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Synthesis of composition-controlled mesoporous Pt—Ru alloy fibers by a dual-templating method
(Yamauchi et al. J. Am. Chem. Soc., 2008, 130, 5426—5427) is demonstrated using lyotropic liquid crystals
(LLCs) as mesostructural direct templates and porous anodic alumina membranes (PAAMSs) as
morphological direct templates. The LLCs, including Pt and Ru species, were formed from diluted
precursor solutions inside PAAM channels via the evaporation-mediated direct templating (EDIT)
method. For all Pt—Ru compositions, the tubular mesophases in the LLCs were stacked like donuts within
the PAAM channels because of the confined effect. After metal deposition by the vapor infiltration
method of dimethylamineborane (DMAB) and subsequent removal of both surfactants and PAAM,
mesoporous Pt—Ru fibers with various compositions were successfully prepared. Both the alloy state and
the mesoporous structures were fully characterized by high-resolution scanning electron microscopy (HR-
SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopic (EDS) mapping,
X-ray photoelectron spectroscopy (XPS), and electrochemical techniques. The composition ratios of Pt
and Ru in the fibers were tuned by controlling those of the used precursor solutions. The mesoporous
structures in the fibers reflected the original LLC mesostructures; however, the ordering of the mesoporous

structures gradually decreased with the increase in the Ru contents in the precursor solutions.

1. Introduction

Since the discovery of ordered mesoporous silica,' many
types of mesoporous materials have been synthesized by the
supermolecular assembly of surfactants.? The framework
composition that governs the properties of mesoporous
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materials has been studied extensively. Mesoporous materi-
als now include a variety of inorganic-based materials, e.g.,
transition-metal oxides,” carbons,* inorganic—organic hy-
brid materials,” polymers,® and even metals.” Because of
their metallic frameworks, mesoporous metals with highly
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ordered networks and high surface areas hold promise for a
wide range of potential applications, such as electronic
devices, magnetic recording media, and metal catalysts.
An early route to preparing mesoporous metals involves
the dealloying of a less noble metal from a bimetallic alloy.®
This route has been used for the preparation of Raney nickel
and other metals.” In addition, the electrochemically depos-
ited platinum blacks possess random pores of various sizes
and have been used commercially as electrode materials.
Compared with the disordered porous metals, ordered
mesoporous metals using the supermolecular assembly of
surfactants can allow high rates of mass transport and low
electrolyte resistance through straight-ordered mesochan-
nels, which are essential for upgrading electrochemical
properties.

For a higher specific surface area and higher diffusion
efficiency, the morphological controls of ordered meso-
porous metals are important. In particular, one-dimen-
sional metals such as fibers and tubes have potential
applications for electric wiring and molecular probes
because of their high aspect ratios.'” Recently, we suc-
cessfully synthesized mesoporous Pt fibers by the dual-
templating method utilizing lyotropic liquid crystals
(LLCs) as mesostructural direct templates and porous
anodic alumina membranes (PAAMs) as morphological
direct templates.”® The LLC structures inside the PAAM
channels showed a physically confined effect leading to
the evolution of unique mesostructures such as stacked
donut-like tubular mesochannels. This synthetic method
should have wide applicability to not only a single system
but also alloy systems by the simple addition of several
kinds of metal species.'" The chemical and physical
characteristics of the materials are strongly dominated
by their metal compositions. Therefore, mesoporous
alloy fibers with different metal compositions are vital
in order to develop the functionality of nanoscale metals,
heighten the specific surface area, and relax the electrolyte
diffusion into the mesopores.

In this paper, we demonstrate the preparation of
mesoporous Pt—Ru alloy fibers by the reduction of the
metal species in the LLCs filled inside the PAAMs. It is
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well-known that a Pt-based alloy such as Pt—Ru shows
higher performance for the electrocatalysis of the oxida-
tion of CO and methanol.'"!'®!2 Though Pt shows high
catalytic activity, the surfaces are strongly poisoned
by adsorbed CO molecules. Alloying with Ru increases
the CO tolerance because Ru decomposes and releases
CO, which is adsorbed on Pt.'°C112 [n this report,
we focus on compositional controls in mesoporous Pt—
Ru alloy fibers. Tuning of the composition ratios of Pt
and Ru on an atomic scale is required for controlled
functions.

