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Abstract: Platinum nanoparticles with continuously tunable
mesoporous structures were prepared by a simple, one-step
polymeric approach. By virtue of their large pore size, these
structures have a high surface area that is accessible to reagents.
In the synthetic method, variation of the solvent composition
plays an essential role in the systematic control of pore size and
particle shape. The mesoporous Pt catalyst exhibited superior
electrocatalytic activity for the methanol oxidation reaction
compared to commercially available Pt catalysts. This poly-
meric-micelle approach provides an additional design concept
for the creation of next generation of metallic catalysts.

M icelle architectures provide a simple and versatile plat-
form for the synthesis of mesoporous structures in a wide
variety of materials.'! Both pore size and the porous structure
of the materials can be controlled by tuning the inter- and
intramolecular forces that drive the self-assembly of surfac-
tants and block copolymers.”) Mesoporous materials with
large pore sizes have inspired a wide variety of applications
because large pores facilitate fast and efficient transport of
reactants.l’! For example, Zhao and co-workers reported that
three-dimensional (3D) ordered mesoporous silica with
ultralarge accessible mesopores can be synthesized on high-
molecular-weight block-copolymer templates. They used
solvent evaporation to make composite micelles composed
of a block copolymer and a silica precursor to assemble the
ordered mesostructure.! Although the synthesis of these
large-pore materials have been demonstrated, their compo-
sitions are still limited to carbon, silica,**! metal oxides,!”!
and organosilicates.”’! If these micelle templates could be
applied to the preparation of noble metals, in particular,

[*] B. Jiang, Dr. C. Li, ). Tang, Dr. T. Takei, Dr. Y. Ide, Dr. J. Henzie,
Dr. S. Tominaka, Prof. Y. Yamauchi
Mesoscale Materials Chemistry Group
International Center for Materials Nanoarchitectonics (MANA)
National Institute for Materials Science (NIMS)
1-1 Namiki, Tsukuba, Ibaraki 305-0044 (Japan)
E-mail: LI.Cuiling@nims.go.jp
Yamauchi.Yusuke@nims.go.jp
B. Jiang, J. Tang, Prof. Y. Yamauchi
Faculty of Science and Engineering, Waseda University
3-4-1 Okubo Shinjuku, Tokyo 169-8555 (Japan)
Prof. J. H. Kim, Prof. Y. Yamauchi
Australian Institute for Innovative Materials (AlIM)
University of Wollongong
Squires Way, North Wollongong, NSW 2500 (Australia)

(@ Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201603967.

Angew. Chem. Int. Ed. 2016, 55, 10037 —10041

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

materials such as platinum, these ultralarge accessible surfa-
ces would be of great utility for electrocatalysis.

Mesoporous noble-metal materials (e.g., Au, Pt, Pd) have
most of the physical and chemical properties that make these
metals good catalysts. Consequently, these structures exhibit
enhanced catalytic properties for a range of reactions,
including small-organic-molecule oxidation, the oxygen
reduction reaction, and hydrogenation.l”’ Our previous stud-
ies demonstrated that mesostructured noble metals with large
pores could be synthesized by using pore-directing agents,
such as the block copolymer polystyrene-block-poly(ethylene
oxide) (PS-b-PEO), through electrochemical deposition.!"”
However, this method required the metal species to be
electrodeposited on conductive substrates, limiting the
obtained materials primarily to monolith films. Chemical
reduction might provide a more flexible way to make metal
nanoparticles in solution.'"' To our knowledge, chemical
reduction has never been used for the controlled synthesis of
large-sized porous metallic nanoparticles with tunable pore
sizes and particle sizes. Consequently, new synthetic strategies
must be developed to enable the reduction of metal species on
block-copolymer micelles to create nanoparticles with large,
open pores as high-performance electrocatalysts.

