoAu,, prepared from an LLC with Au®*/(Pt*+Au’*") = 0.04,
and 185 m?* cm™ for mesoporous Ptg,Au,, prepared from an
LLC with Au*/(Pt**+Au®) = 0.1. These values are
comparable to those of 2D hexagonally ordered mesoporous
Pt films directly prepared from LLCs with C,4EO”® and cage-
type mesoporous Pt films prepared with a diblock copolymer.*’
However, the ECSAs decreased with increasing Au content
because of the collapse of the mesostructural ordering (as
shown in Figure 7). The volume-normalized ECSA of
mesoporous Ptg,Auss [prepared at Au’*/(Pt*+Au’") = 0.2]
was 40.1 m’> cm™. To investigate the thermal stability,
mesoporous Pt and Pt—Au films were annealed at various
temperatures for 3 h (Figure S9 in the Supporting
Information). Even after the thermal treatments, the CV
shapes for the two films did not change at all. No loss of
specific surface areas was observed, indicating good thermal
stability of the mesoporous films.

To investigate their potential use as catalytic electrodes, the
methanol electrochemical oxidation reaction was examined.
Figure 8 shows the electrocatalytic performances recorded in an
aqueous solution containing methanol. All of the samples
showed the two visible anodic peaks occurring on the positive
and negative sweeps, which are typical features of the methanol
oxidation process. In comparison with a nonporous Pt film
without mesopores (as shown by the dotted line in Figure 8a),
mesoporous Pt, PtyyAu;,, and PtgAu,, films showed a
remarkably large current for the electrocatalytic oxidation of
methanol. These specific activities of mesoporous films were
found to be far larger than that of the nonporous Pt film.
Three-dimensionally connected mesopores are known to make
the entire surface readily accessible to reactants. Such porous
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materials have little diffusion resistance for reactants such as
methanol that have a mean free path shorter than the pore
radius. However, increasing the Au content in the Pt—Au alloy
led to a serious decrease in the methanol oxidation activity
(Figure 8a, trace d) due to the insufficiency of active Pt
atoms.>* As a further demonstration of the durability of their
catalytic performances, long-term oxidation of methanol was
performed at a constant voltage of 0.6 V vs Ag/AgCl (Figure
8b). Both nonporous and mesoporous Pt electrodes suffered
from serious deactivation, most likely due to poisoning. It is
well-known that partially dehydrogenated intermediates act as
poisons in the electro-oxidation of methanol.>>~>’ In contrast,
the mesoporous PtoyAu;, and PtgyAu,, films demonstrated a
relatively higher current density for a long time. This result
indicates that the presence of Au can remove such
intermediates by oxidation,'> showing sufficiently high
durability of the catalytic performance of mesoporous Pt—Au
alloy films. Even in comparison with other dendritic Pt
nanoparticles and commercial Pt black powders,>® our
mesoporous Pt—Au alloy films can maintain very high catalytic
performance for a long time.

As another practical application, mesoporous Pt—Au alloys
can be potentially used for enzyme-free amperometric glucose
sensing (Figure S10 in the Supporting Information). Currently,
detection of the glucose concentration in human blood is
particularly important for patients with diabetes mellitus.
Although several different types of systems have been
developed to determine the glucose level in blood, here we
have demonstrated electrochemical amperometric detection of
glucose molecules. Mesoporous Pt—Au alloy films with various
compositions were compared with mesoporous Pt and bulk Pt
films. The Figure S10b inset shows a linear-sweep voltammo-
gram for a mesoporous Ptg,Au,, alloy film at a potential scan
rate of 10 mV s~ in 0.1 M PBS (pH 7.4) containing 10 mM
glucose. Two oxidation peaks occurring at around —0.4 and 0.2
V vs Ag/AgCl were confirmed clearly. These two peaks were
caused by the glucose oxidation reaction on the Pt—Au surface.
As shown in Figure S10a, to detect the actual signals
corresponding to the added glucose solution, an amperometric
measurement was performed at 0.4 V vs Ag/AgCl, which was
positive enough to oxidize the glucose molecules. The overall
kinetics of glucose electrooxidation on the bulk Pt film was too
sluggish to produce significant Faradaic currents (Figure S10a).
A similar situation occurred in the previous works, in which the
activity of the Pt surface was seriously decreased by adsorbed
chloride ions.**~®' Also, the intermediate compounds produced
by the glucose oxidation often covered the Pt surface, thereby
decreasing the active Pt surface area. As shown in Figure S10b,
on the mesoporous Pt surface, the amperometric responses
corresponding to the successive additions of glucose solution
were observed clearly. Recent reports have demonstrated that
nanostructured electrocatalysts with highly active surfaces (e.g.,
mesoporous Pt, Pt nanotubes, and macroporous Pt) can
improve the sensitivity of amperometric responses, even in the
presence of chloride ions.®* %" Furthermore, we could
drastically improve the sensitivity of amperometric responses
by alloying Pt with Au (Figure S10). With increases in the
amounts of added glucose solution, the mesoporous Pt—Au
alloy surface responded very well with linear dependence (R =
0.99) (Figure S10b). Although some efforts to modify Pt
surfaces by using other metals have been made, the reason for
the enhancement of the sensitivity is still unclear.~"* The
enhanced performance observed here is most likely derived
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from the alloying of Pt with Au, which favors accelerating the
sluggish reaction of glucose oxidation and effectively prevents
the surface poisoning caused by adsorbed intermediates and
chloride ion.

5. CONCLUSION

Mesoporous Pt—Au binary alloys were electrochemically
synthesized from lyotropic liquid crystals (LLCs) containing
corresponding metal species. The framework composition of
the mesoporous Pt—Au alloy could be controlled by changing
the compositional ratio in the precursor solution. From the
wide-angle XRD profiles, XPS spectra, and elemental mapping,
it was proved that both Pt and Au were atomically distributed
in the frameworks. Mesoporous Pt—Au alloys with low Au
content exhibit well-ordered 2D hexagonal mesostructures
reflecting the original templates. With increasing Au content,
however, the mesostructural ordering gradually decreased,
thereby reducing the surface area. The electrochemical stability
of mesoporous Pt—Au alloys in a methanol oxidation reaction
was greatly improved relative to that of nonporous Pt and
mesoporous Pt films. The addition of Au is very critical to
reduce poisoning of the Pt surface, indicating that our
mesoporous Pt—Au alloy films are potentially applicable as
new electrocatalysts for direct methanol fuel cells. Furthermore,
our mesoporous Pt—Au alloy films exhibited a very sensitive
amperometric response for glucose molecules. Highly sensitive
enzyme-free amperometric glucose sensors are particularly
important for testing concentrations of glucose in human
blood. Through this work, we have clearly demonstrated the
important roles of fine control over the framework
composition. Screening electrochemical tests using various
mesoporous alloys with different compositions are quite
necessary to bring out new functions and solid-state properties,
which will be important for the further development of
mesoporous metal research.
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