2. Experimental Procedure

2.1. Materials. Nonionic surfactant (C,sH33(OCH,CH,)sOH,
C4EQg, octaethylene glycol monohexadecyl ether) was pur-
chased from the Fulka Co. Hydrogen hexachloroplatinate(IV)
hydrate (H,PtCls-6H,0O, Kanto Kagaku Co.) and ruthenium-
(IID) trichloride (RuCls, Aldrich Co.) were used as Pt and Ru
sources, respectively. Ethanol (Junsei Chemical Co.) was used
for both the dilution of the precursor solution and the removal
of templates. Dimethylamine borane ((CH3),NH:BH3;, DMAB)
was used as a reducing agent. Porous anodic alumina mem-
branes (PAAMs, Whatman, Anodisc 25, pore diameter ca. 100 nm,
thickness 60 um) were used as hard templates to determine the
morphology of the mesoporous fibers. Phosphoric acid (H;POy,
Kanto Chemical Co.) was used to dissolve the PAAMs.

2.2. Synthesis of Mesoporous Pt—Ru Alloy Fibers. A diluted
precursor solution was prepared by mixing Pt and Ru species for
a total amount of 0.28 mmol, including 0.21 g of C;(EQOg, 0.145
mL of H>O, and 0.26 mL of ethanol. The solution was dropped
on the PAAMs and infiltrated into the PAAM channels. After
preferential solvent evaporation, the LLCs on the outer surface
of the PAAMs were removed. The PAAMs and 1.0 gof DMAB
powder were kept in the same closed vessel (380 mL) at 25 °C for
15 h.”%7¢ The color of the LLCs in the PAAMs changed from
orange to black, indicating Pt and/or Ru deposition in the
LLCs. The PAAMs were dissolved by 5 wt % H3;POy, and
mesoporous fibers of the final products were obtained after
washing with water and ethanol.

2.3. Characterizations. The liquid crystalline state of the
templating mixtures on a glass slide was confirmed by using
an Olympus BX-51 optical microscope under a crossed Nicol
field, and the image was recorded on a digital camera. The 2D-
XRD patterns were recorded under reflection geometry by a
Rint Rapid-S instrument (Rigaku). SEM images were obtained
using a Hitachi HR-SEM S-5500 microscope operating at 30
kV. Samples were observed directly without any coatings. TEM
images and ED patterns were taken by a JEOL JEM-2010
microscope using an accelerating voltage of 200 kV. Powder
samples for the TEM observation were scratched from the
substrate and then dispersed in ethanol by ultrasound and
mounted on a carbon-coated microgrid (Okenshoji Co.). En-
ergy-dispersive X-ray spectroscopic (EDS) analyses were ob-
tained by a JEOL JSM-6500F scanning electron microscope
with an accelerating voltage of 15 kV. XPS analysis was carried
out to conclusively investigate the electronic states of the surface
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of the mesoporous Pt—Ru alloys. XPS spectra were taken at
room temperature using a JPS-9010TR (JEOL) instrument with
an Mg Ka X-ray source. All binding energies were calibrated by
referencing C 1s (285.0 eV).

2.4. Electrochemical Investigations. Cyclic voltammetry was
performed by using HZ-3000 and HSV-100 analyzers (Hokuto
Denko Corp., Japan). A conventional three-electrode cell,
including an Ag/AgCl as the reference electrode and a platinum
mesh counter electrode. The mesoporous fibers were dispersed
on a glassy carbon electrode which was coated with a solution of
1.0% Nafion and dried at 60 °C for 30 min. The modified glassy
carbon electrode was used as the working electrode.

The specific electrochemical surface area was assessed using
the CO stripping technique. CO was adsorbed onto the electrode
surface by bubbling high-purity CO through the 0.5 M sulfuric
acid electrolyte solution for 40 min while holding the potential at
100 mV vs RHE at 25 °C to allow the adsorption of CO to metal
surface. After the adsorption process, the dissolved CO was
removed from the solution by bubbling high-purity nitrogen for
40 min while holding the potential at 100 mV. The amount of
adsorbed CO was evaluated by integration of the CO stripping
peak. The resulting current was integrated after correcting for
the contribution of the double-layer charging currents. Metha-
nol electro-oxidation measurements were carried out in 0.5 M
H,>SO, solution containing 1 M methanol by chronoampero-
metry at 500 mV vs RHE at 60 °C.