Herein we report a simple micelle-based approach to
make mesoporous Pt nanoparticles. By controlling the solvent
composition, we are able to make nanoparticles with con-
tinuously tunable porous architectures and particle sizes
(Figure 1). The Pt precursor is chemically reduced by ascorbic
acid in a mixture of tetrahydrofuran (THF) and water. The
concept of our approach is different from that of traditional
micelle systems prepared by dialysis and solvent evapora-
tion,l'” because the addition of water induces the micelliza-
tion of block copolymers. The solubility of the hydrophobic
blocks depends on the tetrahydrofuran content, so micelle
size can be tuned by varying the THF content to create a fully
tunable mesoporous Pt nanoparticle system. The as-prepared
mesoporous Pt nanoparticles are referred to herein as Pt-x-
(100-x), where x represents the percentage (v/v %) of THF in
the precursor solutions. The electrochemical performance of
the mesoporous Pt structures was carefully examined and
showed a great improvement over conventional platinum
catalysts, thus demonstrating that the mesoporous design is
a route to better catalytic activity.

The hydrophilic and hydrophobic segments of the diblock
polymer poly(ethylene oxide)-b-poly(methyl methacrylate)
(PEO-b-PMMA) have similar solubility parameters in
THEM™ The addition of water causes the hydrophobic
PMMA segments to become less solvated, so that spherical
micelles are formed that are composed of the PMMA block as
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Figure 1. Process for the formation of a) mesoporous Pt-8-92 at a low THF content, and b) dimpled Pt-

14-86 nanoparticles at a high THF content (scale bars: 50 nm).

a core surrounded by a PEO shell, as illustrated by the Tyndall
effect (see Figure S1 in the Supporting Information). In
aqueous solution, the [PtCl,]*~ ions are coordinated by water
molecules to form platinum-water complexes.™ Previous
studies demonstrated that such coordinated complexes can be
incorporated inside the ethylene oxide (EO) shells of the
polymeric micelles by hydrogen bonding.™ During the
deposition of Pt, the PEO-b-PMMA micelles act as templates
to form the mesoporous structure.

The structural features of the mesoporous Pt nanoparti-
cles were characterized by scanning electron microscopy
(SEM; Figure 2). Both the porous structure and the particle
size depend on the solvent composition (herein, the volume
ratio between THF and H,0). The Pt-4-96, Pt-6-94, and Pt-8-
92 samples prepared from 4:96, 6:94, and 8:92 THF/H,O had
a dense assemblage of mesopores packed inside the spheres
(Figure 2a-c). The porous structures gradually transformed
into dimpled mesopores as the THF/H,0O volume ratio
increased to 14:86 (Figure 2e,f). As the THF/H,O volume
ratio changed from 4:96 to 6:94, 8:92, 10:90, 12:88, and 14:86,
we observed a corresponding decrease in particle size from
(107+1)nmto (86 £1),(62+1),(46+1),(37+1),and 32+
1) nm, while the pore size of the samples increased slightly
from (8 £0.5) nmto (9 £0.5), (10£0.5), (12+0.5), (14 £0.5),
and (14 +£0.5) nm, respectively (see Figure S2). These stat-
istical results were estimated from the SEM images. The
above result (see Figure S3) demonstrates that the solvent
composition plays a key role in the variation of the pore size
and the particle size, and ultimately determines the meso-
porous structure of the nanoparticles.

Mesoporous Pt-8-92 nanoparticles were investigated in
detail with a combination of electron microscopy and X-ray
characterization techniques. SEM and transmission electron
microscopy (TEM) images of the particles prove that the
densely packed spherical mesopores are distributed not only
on their surfaces but also inside the nanoparticles (Figure 3).
Low-angle X-ray diffraction (XRD) is a better way to
determine the periodicity (i.e., pore-to-pore distance) of the
mesoporous structure in the entire ensemble of particles. The
measurement shows a broad peak located at 0.55° (d=
16.0 nm), which corresponds to the expected pore-to-pore
distance of the mesoporous structure (see Figure S4a). The
wide-angle XRD pattern of the obtained sample displays five
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pure Pt peaks, which can be
assigned as (111), (200), (220),
(311), and (222) diffraction
peaks, respectively (Figure S4b).
Closer examination of the indi-
vidual nanoparticles by high-res-
olution TEM (HRTEM) showed
that the pore walls are composed
) of numerous small intercon-
nected nanoparticles (ca. 4-
6 nm; see Figure S5). Polycrystal-
linity was confirmed by the
selected area electron diffraction
(SAED) pattern (see Fig-
ure S5b), which showed concen-
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Figure 2. SEM images of mesoporous a) Pt-4-96, b) Pt-6-94, c) Pt-8-92,
d) Pt-10-90, e) Pt-12-88, and f) Pt-14-86 samples prepared from THF/
H,O solvent mixtures with various volume ratios [a) 4:96, b) 6:94,

c) 8:92, d) 10:90, e) 12:88, and f) 14:86].

