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Abstract

Fuel cells which are expected next generation energy produce device, it is
essential for increasing electrical power generation efficiency. For the realization, it is
needed to technique forming activity site over catalyst effectively. The activity site in
PEFC is in triple phase boundary where catalyst surface, proton conductive polymer,
reactant gas are gather together. Triple phase boundary have been obtaining
experientially. Then, four approach is attempted in this work.

First approach is decreasing electrical conductive loss to control Pt—C interface.
Platinum nanoparticles have been reported with mean size of between 1.5 and 7 nm
supported on carbon. The contact between Pt nanoparticles and C has never been
controlled and monitored nanoscopically. In this paper, stable Pt nanoparticles with
mean size of 1.2 nm were synthesized embedded on/in C matrix catalytically produced
from acetylene over the Pt nanoparticles. The replica-Pt-C composite was synthesized
inside the ordered mesopores (2.7 nm) of AI-MCM-41 followed by removal of template.
The contact between Pt nanoparticle and C was experimentally observed by high
energy-resolution Pt L,-edge XANES spectra tuned to 11065.7 eV, at lower energy by 5
eV than the Pt LB, peak top for the replica-Pt-C pressed to electrolyte polymer (Nafion).
The spectra were nicely reproduced in theoretical spectrum using ab initio multiple
scattering calculations for the interface Pt site between cubo-octahedral Pt;s and
graphite layers. Other Pt sites detected in state-selective Pt L,-edge XANES were
exclusively metallic for replica-Pt-C/Nafion either in air or in H,. Thus-characterized
replica-Pt-C composite was tentatively tested as cathode of Hj-air polymer electrolyte

fuel cell in comparison to commercial 20 wt% Pt/Vulcan XC-72 as cathode. The



improvement of Pt dispersion stabilized on/in C matrix, effective contact of Pt with C,
and diffusion of fuel O, in a few nanometers of replica-Pt-C powder was suggested.

Second approach is increasing gas diffusion to make carbon architecture
sterically-bulky. The replica Pt—C composite was synthesized utilizing silica template
having three-dimentional ordered pore. Carbon structure of that is slightly greater
graphene planar direction than synthesized from silica template having one-dimentional
ordered pore, and pore volume of that is 1.3 times larger than. As probe test for
diffusing reactant gas, N, generation in N,O decomposition reaction is 1.5 times higher
than replica Pt—C composite synthesized from silica template having one-dimentional
ordered pore. However, it is necessary to examine replica Pt—C composites utilizing
cathode in PEFC, particularly.

Third approach is evaluation for forming triple phase boundary to track electronic
state for surface of platinum particle. Based on synchrotron X-ray absorption fine
structure to monitor directly the status of catalysts in PEFCs, it was found that Pt sites
were reduced to Pt” by alcohols contained in polymer electrolyte dispersion solution
during the preparation of cathode of PEFC. As in membrane electrolyte assembly,
only the Pt sites not covered by polymer electrolyte reoxidized to P Thus, the
interface between Pt and polymer electrolyte was evaluated.

Fourth approach is to functionalize carbon surface with sulfonate/sulfate group to
conduct protons. Similar level of proton conductivity was observed in current-voltage
dependence compared to using polymer electrolyte, but polymer electrolyte was
advantageous to lose less voltage for activation. Based on this comparison, optimum
catalyst on cathode is proposed comprising surface sulfonate/sulfate group on carbon

mixed with polymer electrolyte. Further optimization of cathode catalyst is proposed



to functionalize carbon with sulfonate group linked to fluorocarbon branch.



Chapter 1

Introduction

1.1 Fuel cells
1.1.1 Positioning the fuel cells in electrical power generation method

In recent years, global warming and energy issues would be typical topic in
environmental issues. Main reason of global warming is assumed increasing CO,
which is greenhouse effect gas!!. The 67% of the world’s electrical energy in 2009
was produced by combustion of fossil fuels with releasing CO,*.  Without releasing
CO,, nuclear electricity generation was 14% of the world’s electrical energy!”. The
global shift of energy production from fossil fuels to renewable energy sources requires
higher efficiency and reliability.

In fuel cells (FCs), erectric energy was produced with reacting H, and O,. This is
sustainable energy system for the next generation because environmentally hazardous
substances were not emitted such as CO,, NOx, and SOx rasing global warming or acid
rain. Moreover, fuel H, can be produced by not only also petroleum but also water or
plants. Hence, FCs is core technology making sustainable society after energy
paradigm shift. In Japan, ENE + FARM is being sold for home use” ™ and fuel cell
vehicle (FCV) equipped with PEFC is determined to release in 2015,

As with a general battery cell, FCs directly converts chemical energy into electrical
energy, but distinguish other battery cells. Whereas the battery cells performing in
batch system is not suitable for growing in size, FCs performing in flow system can

grow in size easily. Then, FCs is not so much battery cell as electricity generator



taxonomically.
FCs is harnessed electron transfer as energy, with fuel burning reaction separating
to fuel oxidation in anode and O, redoction in cathode using electrolyte. FCs are

various types. Typical FCs are explained in next section.