3. Results and Discussion

LLCs formed on flat glass substrates before the metal
deposition was investigated. The 2D-XRD patterns of the
LLCs with various metal compositions are shown in Fig-
ure 1. The 2D-XRD patterns for all the LLCs showed four
spots assigned to (10), (1—1), (01), and (20) in 2D hexago-
nal symmetry, with the (10) plane aligned parallel to the
substrates.'® The formation rate of LLCs was investigated
by in situ polarized optical microscopic observation
(Figure 2). For all samples, no liquid crystallinity was
observed at the initial stage. After a few minutes, a typical
fan-like texture assignable to a 2D-hexagonal (H;) mesos-
tructure was observed.'* However, the formation rates of
the LLCs varied depending on the metal compositions of
the precursor solutions. The LLC formation rates increased
with the Ru contents based on the ligand-exchange reaction
rate. LLCs were gradually formed by changing the coordi-
nation state of metals during solvent evaporation.'* In a
previous report by Dag et al., the state of Co species was
analyzed during the formation of LLCs starting from
CoCl,-6H,0 in a precursor solution.'* In their case, the
Co species were changed from [Co(H>0)g]*" to [CoCl,*~
and [Co(H,0)4Cl,] by a ligand-exchange reaction. The
formation of LLCs was finished when the ligand-exchange
reaction between the anion species and coordinating water
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Figure 1. 2D-XRD patterns of LLC mesostructures before metal deposi-
tion on glass substrates. The LLC compositions are noted. The lattice
planes in 2D hexagonal symmetry were indexed in the pattern of the
sample of Pt:Ru=100:0 as a typical example.

was complete. In the present study, the precursor solutions
were composed of water, ethanol as a solvent, and H,PtClg
and RuCl; as metal species. In general, the ligand-exchange
reaction rate of the low-spin d® complex is low;'” that is, the
rate of Ru (IIT) should be faster than that of Pt (IV) because
the electron configurations of Ru (III) and Pt (IV) occupy
the d° and d° orbitals of the low-spin complex, respectively.
Consequently, the LLC formation rate increases as the Ru
ratio increases in precursor solutions.”> When LLCs
formed after the solvent evaporation, the LLC structures
were not changed at all. The mesoscopic periodicity of the
LLCs was well retained even after 20 h, and no phase
separations were observed.

When the LLCs were formed inside the PAAM chan-
nels, the 2D-XRD patterns were dramatically changed
compared with those of the LLCs on the flat substrates
(Figure 3). Two intense spots inclining at £30° to the out-
of-plane direction were clearly observed for all the LLCs
inside the PAAM channels. These two spots were assign-
able to the (10) and (1—1) planes of a 2D-hexagonal
mesostructure, indicating that the (10) plane of the hex-
agonal mesochannels was oriented parallel to the curved
PAAM channel surface (i.., stacked-donut structures).”®¢
The formation of the unique LLC structures was due to
the confined growth effect of the rodlike surfactant
assemblies. When the same precursor solution was cast
onto the flat substrates, 2D-hexagonal LLC structures
with long axes of the rodlike surfactant assemblies were
oriented parallel to the substrate surface (Figure 1).
Therefore, the confined effect can be considered equiva-
lent to the rolling of a flat substrate surface into a scroll.

In previous reports on the synthesis of MCM-41-type
mesoporous silica in PAAM channels, disordered mesos-
tructures were formed in the front surface region of the
PAAM channels, though ordered mesostructures were
formed in the inner region.'” In addition, when mesoporous
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Figure 2. Polarized optical microscopic images of LLC films on glass substrates. The LLC compositions are noted. The scale bar is 200 ym.
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Figure 3. 2D-XRD patterns of LLC mesostructures before metal deposi-
tion inside PAAM channels. The LLC compositions are noted. The lattice
planes in 2D hexagonal symmetry were indexed in the pattern of the
sample of Pt:Ru=100:0 as a typical example.

titania fibers were prepared inside the PAAM channels, the
mesostructural ordering was reduced compared to that of
the mesoporous titania films.'® In these cases, the polym-
erization of inorganic species (silica and titania) occurs
simultaneously with the self-assembly of surfactants by
solvent evaporation in which various interactions between
the inorganic species and surfactants are inevitable. The
obtained mesostructures strongly depend on the sol—gel
reaction speeds during the self-assembly of the surfactants.
In general, when the sol—gel reactions are terminated
before complete evaporation of the solvents, disordered
mesostructures are often found.'”'® Since the evaporation
speeds inside confined PAAM channels tend to be slower
than those on a flat substrate, the possibility of the forma-
tion of disordered mesostructures is higher.