tric rings composed of bright discrete diffraction spots that
can be assigned to a face-centered-cubic (fcc) Pt crystal for
individual particles. The HRTEM image taken from the edge
of the particle had a lattice spacing of 0.23 nm, which
corresponds to the fcc Pt(111) crystal plane (see Figure S5d).
The average grain size is approximately 9 nm, as calculated
from the XRD diffraction peaks (see Figure S4b) on the basis
of the Scherrer equation. Therefore, the crystallinity is
extended over a couple of nanoparticles.

We examined the mesoporous Pt-14-86 nanoparticles
synthesized at a higher THF concentration to understand
the influence of the solvent composition. The sample was
highly dispersed, with a narrow particle-size distribution, and
dimple-like pores (see Figure S6a). Interestingly, the size of
the nanoparticle was smaller, whereas the pores on the
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Figure 3. a,b) Low- and high-magnification SEM, c) TEM, and
d) HAADF-STEM images of the Pt-8-92 sample prepared by using
a THF/H,O volume ratio of 8:92.

surface were larger and less numerous. Electron microscopy
revealed that each nanoparticle possessed 1-2 central spher-
ical pores, and several small branches around its exterior (see
Figure S6). The particle size and shape are directly related to
the solvent composition (Figure 2; see also Figure S2).

In this study, solvent composition had a large impact on
the final Pt structure, so we attempted to observe this effect
directly in the polymeric micelles themselves. The polymeric
micelles formed at THF/H,O various volume ratios were
stained with phosphotungstic acid (1.0 wt % ) and studied by
TEM. Spherical micelles were formed in the THF/H,O
solvent mixtures (see Figure S7). In the TEM images, the
bright spheres correspond to the micelles (regions of lower
electron density) owing to the negative staining by phospho-
tungstic acid."® The micelle size increased from (14 £=0.5) to
(17+£0.5) and (19+0.5) nm as the THF/H,O volume ratio
increased from 8:92 to 10:90 and 14:86. This change in the
micelle size is probably due to the solubility change of the
hydrophobic PMMA block in the mixed solvents. Exactly as
observed for our mesoporous Pt nanoparticles, a larger
amount of THF caused the PMMA blocks to swell, thus
leading to an expansion of the size of the pores in the Pt
nanoparticles (see Figures S1 and S2).

It must be considered that the THF content in the PEO-b-
PMMA solution could affect the number of free unimers and
micelles in the solution. At a lower THF content, the fraction
of micelles is increased, because the block polymer tends to
form micelles in a high volume ratio of water to THE.*!7 This
high micelle concentration facilitates the ready assembly of
a large number of micelles (Figure 1a), resulting in large-
sized spherical particles (Figure 2a,b). On the other hand, at
higher THF content, swollen micelles are formed, and their
micelle concentration is decreased (Figure 1b), which favors
the formation of smaller-sized Pt particles with enlarged pores
(Figure 2e,f). Our results are consistent with a previous study
on mesoporous silica, in which a high THF concentration
promoted the formation of hollow structures by isolated
micelles, whereas a low THF concentration resulted in the
formation of mesoporous structures derived from a large
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number of well-packed micelles.! When the THF concen-
tration was increased even more (THF/H,O 16:84), hemi-
spherical Pt nanoparticles with a few enlarged pores on the
surface were observed (see Figure S8). To our knowledge,
tuning of the size of particles, the number of pores on their
surface, and the pore size by simply changing the solvent
composition has not been reported previously. We believe
that this concept provides a new way to construct the internal
structure of metallic nanoparticles. To investigate the growth
of Pt particles in the solution phase, we observed the
intermediate products at different reaction times by TEM
(see Figure S9). The Pt precursor was first reduced to tiny
nanocrystals, which were likely stabilized by the EO chains of
the micelles. As the reaction proceeded, the tiny crystals grew
larger and began to coat on the spherical PEO-b-PMMA
micelles. After 100 min, the mesoporous structures started to
form.