1.1.2 Types of FCs
1.1.2-1 Distinguishing of fuels

Fuels are used H, or methanol. There are emitted quite low CO, compared with
fossil fuels. Using H, as fuel, theoretical cell voltage is 1.23 V and theoretical energy
conversion is high (83%)"). However, gas phase fuel is difficult strage because of the

10,11]

volume. There are various researches such as hydrogen storing alloy! and

hydrogen chemi-/ad-sorptionmaterial' ">,

Using methanol as fuel, FCs is called direct methanol fuel cell (DMFC) and
theoretical cell voltage is 1.21 V. This is slightly lower than using H,. In running
DMEFC, it needs to stack serially hundreds of cells for obtaining requires cell voltage.
Even 2% low voltage makes constraction cost enormous. There is another probrem in
electrolyte. Metahol is through out electrolyte materials and makes output decreasing.
Nevertheless, applying DMFC to mobile phone is being studied because liquid fuel has

high mobility!®’.

1.1.2-2  Distinguishing of electrolyte
Table 1-1 shows feature of each FCs due to the difference of the electrolyte and

Figure 1-1 illustrate composition of the each FC type.



1.1.2-2a  Polymer electrolyte fuel cell (PEFC)

PEFS is utilizing polymer type electrolyte.

DMEFC also fall into this category.

Operating temperature is 273 —373 K becase polymer electrolyte need liquid water to

deliver proton.

studing application for home electric generator and fuel cell vehicle (FCV

In order to operate low temperature and be small, PEFC have been

)[17].

Exhaust heat offen use for hot-water supply and room heating. Total energy efficiency

in best conditions is 70 — 80%.

Table 1-1. FCs types[g]
Polymer electrolyte ~ Phosphoric acid fuel =~ Molten carbonate Solid oxide fuel cell
fuel cell cell fuel cell
(PEFC) (PAFC) (MCFC) (SOFC)
Phosphoric acid .
Polymer electrolyte ) Molten carbonate Ceramic electrolyte
Electrolyte ) solution o )
(Solid) o (Liquid) (Solid)
(Liquid)
Operative
rt—373 K 423—473 K 923—973 K 973—1273 K
temperature
H,
Reformed natural gas Natural gas Natural gas
Methanol
Fuel Reformed LPG LPG LPG
Reformed natural gas
) Reformed methanol Coal gas Coal gas
Reformed gasoline
Generating 30—40%
) 35—45% 45—65% 45—65%
efficiency (reformed gas)
* Low operating * In practical use * High efficiency * High efficiency
temperature * Internal reforming  * Internal reforming
Feature
* Mobility + Utilization of
* Easy start-and-stop exhaust heat
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(a) Polymer electrolyte fuel cell (b) Phosphoric acid fuel cell
Resistor Resistor

[PEAAT)

H, 0,
] —>
Phosphoric B
acid B
solution
Anode Cathode Anode Cathode
H,—2H +2¢ O,t+4H +4¢ —H,0 H,—2H +2e¢ 0O,+4H +4e —H,0
(c) Molten carbonate fuel cell (d) Solid oxide fuel cell
Resistor Resistor
e'l 1 ¢ j
H,
& 02_ 02
4— 4+—
H,O
Ceramic
Anode Cathode Anode Cathode

H,+CO; —H,0+C0,+2¢ 0,+2CO,+4e—2C0O; H,+O’—H,0+2¢ 0,+4e¢—20"+H,0

Figure 1-1. Composition of FCs

1.1.2-2b  Phosphoric acid fuel cell (PAFC)

PAFC 1is utilizing porous membrane impregnated phosphoric acid solution as
electrolete. This type electrolyte can not perfectly separate between anode side and
cathode side. Thus, PAFC is difficult to obtain high performance and to downsize.

However, it is practically for large generator for business use in 1992 because of

simplicity manufacture!®.

1.1.2-2¢c  Molten carbonate fuel cell (MCFC)

The electrolyte in MCFC is alkali metal carbonate such as molten mixture of

11



lithium and sodium carbonate. MCFC is high efficient cell to operate high temperature
(923—973 K). Although material which has high durability for molten carbonate is

expensive. There are hopes that inexpensive material for MCFC is developped.

1.1.2-2d  Solid oxide fuel cell (SOFC)

SOFC is utilizing ion-conducting ceramic such as perovskite oxide for electrolyte.
SOFC is high efficient cell to operate high temperature (973 — 1273 K) but requires long
heating time from ambient temperature to operating temperature. Then, SOFC is
suitable for long term continuous running. There are hopes to develop inexpensive

material which has high dulability for high temperature.