The present EDIT system is different from systems
using sol—gel reactions in that the formation speed does
not influence the final structure of the LLC mesophase. A
homogeneous precursor solution is initially prepared,
and then the preferential evaporation of ethanol accel-
erates to form LLC mesophases (Figure 2). During
LLC formation, no chemical reactions among metal
species occur. Therefore, the final LLC mesophases after
solvent evaporation are predicted by a certain phase

(18) Chae, W. S.; Lee, S. W.; Kim, Y. R. Chem. Mater. 2005, 17,3072—
3074.

diagram of ternary compositions (surfactant + water +
metal species).'” Consequently, highly ordered mesostru-
ctures are formed inside the PAAM channels even though
the formation rates of the LLCs vary with the Ru contents.

Figure 4 shows SEM images of mesoporous fibers after
the removal of surfactants and subsequent dissolution of
the PAAM. Regardless of the different alloy composi-
tions, the fiberlike morphology was observed over the
entire area. The arrangements of the fibers partially
reflected those of the original PAAM channels. EDS
mapping images of the mesoporous alloy fibers
(prepared from PtggRu,, precursor solution) are shown
in Figure 5. The elemental mappings of both Pt and Ru
completely correspond to the dark-field SEM images,
proving that the Pt and the Ru atoms were well-dispersed
within the fibers without any phase segregation on a
nanometer scale.

The XPS spectra of the mesoporous fibers showed two
peaksat 71.0 and 74.0 eV, assignable to the Pt 4f;, and Pt
4f5 )5, respectively (Figure 6a). The values of the Pt 4f7),
and 4fs;, peaks were very close to 70.9 and 74.2 eV for
bulk Pt metal,”® indicating the presence of zerovalent Pt.
Regarding the electronic states of Ru, the XPS spectrum
was measured in the energy region of 450—490 eV, where
Ru 3p peaks were expected to appear because the Ru 3d
regions are often obscured by the strong C s signal
because of surface contamination by carbon. The XPS
spectra had two peaks, at 461 and 483 eV, which were
assignable to the Ru 3ps» and Ru 3py s, respectively.?’
These spectra indicate that both Pt and Ru exist basically
as zerovalents.

The intensities of the Ru 3p peaks increased gradually
with an increase of the Ru content in the fibers. The Ru
3ps,2 signals for the mesoporous Ptg,Rusg alloy (prepared
from Pty,gRugy precursor solution) and mesoporous
Ru fibers were deconvoluted into two peaks with diffe-
rent intensities by using a Gaussian—Lorenz function

(19) Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.; Elliot, J. M.;
Owen, J. R. Langmuir 1998, 14, 7340-7342.
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Figure 4. SEM images of mesoporous Pt—Ru alloy fibers synthesized from precursor solutions with metal compositions of (a) Ptgy—Ruy, (b) Ptyo—Rug,

and (c) Ruyg.

Figure 5. EDS mapping of mesoporous Ptgs—Ru, 4 alloy fibers synthesized from Ptgy—Ru,q precursor solution.

(Figure 6¢c and 6d). The major peak was located at 462 eV,
assigned to Ru’. The fwhm of the peak was about 5.0 ¢V,
and the value was similar to that of bulk Ru, as reported
previously.?! The other peak, at higher energy (465.2 ¢V),
was attributed to Ru oxide phases such as RuO, and
RuO5.2! On the basis of the integrated peak areas, more
than 94 atomic% Ru in the mesoporous Ptg>,Rusg fiber
was present in the zerovalent state (Figure 6¢). Though it
is well-known that nanosize Ru is easily oxidized in air,
the Ru on the surface of mesoporous Pt—Ru alloy was
basically zerovalent.