In the present synthesis, the use of the hydrophobic
PMMA block in PEO-b-PMMA was critical for the formation
of mesoporous Pt nanoparticles. When PEOs)-b-
PMMA (;5000) Was replaced with a block polymer with a rigid
hydrophobic block (for example, PEO 3500-b-PSi5000)),
a turbid solution instead of a transparent solution was
obtained under the same conditions (see Figure S10a). A
large amount of THF was necessary to obtain a transparent
solution of PEO;500)-b-PS1500), but exclusively resulted in Pt
aggregates (see Figure S10b), which is different from our
previous electrochemical deposition system.'”’ We concluded
that the PMMA blocks in PEO-b-PMMA are more flexible
and weakly hydrophobic as compared to the PS blocks in the
PEO-b-PS. Furthermore, the pore size of the nanoparticles
can be readily tuned by changing the molecular weight of the
PMMA block. Thus, the pore size increased from (10 +0.5) to
15+0.5nm when the block copolymer was changed from
PEO 10500)"0-PMMA 15000 10 PEO 10500-b-PMMA 550y (see
Figure S11b,c). On the other hand, (5+0.5) nm dendritic-
like pores were formed when PEO gs00)-b-PMMA (15000) Was
replaced with PEO ;500-b-PMMA 4, (see Figure S11a).

Electrocatalytic activity depends on both the particle size
and the porous structure of Pt nanoparticles. We examined
the activity of the mesoporous Pt nanoparticles for the
methanol oxidation reaction (MOR). For comparison with
the performance of commercially available catalysts (Pt black
is abbreviated as PtB whereas 20 wt% Pt supported on
carbon is abbreviated as PtC-20 %), all the mesoporous Pt
nanoparticles were deposited on a carbon support (Ketjen
black, abbreviated as KB) with a mass loading amount of
20 % by sonicating a mixture of mesoporous Pt nanoparticles
and KB in ethanol/water. This procedure was followed by
washing several times with ethanol and water. Finally, the
samples were calcinated in air at 250°C to completely remove
the block copolymer and other contamination, leaving the
mesoporous Pt structure (see Figure S12). The electrochem-
ical surface area (ECSA) of all the samples was measured by
cyclic voltammetry in 0.5M H,SO, solution (see Figure S13a).
PtB and PtC-20% were characterized under the same
conditions as the mesoporous Pt nanoparticles. Clear features
of hydrogen and oxygen adsorption/desorption on the mes-
oporous Pt catalyst are indications of the cleanliness of the
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catalyst surface. The ECSA was calculated by integrating the
charge passed in the hydrogen-adsorption/desorption regions,
whereby a value of 210 uCcm? was assumed for the
adsorption of a hydrogen monolayer."s! The ECSA value
was 32 m?g!_Pt for mesoporous Pt-8-92, 15m’*g~'_Pt for
PtB, and 55 m*g '_Pt for PtC-20%. The ECSA of mesopo-
rous Pt nanoparticles was lower than that of the commercial
PtC-20% (ca. 4 nm), probably because the tiny nanoparticles
are connected in the mesoporous structure.