1.2 Cathode catalyst in PEFC

The catalyst in PEFC is too expensive because of utilizing platinum. When FCV
is begun commercial production, price of FC system in FCV is estimated $ 8,000/80 kW

]

and that of 30% is catalyst plrice[18 . It is too expensive to stimulate consumer appetite.

In PEFC, oxgen reduction reaction (ORR; O, + 4H" + 4e~ — 2H,0) over cathode has

[19]

high overpotential, and is rate-limiting reaction Therefore, it needs to increase the

ORR activity over cathode catalyst and to go up electrical generating capacity.

1.3 Catalyst layer in PEFC

ORR is need electron, O,, and proton. In catalyst layer, these are derivered
through carbon (solid phase), hollow (gas phase), polymer (pseudo-liquid phase),
respectively. Then, active site is triple phase boundary®. Meanwhile, these phases

block the role of derivering reactants each other phase. For instance, electrons can not

12



pass through the polymer and hollow. If there is shortage of reactants , cell voltage fall

to a low level. Then, reactants derivery path in catalystlayer are need to highly design

and control for obtaining high performance output.
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Chapter 2
Replica Pt—C

2.1 Introduction

The control of platinum nanoparticle size between 1.5 and 7 nm supported on
carbon is essential in the application to fuel cells!" and detoxification of exhaust gas
from automobiles.!”! Pt nanoparticles on C nanofibers (mean Pt size of 1.7-4 nm),** C

), ordered mesoporous C (mean Pt size of 1.5-3

nanotubes (mean Pt size of 2-6.7 nm
nm),"""™¥ C powder (mean Pt size of 1.6-4.8 nm),["*'"! and spherical C (mean Pt size of
2.9 nm)""™® and Pt monolayer on nanoparticles of other metals!'®! have been synthesized
in narrow particle size distribution.

The polymer electrolyte fuel cell (PEFC) is expected to be a portable and compact
power source to start at atmospheric temperature and be operated at lower than 373 K
for automobile and home use.™ In the design of PEFCs, the cathode catalyst for the
oxygen reduction reaction (O, + 4H" + 4e° — 2H,0) is most critical because the
physical contact of Pt with C (electric contact), the electrolyte (wet polymer to transport
protons), and oxygen gas needs to be enabled at the same time.! The morphologic
effects of Pt nanoparticles, films, and alloys on the oxygen reduction reaction were
reported.!'*" In contrast that the Pt nanoparticles have been formed on various types of

3717 the electric contact of Pt with C has never been controlled

controlled C materials,[
and monitored nanoscopically.

In this work, the contact of Pt with C was controlled based on the idea of catalytic

15



acetylene decomposition over Pt nanoparticles in a narrow size distribution centered at
1.2 nm formed inside of Al-exchanged ordered mesoporous silica AI-MCM-41 to
produce Pt-C composites in mesopores. The replica Pt-C composite was separated via
the removal of AI-MCM-41 using hydrofluoric acid. The synthesis of the replica Pt-C
composite was monitored using high-resolution transmission electron microscope
(TEM), X-ray diffraction (XRD), and Brunauer, Emmett, and Teller (BET) adsorption
of N,. The local structure and heterogeneity of Pt sites were analyzed based on
conventional Pt L3;- and L,-edge X-ray absorption fine structure (XAFS) and
state-selective Pt Lf;-selecting Pt L,-edge XAFS, respectively. State-selective XAFS
was applied to Pt catalysts for the first time.

The Pt nanoparticles in a narrow size distribution centered at 1.2 nm are
advantageous to use most of the Pt sites (80%) for oxygen reduction;!"! however,
mass-specific activity for oxygen reduction is still under debate and/or critically
depends on reaction conditions. The rate constant values were nearly constant for mean
Pt particles between 1.6 and 4.8 nm on C.'” The mass-specific activity gradually

(221 or reached a

decreased when the mean Pt particle size decreased from 30 to 1 nm
maximum at 3.5 nm."**! The instability of Pt particles as small as 1 nm was suggested to
be transformed into amorphous and less active.””! In this paper, stabilization of Pt
nanoparticles (mean 1.2 nm) was tried on/in a C matrix catalytically formed from
acetylene in mesoporous space. The electronic structure of the interface Pt site between

Pt nanoparticles and C was investigated. The replica Pt-C was pressed as a tentative

cathode catalyst of membrane electrolyte assembly (MEA).
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2.2 Syntesis of Replica Pt—C composite