Previously, Jiang and Kucernak reported mesoporous
Pt—Ru alloy microspheres from an LLC-templating
mixture prepared by heating-aging processes.''® It was
reported that a high content of O was detected in the
resultant mesoporous Pt—Ru alloy by EDX attached to
SEM and that the RuO, phase was mixed with a Pt—Ru
fee structure in the pore wall. The reported results are
quite different from those obtained in the present study,
in which most Ru atoms in the mesoporous Pt—Ru alloy
fibers were not oxidized. The reason for this difference is
not clear at present, but the soft process of solvent
evaporation reported here can prevent the formation of
Ru oxides. Furthermore, the results of the TEM study
(described in detail below) show that the frameworks of
the mesoporous fibers were composed of one phase (an
fcc structure) as a substitutional solid solution. The

(21) (a) Milazzo, G., Caroli, S., Eds. Tables of Standard Electrode
Potentials; John Wiley & Sons, Ltd.: New York, 1978. (b) Paneva, D.;
Tsoncheva, T.; Manova, E.; Mitov, I.; Ruskov, T. Appl. Catal., A 2004,
267, 67-75. (c) Deshmukh, A. A.; Kinage, A. K.; Kumar, R. Catal.
Lett. 2008, 120, 257-260.

complete alloy state can prevent the formation of the
Ru oxidized state.

Figure 6e shows the relationship between the precursor
compositions and the product compositions estimated by
these XPS spectra. No significant increase of the Ruin the
products was observed even when the Ru species were
highly contained in the precursor solutions. At the 80 at
% Ru ratio in the precursor solution, the Ru content in
the fibers was dramatically increased to 38 at %. The EDS
spectra obtained by using TEM (not shown) were also
consistent with the composition ratios estimated from the
XPS spectra. The Pt was preferentially deposited because
of the difference in the standard electrode potentials of Pt
and Ru.*'* In a previous report on electrodeposited Pt—
Ru alloy films under constant potential conditions, the
relationship between Ru contents in the deposited alloys
and those in the used electrolytes was a third-order
polynominal function.** The same situation was observed
in the present case of the mesoporous Pt—Ru alloy fibers.

The mesostructures inside mesoporous Pt and PtggRu 4
fibers (prepared from PtggRu, precursor solution) were
investigated using both HR-SEM and TEM (Figures 7, 8,
and 9a,b). The mesoporous Pt and PtggRu,4 alloy fibers
were composed of the aggregated nanoparticles. The
nanoparticles were then joined to make ordered mesos-
tructures, which is typical of metal deposition in LLCs.”*~ "
The stripes derived from the mesochannels were observed
with a repeated distance of about 6 nm. The stripes were
oriented perpendicular to the long axis of the PAAM
channels. For further investigation of the mesostructures

(22) Steen, W. A_; Stork, C. L.; Wall, F. D. ECS Trans. 2008, 6, 13-27.
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Figure 6. XPS studies of mesoporous Pt, Pt—Ru alloy, and Ru fibers. (a, b) XPS spectra of (a) Pt and (b) Ru for mesoporous Pt, Pt—Ru alloy, and Ru
fibers. The product compositions are noted. The compositions shown in parentheses indicate the LLC compositions. (¢, d) Deconvoluted XPS spectra of the
Ru 3ps; signals by a Gaussian—Lorenz function for mesoporous fibers synthesized from (c) Pt,y—Rug and (d) Ru, oo precursor solutions, respectively. (e)
Relationship of LLC compositions and the product compositions calculated from XPS spectra.
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Figure 7. TEM studies of mesoporous Pt fiber. (a) Low-magnified TEM image. (b) Topographical image. (c) Selected-area ED patterns. (d) Highly

magnified TEM image.

inside the fiber, three-dimensional (3D) tomography of
the Pt fibers was employed by high-angle annular dark-
field (HAADF)—scanning transmission electron micro-
scopy (STEM) to obtain valuable spatial information
(Figure 7b). The tubular mesochannels were clearly
stacked like donuts within the Pt fiber. Therefore, the
observed stripes oriented perpendicular to the long axis of
the fibers (images a and b in Figure 9) indicated that the
tubular mesochannels were circularly formed along the
walls of the fibers.”® The mesoporous structures in the
fibers completely reflected the original LLC mesostruc-
tures (Figure 3). However, the 2D-XRD patterns had no
obvious spots because X-rays were scattered by heavy
metals in lower angle region. Similarly, the PtgsRuy4 alloy

fibers possessed oriented stripes derived from the stacked
donutlike mesochannels. The repeated distance (about 6
nm) was the same as that of the mesoporous Pt fibers.
However, as the Ru concentrations were further in-
creased in the precursor solutions, the ordering of the
mesostructures inside the fibers decreased. When the Ru
contents in the precursor solution were 40 at %, disor-
dered mesostructures consisting of nanoparticles were
formed in most parts, though ordered stripe patterns were
partially confirmed (images ¢ and d in Figure 9).