Typical cyclic voltammetric curves for MOR catalyzed by
the three catalysts in 0.5M H,SO, solution containing 0.5M
methanol at a scan rate of 50 mVs ™! are shown in Figure 4a,b.
The characteristic methanol oxidation peaks were identified
in the forward and backward scans.'"”) The peak current of
mesoporous Pt-8-92 (405 mAmg~'_Pt) in the forward sweep
was higher than that of the commercial PtC-20%
(235 mAmg '_Pt) and PtB catalysts (68 mAmg '_Pt). Even
when the activities were normalized according to the ECSA,
the mesoporous Pt-8-92 nanoparticles still exhibited the best
catalytic activity toward MOR (1.29 mA cm ). It was much
higher than that of the PtC-20% (0.5 mAcm™) and PtB
catalysts (0.4 mAcm?). Additionally, the mesoporous Pt
nanoparticles exhibited a negatively shifted onset potential
for MOR, thus indicating that the oxidation of methanol was
easier to be triggered on its surface.”™ Such improved
catalytic activity of the mesoporous Pt-8-92 nanoparticles
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can be ascribed to 3D accessible mesoporous structure.”!! As
compared to previously reported platinum-based catalysts
(see Table S1 in the Supporting Information), our mesopo-
rous Pt-8-92 nanoparticles exhibited a higher current density.

The dependence of catalytic activity on pore size and
nanoparticle size was further studied by comparing the
performances of the mesoporous Pt nanoparticles (see
Table S2). We found that the catalytic activity of samples
depended on the measured ECSAs, which depend on both the
nanoparticle size and the pore size. As the particle size
decreased (to (62+1)nm), the mass activity gradually
increased up to 405 mAmg '_Pt owing to the increased
ECSAs. However, further decrease in the particle size results
in a smaller ECSA value, because the pore size increases,
whereas the number of pores on the surface decreases. We
concluded that larger mesopores, or fewer of them, result in
a smaller ESCA value and ultimately lead to a loss in mass
activity.

The chronoamperometric data recorded at 0.6V for
3000 s showed that the mesoporous Pt nanoparticles pos-
sessed a good retention and a higher current density than
those of the PtC-20% and PtB catalysts (Figure 4c). The
structural stability of our mesoporous Pt nanoparticles is well-
supported because the ECSA is retained after cycling treat-
ment. The mesoporous Pt nanoparticles lost only 15 % of the
initial Pt ECSA, whereas the commercial PtC-20 % and PtB

lost 55 and 60 % of their initial

a s —s— Mesoporous Pt b 141 Wesoporous Pt ECSA, respectively (see Fig-

—— PtC-20% 1.2 PtC-20% ures S3d and S13b-d). We

400y ~=F1R e believe that the mesoporous

109 structure has higher stability

T 300+ —~ 08 because it is less vulnerable to
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< £

= = 04 In summary, we have

- 100+ 0.2, developed a novel method to

’ synthesize continuously tuna-

0 0.0 : ; . ) | ble mesoporous nanoparticles

0.0 0.2 0.4 06 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 using polymeric micelles and

Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl) chemical reduction. We could

c 300, ~— Mesoporous Pt d - - not observe any irregularly

—o- PtC-20% 7 7 shaped or nonporous Pt par-

250 —A-PtB Zzn % ticles (see Figure S15), thus

% 801 a % highlighting our high-yielding

T 200 é / % synthesis. The essence of this

'ru,' 8 601 7k Z approach is to utilize the com-

5 1501 % wl / rj é position of the solvent to selec-

£ 100 a | :‘3:3’l % tively vary the solubility of the

= w = 21 ') % micelles which changes their

50 A [S;:;E’} é size. Continuously tunable

) M " ) b };;;;;] é : porous structures are impor-

0 500 1000 1500 2000 2500 3000 Mesoporous Pt PtC-20% PtB tant for the future design of

Time (s)

porous materials with superior
catalytic activities.

Figure 4. Comparison of mesoporous Pt nanoparticles with commercial catalysts. a) Mass-normalized

cyclic voltammograms, b) ECSA-normalized cyclic voltammograms, and c) mass-normalized chronoam-
perometric curves (recorded at 0.6 V) for methanol oxidation reactions catalyzed by the Pt-8-92 catalyst,
commercial PtB catalyst, and PtC-20% catalyst in 0.5m H,SO,+0.5m CH;OH. d) Comparison of ECSA
retention of the Pt-8-92 catalyst, commercial PtB catalyst, and PtC-20% catalyst after cycling treatment in

-1

a potential range of —0.2 to 1.0 V at a scan rate of 100 mVs™'.
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