Ten milliliters of an 8.4 mM aqueous solution of tetraammineplatinum(II)
hydroxide hydrate Pt"(NH3)4(OH), -2H,O (Strem Chemicals) and 1.0 g of AI-MCM-41
(molar ratio SiO,/Al,O3; = 0.9875/0.0125, 1.11 wt % Al; Aldrich) were mixed and
stirred at 353 K for 2 days. The suspension was filtered, washed, and heated in vacuum
at 573 K for 2 h. The obtained powder (Pt-Al-MCM-41, 1.3 wt % Pt) was in a 30 mL
min™! H; (>99.99%; 101 kPa) flow at 573 K for 2 h and then in a 200 mL min™! CH,
(>98%) + N, (>99.999%) flow (molar ratio 1:9, total 101 kPa) at 973 K for 1 h. The
obtained black powder (0.72 wt % Pt) was treated with 30 mL of hydrofluoric acid
(15%; special grade, Wako Pure Chemical) to give the replica Pt-C composite (0.84
wt % Pt). Fortunately, in view of electric conductivity, amorphous C dissolved in
hydrofluoric acid, and Pt-graphite was preferably obtained.'®**! Somanathan et al.
prepared Pt nanoparticles starting from hydrogen hexachloroplatinate(IV) in AI-MCM
(molar ratio Si0,/Al,03 = 0.995/0.005) followed by calcination at 823 K. In 200 mL
min” of C;H, + N, flow (molar ratio 3:7), the start of C decomposition at 923 K, carbon
nanotube formation between 973 and 1073 K, the maximum C decomposed at 1073 K,
and preferable formation of graphitic sheets and amorphous C at 1173 K were
reported.'® The starting temperature of C decomposition and the maximum decomposed
C yield were reproduced in this work, but we chose a relatively low temperature of 973
K for C,H; decomposition to prevent the thermal growth of Pt nanoparticles.

Replica Pt-C powder (76 mg) was dispersed in 1.0 mL of 15% Nafion dispersion
solution (DE2021-CS, Wako Pure Chemical) using ultrasonic treatment (85 W, 28 kHz)
and was mounted on 190 pum thick C paper coated with polytetrafluoroethylene

(TGP-H-060H, Chemix). Similarly, 25 mg of commercial 20 wt % Pt supported on C

17



(Vulcan XC-72, Cabot) was dispersed on TGP-H-060H using a 5-10% Nafion
dispersion solution. As a reference, mechanically dispersed Pt/Vulcan XC-72 on
TGP-H-060H was also prepared. A 50 um thick electrolyte polymer Nafion film
(NR-212, Dupont; >95%; acid capacity > 9.2 x 10 equiv g) was pressed with replica
Pt-C/TGP-H-060H as the cathode and 20 wt % Pt/Vulcan XC-72/TGP-H-060H as the
anode for MEA. Another MEA was made using the same Nafion film pressed with 20
wt % Pt/Vulcan XC-72/TGP-H-060H on both sides. The area of the electrode catalysts

was 5 cm”.

2.3 Physical properties for Replica Pt—C composite

Nitrogen adsorption measurements were performed at 77 K with the pressures
between 1.0 and 90 kPa in a vacuum system connected to diffusion and rotary pumps
(10° Pa) and equipped with a capacitance manometer (models CCMT-1000A and
GM-2001, ULVAC). The samples were evacuated at 393 K for 2 h before measurements.
Highresolution TEM images were taken using LaBs source TEM equipment (JEOL,
Model JEM-4000FX) with an accelerating voltage of 400 kV. Samples were dispersed
in ethanol (>99.5%, Wako Pure Chemical) and mounted on amorphous C-coated copper
mesh (CU150 Mesh, JEOL).

XRD data were obtained using a Rigaku MiniFlex diffractometer at a Bragg angle
of 20 ) 2-10° for ordered mesopores and 10-75° for crystallites of C and Pt. The
conditions involved were 30 kV and 15 mA, Cu Ka emission, and a nickel filter. The
replica Pt-C powder and each intermediate composite during the synthesis were set in a
dip of 18 x 2 x 1 mm’ on glass plate to measure the electric conductivity with the

twopoint method.*]
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2.4 Conventional Pt L;-edge XAFS measurements

The powder samples for synchrotron X-ray measurements were prepared in the
vacuum system (10 Pa) and transferred in situ to a Pyrex glass cell equipped with
25-50 um thick Kapton (Dupont) windows on both sides. The samples in H,, air, or
argon were sealed with fire and transported to the beamline. The replica Pt-C powder
was mounted on TGP-H-060H, as described above, but pressed to only one side of
Nafion (NR-212) for synchrotron X-ray study. The Nafion and protection polyester
films (50 pm) were used as a window of Pyrex glass cells.

Conventional Pt L3- and L,-edge XAFS spectra were measured at 290 K in
transmission mode in the Photon Factory at the High-Energy Accelerator Research
Organization (Tsukuba, Japan) on beamlines 9C and 12C. The storage-ring energy was
2.5 GeV, and the ring current was between 450 and 250 mA. A Si(111) double-crystal
monochromator and cylindrical double mirror were inserted into the X-ray beam path.
The parallelness of the double crystals was set to 65% intensity and to the maximum
flux using a piezo translator. The slit opening size was 1 mm x 1 mm in front of the
ionization chamber. The /) and /; ionization chambers were purged with the mixture of
Ar(15%) + N(85%) and Ar, respectively. The scan steps were ~7.8, ~0.46, and ~2.5
eV in the pre-edge, edge, and postedge regions, respectively. The accumulation time
was 1-10 s for a data point. The Pt Ls;- and L, absorption edge energy values were

calibrated to 11562 and 13272.3 eV, respectively, for the spectra of Pt metal.[**"!