The ordering of a mesostructure is strongly related to
the metal deposition rate. It was visually confirmed that
the metal deposition rate increased with an increase of the
Ru concentration in LLCs, which was caused by the
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25 nm

Figure 8. TEM studies of PtggRuy4 alloy fiber synthesized from PtgoRuyo precursor solution. (a) Low-magnified TEM image. (b) Selected-area ED
patterns. (c, d) Highly magnified TEM images. (¢) EDS mapping. The dark field image (e-1) and the elemental distributions of Pt (e-2) and Ru (e-3).

difference in the catalytic activity of metals for the anodic
oxidation of DMAB.?® The increased rate of metal de-
position was insufficient to coat the rodlike self-assem-
blies in the LLCs. Attard et al. demonstrated the effect of
deposition rate on the ordering of a mesoporous struc-
ture.?* In their study, mesoporous Pt films were deposited
over a range of potentials (+0.1 V to —0.3 V vs SCE) by
the electrodeposition method. When the films were de-
posited at —0.1 V vs SCE and at potentials more positive
(i.e., decreased deposition rates), the XRD patterns ex-
hibited a sharp diffraction peak corresponding to a repeat
distance. However, as deposition potentials were de-
creased (i.c., increased deposition rates), the ordering of
the mesoporous structures was gradually reduced.

We further investigated the detailed atomic structure of
the framework at a higher magnification. The framework
showed a bumpy morphology, proving that the pore wall
was composed of connected nanoparticles with an average
size of ca. 3 nm (Figures 7d and 8d). The lattice fringes on
one nanoparticle corresponded to the {111} planes because
both d-spacings were 0.23 nm and the dihedral angle was ca.
55°, indicating that each nanoparticle had single crystal-
linity with an fcc structure (Figure 8c). The selected-area

(23) Ohno, I.; Wakabayashi, O.; Haruyama, S. J. Electrochem. Soc.
1985, 132, 2323.

(24) Elliott, J. M.; Attard, G. S.; Bartlett, P. N.; Coleman, N. R. B.;
Merckel, D. A. S.; Owen, J. R. Chem. Mater. 1999, 11, 3602-3609.

ED pattern from a 100 nm region showed the ring patterns,
each of which was assignable to the (111), (200), or (220)
lattice plane of the fcc structure (Figures 7c and 8b). The
presence of other phases (e.g., PtRu; and PtRu (ordered
structures) and Ru oxides) was not confirmed (Figure 8b).
The lattice fringes were randomly oriented across the con-
nected nanoparticles. The observed ED pattern had dif-
fused rings and intense points located on the rings. The sizes
of the domains with single atomic crystallinity varied from 3
to 10 nm or more, equal to 1—3 nanoparticles or more. The
recording of the intense diffraction points was attributed to
the coexistence of such large crystals. With the increase of
the Ru content in the fibers, the intense spots disappeared
and the brightness of the ED patterns weakened, indicating
that the single domain size was gradually reduced. The
codeposition of two metal species with different standard
electrode potentials (Ey) (Pt, 1.19 V; Ru, 0.46 V*'%) may
have affected the reduction of the domain size of the single
atomic crystallinity. It has been reported that electrodepos-
ited Pt-group alloy nanoparticles (e.g., Pt—Ru, Pt—Ru—Ni)
prepared in the absence of surfactants possess a smaller
atomic crystalline size compared to Pt alone.”> The same

(25) (a) Park, K. W.; Choi, J. H.; Kwon, B. K.; Lee, S. A.; Sung, Y. E.;
Ha, H. Y.;Hong, S. A.; Kim, H.; Wieckowski, A. J. Phys. Chem. B
2002, /06, 1869-1877. (b) Liu, Z. L.; Ling, X. Y.; Su, X. D.; Lee, J. Y.;
Gan, L. M. J. Power Sources 2005, 149, 1-7. (c) Huang, J. C.; Liu, Z.
L.; He, C. B.; Gan, L. M. J. Phys. Chem. B 2005, 109, 16644—16649.
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Figure 9. HR-SEM images of (a) mesoporous Pt, (b) PtgsRu,4 alloy, and (c, d) Pts,Rusg alloy fibers synthesized from the precursor solutions with metal
compositions of (a) Pt;q, (b) Ptgg—Ruyg, and (c, d) Ptyg—-Rug,. The dashed lines in (d) indicate a partial ordering of mesostuctures. The scale bar is 30 nm.

phenomena were observed when other processes (e.g.,
microwave-assisted polyol and hydrosilylation processes)
were applied.”® The EDS mapping of the PtgsRu,, fibers
(prepared from PtggRu,, precursor solution) is shown in
Figure 8e. The dark-field (DF) STEM image completely
corresponded to the images of the EDS mapping of Pt and
Ru. No phase separations in a nanometer scale were
observed. Consequently, we can conclude by combinational
characterizations that the Pt—Ru fibers were in the inter-
metallic alloy state.

Ru fibers from Ru-based LLCs have mesoporous
structures that are quite different from those of other
mesoporous Pt and Pt—Ru fibers. The TEM and HR-
SEM images show that the uniform-size mesopores are
randomly packed to make a 3-dimensional (3D) meso-
porous structure, though the LLCs had a 2D-hexagonal
structure (Figure 10). The mesopore size is around 3 nm,
in good agreement with the size of the self-assemblies
consisting of C4EOg surfactants.”*”" Such a 3D meso-
porous structure is thought to be deposited from either
micellar cubic (I;) or bicontinuous cubic (V;) as a tem-
plate, based on the C;4EO,(-type LLC phase diagram."’
At present, the transition of the LLCs is conceivable. It
was reported that, as the concentration of metal ions
dissolved in LLCs was gradually decreased, the transition
from the micellar cubic (I;) phase to the 2D-hexagonal
(Hy), bicontinuous cubic (V;), and lamellar (La) phases
occurred.” Therefore, as the Ru deposition in LLCs
proceeded, the Ru ion concentration decreased, which
induced the transition from the 2D-hexagonal (H;) to the
bicontinuous cubic (V;) phase. Although the phase
boundaries were changed by surfactants and dissolved
metal ions, in the case of the Ru-based LLCs, the transi-
tion might have occurred at a very early stage of deposi-
tion. Therefore, no mesostructures derived from a 2D
hexagonal LLC phase were observable in most fibers.

The nanoparticle size in the framework was less than
1.5 nm, smaller than that of other mesoporous Pt and Pt—
Ru alloy fibers (Figure 9). In addition, the ED showed
weak ring-like patterns assignable to the Ru hep structure
(Figure 10b). No intense spots were confirmed, indicating

that the domain sizes of Ru crystals were dramatically
decreased. In fact, the lattice fringes were randomly
oriented (Figure 10c). In general, Ru has an hcp structure
at room temperature. As reported previously, when the
same synthetic conditions were applied, Ru nanoparticles
were smaller than Pt nanoparticles.>® A similar situation
was found in the current study. The XPS study described
above (Figure 6d) indicated that the 25 at % Ru atoms in
the fibers were oxidized. A large number of Ru atoms
exposed on the surface of the fibers were likely oxidized
because Ru atoms are easily oxidized under atmospheric
conditions. The size reduction of the nanoparticles as-
sembled in the frameworks likely accelerated the oxida-
tion of the surface. Although direct templation from the
original 2D hexagonal LLCs failed, this is the first report
of mesoporous Ru/Ru oxides from lyotropic liquid crys-
tals. By further optimization of LLC compositions, suc-
cessful direct templation from original LLC structures
without an LLC phase transition will become possible.
The electrochemical oxidation of the adsorbed CO on
the mesoporous fibers in 0.5 M H,SO4 is shown in
Figure 11. The peak potentials for oxidation of the CO
monolayer for mesoporous Pt, PtysRu, (prepared from
PtgoRul() LLCS), PtgéRuM (prepared from PtgoRllz()
LLCs), and Ru fibers were about 0.74, 0.65, 0.62, and
0.60 V, respectively. With an increase in the Ru content,
the threshold and peak potentials were shifted to lower
electrode potentials. This phenomenon supports the in-
corporation of the Ru content into the fibers.?® Using the
probe value of 420 uC cm ™2 for the stripping of a CO
monolayer, the electrochemically active surface areas
measured from the CO stripping charge were 16, 20, 23,
and 62 m? g~ ' (Table 1). The value of mesoporous Pt fiber
was close to those reported for 2D-hexagonally ordered
mesoporous Pt films and particles from LLC phases
with the same surfactants (C;cEQOg), ranging from 17 to
23 m? g~ 1.7%7® The gradual increase of the surface areas