2.5 State-selective Pt L,-edge XAFS measurements

State-selective Pt L,-edge XAFS measurements were performed at 290 K at the

19



beamline 37XU of SPring-8 (Sayo, Japan). The storage ring energy was 8 GeV at the
top-up ring current of 100 mA. A Si(111) monochromator and rhodiumcoated mirror
were used. The undulator gap was optimized to maximize the X-ray beam flux at each
data point. To stabilize the X-ray beam position on the surface of the sample, the
monochromator stabilization mechanism was used.!**!

The Pt LS, emission spectra were measured using a homemade Rowland-type
fluorescence spectrometer set at beamline 37XU (Figure 2-1).2830 A Johann-type
spherically bent Ge(844) crystal (Saint-Gobain; curvature radius of 450 mm, d =
0.57737 A) and Nal(TI) scintillation counter (SC; Model SP-10, Oken) were mounted.
The energy resolution of the fluorescence spectrometer was estimated to be 3.4 eV at Pt
L1, including the contribution of the beamline. The apparent core-hole lifetime width

for Pt LB;-selecting XAFS was estimated to be 2.0 eV based on the formulal®"!

LU SR
2 2 2
1—‘APP Pt3dy, FPt 2n)
Detector 2

(SC purged with N,)

8 mm
. Slit 2

Synchrotron X-ray

LI Si(111)

Detector1  Slit0 Monochromator

Catalyst 20 mm ‘
. (He:N,=7:3)

Spherically bent
Johann-type Ge(844)
R 450 mm

Figure 2-1. State-selective XAFS measurement set-up utilizing Rowland-type

fluorescence spectrometer.
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The gas for the ion chamber was 30% N, and 70% He in front of the sample. The
slit opening in the front of the ionization chamber was 0.3 mm (horizontal) x 1.0 mm
(vertical). The sample was placed in a plane near horizontal, tilted by 6° toward the
incident X-ray and by 7° toward the Ge crystal. The sample surface, Ge crystal, and slit
in front of the SC were controlled on a Rowland circle (radius 225 mm) in the vertical
plane. The openings of the receiving slit and the slit in front of the SC were 8.0 mm (h)
% 0.1 mm (v). The sample and SC were covered with a lead plate housing, except for the
X-ray paths.

With the excitation energy set to 13298.8 eV, Pt Lf; emission (My — Ly; 6 )
75.895°) spectra were measured. The scan step was ~0.58 eV, and the accumulation
time was 60 s for a data point. The fluorescence spectrometer was tuned to each energy
around the Pt Lf; emission peak, and Pt L,-edge XANES (X-ray absorption near edge
structure) spectra were measured. The scan step was ~0.46 eV with an accumulation
time of 40-60 s for a data point. The Pt Lf; fluorescence energy value was calibrated to
11070.84 eV for the spectrum of Pt metal.***”) The energy positions of the
monochromator and the fluorescence spectrometer were reproduced within £0.1 and

+0.2 eV, respectively.

2.6 XAFS data analysis

The XAFS data were analyzed with XDAP (XAFS Services International).** The
pre-edge background was approximated by a modified Victoreen function Co/E* + C\/E
+ Cy. The background of the postedge oscillation was approximated by a smoothing
spline function, calculated by an equation for the number of data points where k was the

wavenumber of photoelectrons.
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Data_Points (‘uxl _BGi)Z
1 exp(—0.075 kiz)

< smoothing factor

Multiple shell curve fit analyses were performed for the Fourier-filtered
k’-weighted EXAFS data in k and R space using empirical amplitude and phase shift
parameters extracted from EXAFS of PtO, and Pt metal for Pt-O [bond distance
R(Pt-O) = 0.1993 nm with the coordination number (N) of 6] and Pt-Pt bonds
[R(Pt-Pt) = 0.2775 nm with the N of 12]™ based on reported crystal structures. The
many-body reduction factor S;* was assumed to be equal for the sample and reference.
The goodness of fit was given as requested by the Committee on Standards and Criteria
in X-ray Absorption Spectroscopy.

The Pt Ls;- and L,-edge XANES spectra were theoretically generated using ab

initio calculation code FEFF 8.4,[3 4

operated in a self-consistent field and full multiple
scattering modes. Theoretical calculations of Pt XANES were reported to clarify the Pt
cluster size effect and spectral change upon H/CO adsorption.””>"" The
exchange-correlation potential of Hedin-Lundqvist was chosen and corrected by adding
a constant shift of +1.0 eV to the Fermi level. The calculated potential was also
corrected by adding a constant shift of -1.6 eV to the “pure imaginary optical potential”
to compare to Pt Lf;-selecting Pt L,-edge spectra, but no shift was given for comparison
to conventional XANES. The energy of the theoretically generated spectrum was shifted
by +4.7 eV to compare to conventional Pt L;,-edge spectra and Pt L,-edge spectra
tuned to the Pt LS peak top (11070.7-11070.8 eV). Corresponding to the Pt L,-edge

spectra tuned to 11065.7 and 11075.4 eV, the energies of the theoretically generated

spectra were shifted by 0 and +8.2 eV, respectively.

22



The Pt metal site model consisted of 38 atoms of a facecentered cubic (fcc) Pt
metal cuboctahedron. Among the Pt atoms, N(Pt-Pt) values of 6, 8, and 24 atoms were
12, 9, and 6, respectively.m] The central Pt atom in the (111) surface (N = 9) was
considered as a representative Pt site for calculations (Figure 2-2) compared to an
average N of 7.6 for all of the Pt sites. A central Pt atom in the (111) surface was in
vacuum or at the interface with 177 atoms of three layers of graphite [R(C-C) = 0.1418
nm]. The Pt-C bond length was varied between 0.16 and 0.22 nm based on the crystal
structures of organometallic compounds.”” Relatively long R(Pt-C) values of
0.320-0.359 nm were used in the calculation model of Pt3; on graphite.[40] The Pt
L,-edge spectrum tuned to 11065.7 eV for replica Pt-C/Nafion was best reproduced
theoretically by setting the R(Pt-C) to 0.18 nm. Thus, the nearest Pt-C bond distance
was fixed to 0.18 nm. Average R(Pt-C) and N values were 2.0 nm and 1.9, respectively,

for seven Pt atoms at the interface (Figure 2-2).

1.0 nm
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Figure 2-2. The Pts3 cluster model on three layers of graphite for XAFS analyses.
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2.7 Fuel cell tests

A PEFC single cell (Model EFC-05-02, Electrochem) was used for evaluation of
replica-Pt-C as cathode catalyst at 343 K. The H2 (> 99.99%, CO < 0.1 ppm) and dried
air were flowed through anode and cathode, respectively, both with the flow rates of 100
mL min . Water bubble via ball filter with aperture size 5 — 10 pm was inserted in the
H; flow path at 15 cm to the inlet to anode. The temperature of water, FC, and the gas
flow path between water bubble and FC was controlled at 343 K using water bath and

ribbon heater.

2.8 Results
2.8.1 N, adsorption, XRD, TEM, and conductivity

The specific surface area (Sgpr) of 970 m* g for AI-MCM-41 decreased by 21%
upon impregnation of Pt (Table 2-1). In contrast to this partial block of mesopores, the
Sger for Pt-Al-MCM-41 decreased by 95% after catalytic C,H, decomposition,
suggesting that a (nearly) complete block of mesopores by C formed. The loss of Sger
was recovered to 540 m* g with the HF treatment (Table 2-1).

The regularity of MCM-41 framework was monitored by XRD during the synthetic
step of replica-Pt-C. The distance between pore and neighboring pore (a¢ of unit cell)
was 4.7 nm (djo0 = 4.1 nm) for AI-MCM-41 (Table 1).1%*"! " The value decreased to 4.5
nm (di00 = 3.9 nm) upon impregnation of Pt, in similar trend to Ref. [6]. In contrast,
no peak was detected in XRD for Pt-C-AI-MCM-41 probably because the electron
density of C formed in AI-MCM-41 mesopores was similar to that of Al-Si0, template.
The lower angle peaks recovered at d = 3.7 and 3.2 nm for replica-Pt-C composite, but

the intensity was weaker compared to peak for Pt-AI-MCM-41. No distinct peaks
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Table 2-1:  Physicochemical Characterization of Intermediate and Final Materials in the Replica-Pt-C Composite Synthesis

Specific Pt TEM? XRD‘ Electric

SBET Rpore pore 10ading Npo dpi_py conductivity
Sample m’g") (mm)*  (Wt%)" Npep©  Of Npoc® (nm) (mS cm ) Ref.
Al-MCM-41 970 4.7 — — — — <0.001 this work
Pt-Al-MCM-41 767 4.5 1.3 — — — <0.001 this work
Pt-C-Al-MCM-41 35 np/ 072 51 2.1 — np/ 263 this work
Replica-Pt-C 540 — 084 6.1 2.2 1.2 np.; 259 this work

n.p/¢

Pt/Vulcan XC-72 — — 20 12 — — 4.8 224 this work
Hexagonal Pt-Block copolymer composite 18 30 74 2.5 25

“ Distance from center of pore to center of neighboring pore based on XRD. ” Based on Pt L;-edge jump value. ° Coordination number based
on Pt Ly-edge EXAFS curve fit analysis. “° Average particle size of Pt based on TEM images? or XRD®. /No peak detected. ¢ Sample after
PEFC cell test for 3 h.



derived from Pt or C crystalline were observed throughout the synthetic step of
replica-Pt-C.  After fuel cell test for 3 h, the replica-Pt-C composite used as cathode
was re-examined by XRD. No peak was observed in the range of 265 = 10 — 75°,
suggesting the Pt particle size remained small.