(26) (a) Takasu, Y.; Fujiwara, T.; Murakami, Y.; Sasaki, K.; Oguri, M.;
Asaki, T.; Sugimoto, W. J. Electrochem. Soc. 2000, 147,4421-4427.
(b) Takasu, Y.; Sugimoto, W.; Murakami, Y. Catal. Surv. Asia 2003, 7,
21-29.
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Figure 10. TEM and HR-SEM images of mesoporous Ru fibers. (a) Low-magnified TEM image. (b) Selected-area ED patterns. (c) Highly magnified

TEM image. (d, ¢) HR-SEM images.
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Figure 11. Cyclic voltammograms of the electro-oxidation of pread-
sorbed CO on mesoporous fibers. The product compositions are noted.
The compositions shown in parentheses indicate the LLC compositions.

was attributed to the increase in the lighter-element Ru in
the fibers and the reduction of the nanoparticle size in the
framework.

The performance of fuel cells such as DMFCs is
strongly dependent on the electrocatalysts used. Accord-
ingly, for the best DMFC performance, it is highly
desirable and perhaps technologically necessary to devel-
op good electrocatalysts to explore the performance of
methanol electro-oxidation. The electrocatalytic proper-
ties of the mesoporous fibers with various Ru contents
toward the methanol electro-oxidation reaction were

Table 1. Electrochemical Analysis Data

composition of electrochemically mass-normalized
products (LLC active surface catalytic activit%/
composition) areas (m”>g ') (A (gofmetal)™ ")

Pt (Pty00) 16 1.6

PtgéRU.4 (PtgoRulo) 20 2.5

PtgsRul5 (P[40Ru60) 23 12

Ru (Ruloo) 62 0.0

evaluated from the quasi-steady-state current density at
0.50 Vin 0.5 M H>SOy solution containing 1 M methanol
at 60 °C. The catalytic activity increased with an increase
in the Ru content, but mesoporous Ru had no catalytic
activity (Table 1). The PtgsRuys fibers (prepared from
Pt4oRugy LLCs) exhibited the highest mass specific cur-
rent density of 12 A (g of metal) ' The high mass-specific
activity of mesoporous Pt—Ru alloy fibers was attributed
to the high surface area (i.e., high number of active
surface metal sites). The alloying with Ru further en-
hanced the electrochemical activity. The electrochemical
properties of 30 mass% PtsoRusg supported on Vulcan
Carbon (PtsoRuso/C) were characterized for comparison.
The electrochemically active surface area of PtsgRus/C
was 65 m?g " and its mass activity was 52 A (g of metal) ",
which are a few times larger compared to those of
PtgsRu; s fibers (prepared from PtyoRugy LLCs) in this
study. The difference in the electrochemical characteris-
tics of the present mesoporous PtRu fibers is reasona-
ble if considering the nonsupported nature. Naturally,
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supported materials afford higher surface areas and
activities compared to nonsupported bulk catalysts.

4. Conclusion

We successfully synthesized mesoporous Pt—Ru fibers
via the EDIT method using diluted precursor solutions,
including the Pt and Ru species. Tunable controls of
Pt and Ru ratios were realized by changing the composi-
tion of Pt and Ru in precursor solutions. The Pt and Ru
were uniformly dispersed in the fibers and were rarely
oxidized. By detailed characterizations using HR-SEM
and TEM observations, EDS mapping, and XPS analysis,
it was proved that the Pt and Ru in the fibers were in
the intermetallic alloy state. In addition, the obtained
mesoporous fibers had unique stacked donut-like
mesochannels due to the confined effect of the PAAM
channels. Because macrospaces were created among the
fibers, macro-meso-type hierarchical structures were
formed, providing more efficient diffusions of the guest
species and electrolytes. Furthermore, the mesopore
walls consisted of connected nanoparticles in crystalline
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alloy states. Consequently, multiple controls on the
macroscopic (morphologies), mesoscopic (mesochannel
orientations), and atomic levels were achieved simulta-
neously through our dual-templating method using both
LLCs and PAAMs. We strongly believe that our method
can provide an important platform for the fabrication of
next-generation high-performance electrodes, electroca-
talysts, and biosensing materials.
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