TEM image for replica-Pt-C was depicted in Figure 2-3A. Darker dots of Pt
particles were clearly observed between 0.38 and 3.33 nm (Figure 2-3C). The mean
particle size was 1.2 nm with the standard deviation 0.5 nm. The mean size

corresponds to total 66 atoms in one particle.*®!

Most of the Pt particles were within
the pore size of AI-MCM-41 (2.7 nm) (Figure 2-3C). The replica-C was not clear in
TEM images probably because the axis of replica-Pt-C may randomly distribute and the
diameter of the rod/tube-like structure should be less than 3 nm dispersed over
amorphous C coated on Cu mesh. However, the straight arrangement of darker Pt
spots was observed, reminiscent of ordered mesoporous structure of AI-MCM-41
framework (Figure 2-3B).

The electric conductivity for Pt-AI-MCM-41 less than 1 pS cm™' dramatically
increased to 263 mS cm ' upon catalytic C,H, decomposition (Table 2-1). The value

was by 17% superior to that for 20 wt% Pt/Vulcan XC-72. The value for replica-Pt-C

(259 mS cm™') was comparable to that for Pt-C-Al-MCM-41 (Table 2-1).

2.8.2 Conventional XANES

Conventional Pt L;-edge XANES spectra were measured during synthetic steps of
replica-Pt-C  composite (Figure 2-4). The peak positions of XANES for
Pt-AI-MCM-41 (11565.7, 11580.5, and 11594.2 eV; spectrum a) were similar to those

for Pt metal (spectrum e). The intensity of three post-edge peaks was weaker for
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Figure 2-3. High-resolution TEM image for replica-Pt-C (A). The internal size of

mesopores of AI-MCM-41 was added in (B). The size distribution of darker dots of Pt

particles (C).
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Pt-AlI-MCM-41 compared to those of corresponding peaks for Pt metal, demonstrating
that the Pt particles in Pt-Al-MCM-41 were on nanometer scale.

The peak at 11566.5 eV for Pt-C-Al-MCM-41 (spectrum b) became weaker and
broader compared to that at 11565.7 eV in spectrum a. The spectra a and b were tried
to be fit with theoretical spectra for metallic Pt site or interface Pt site between metal
and graphite. It was difficult to fit because spectrum a seemed to be the mixture for
metallic and oxidic Pt sites. Spectrum b seemed to be the mixture for metallic Pt and
Pt at the interface with C. Instead, Pt L3;-selecting XANES spectra were compared to
theoretical data because the Pt state was selected and spectral pattern was
sharpened,[282:42-47]

The XANES spectrum for replica-Pt-C composite in air was shown in Figure 2-4c.

The energy of first peak above the absorption edge (11566.7 eV) was intermediate

2.8
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Energy (eV)
Figure 2-4. Normalized Pt Ls;-edge XANES spectra for Pt-Al-MCM-41 (a),
Pt-C-AI-MCM-41 (b), replica-Pt-C in air (c), replica-Pt-C/Nafion in air (d), Pt metal of

5 um thickness (e), PtO; (f), and 20 wt% Pt/Vulcan XC-72/Nafion (g).
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between peak at 11565.6 eV for Pt metal (spectrum ¢) and one at 11567.3 eV for PtO,
(spectrum f). The first peak for spectrum ¢ was more intense (1.47) than those for
spectra a, b (1.33 — 1.19) and post-edge pattern of spectrum ¢ became featureless.
Thus, oxidation of part of metallic Pt in Pt-C-AI-MCM-41 was suggested after the
removal of AlI-MCM-41 framework. In the XANES spectrum for Pt sites in
replica-Pt-C/Nafion in air (Figure 2-4d), the first peak above the absorption edge shifted
down to 11566.5 eV and the intensity decreased (1.34). The peak intensity was
essentially identical to that for spectrum a (1.34 v.s. 1.33). No peak feature at 11590.5
eV for PtO, (spectrum f) was detected in spectrum d. The post-edge pattern of
spectrum d was most alike that of spectrum b.

In comparison, XANES pattern of 20 wt% Pt/Vulcan XC-72/Nafion (Figure 3g)
corresponded exactly to that for Pt metal (spectrum e). The mean Pt particle size in the
sample was 4.8 nm based on the peak width of XRD, much greater than that in

replica-Pt-C composite (1.2 nm) and less effectively in contact with Nafion.

2.8.3 X-ray Emission and State-Selective XANES

The Pt LP; emission peaks for replica-Pt-C/Nafion in H, or in air appeared at
11070.7 — 11070.8 eV (Figure 2-5c, d), essentially identical to that for Pt metal
(11070.84 eV). The emission peak for replica-Pt-C powder in air was 11071.0 eV
(spectrum b), shifted by +0.2 eV from that for Pt metal. The FWHM (full width at the
half maximum) values were relatively greater (7.5 — 7.6 eV) for replica-Pt-C/Nafion and
replica-Pt-C powder compared to 7.1 — 7.2 eV for standard Pt compounds and 20 wt%

Pt/Vulcan XC-72/Nafion (spectrum a).
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Figure 2-5. Pt LPB; emission spectra for Pt/Vulcan XC-72/Nafion in H, (a),
replica-Pt-C in air (b), replica-Pt-C/Nafion in H; (c), and replica-Pt-C/Nafion in air (d).
The arrows indicate tune energy values for Pt Lf;-selecting XAFS measurements

(Figure 2-6).

Then, Pt L,-edge XANES spectra were measured (Figure 2-6B) tuned to Pt Lf3,
peak top (11070.7 — 11071.0 eV, the arrows in Figure 2-5). The absorption edge
position progressively shifted from 13272.3 eV for Pt metal (spectrum a), to 13272.8 eV
for replica-Pt-C/Nafion in H, (spectrum f), 13272.9 eV for replica-Pt-C/Nafion in air
(spectrum e), 13273.4 eV for replica-Pt-C in air (spectrum d), then to 13274.2 eV (PtO,,
spectrum b). In spite of the gradual edge shift, post-edge peaks appeared at almost the
same position (13287 — 13289, 13302, 13312, and 13327 V) for replica-Pt-C/Nafion in

Hj/in air and replica-Pt-C in air (spectra d — f) as those for Pt metal (spectrum a).
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Figure 2-6. Normalized Pt L,-edge XANES spectra for Pt metal (a), PtO, (b), 20 wt%
Pt/Vulcan XC-72/Nafion in H; (c), replica-Pt-C in air (d), replica-Pt-C/Nafion in air (e),
and replica-Pt-C/Nafion in H, (f). The tune energy was 11067.0 eV (c) and 11065.7
eV (e, f) in panel A, 11070.8 ¢V (a), 11070.6 eV (b), 11071.0 eV (d), 11070.7 eV (e),
and 11070.8 eV (f) in panel B, and 11074.1 eV (c) and 11075.4 eV (e, f) in panel C
(see the arrows in Figure 2-5). Theoretically generated Pt L,-edge XANES spectrum
for central Pt atom in (111) face of cubo-octahedral Pt;g cluster (g) and the atom in
contact with graphite layers [R(Pt—C) = 0.18 nm, R(C—C) = 0.1418 nm] (h). The

energy shifts were 0, 4.7, and 8.2 eV for spectrum A-h, B-g, and C-g, respectively.
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Thus, metallic Pt states were selected in replica-Pt-C samples (as powder or on Nafion)
in XANES spectra tuned to 11070.7 — 11071.0 eV.

Pt L,-edge XANES spectra tuned to lower energy side of Pt Lp3; peaks (11065.7 —
11067.0 eV, the arrows in Figure 2-5) were shown in Figure 2-6A. The first intense
peak at 13272.3 — 13273.3 eV above the absorption edge (spectra 2-6A-e, f) became
weaker compared to the peaks in spectra tuned to Pt Lf; peak top (panel B-e, f). The
absorption edge position for replica-Pt-C/Nafion shifted from 13267.9 eV in H; to
13268.1 eV in air.

The post-edge pattern for 20 wt% Pt/Vulcan XC-72/Nafion (spectrum 2-6A-c)
resembled that of metallic Pt tuned to Pt LB, peak top (Figure 2-6B-a) if the spectrum
2-6B-a shifted by 2.3 eV toward lower energy side. In contrast, the post-edge pattern
of spectra 2-6A-e and f for replica-Pt-C/Nafion became featureless in panel A and did
not resemble that of metallic Pt nor PtO,. The spectra e and f resembled theoretical
spectrum for the interface Pt atom between Pt metal and graphite (Figures 2-2 and
2-6A-h) when the energy was shifted by —4.7 eV relative to XANES tuned to Pt Lj3;
peak top.

Next, Pt L,-edge XANES spectra tuned to higher energy side of Pt L3; peaks
(11074.1 — 11075.4 eV, the arrows in Figure 2-5) were measured for replica-Pt-C/Nafion
compared to 20 wt% Pt/Vulcan XC-72/Nafion (Figure 2-6C). The post-edge pattern
for spectra 5C-e and f resembled that of corresponding spectra tuned to Pt L3; peak top
(Figure 2-6B-e, f) if the spectra 2-6B-e and f shifted by 3.5 eV toward higher energy
side. The spectra e and f resembled theoretical spectrum for Pt atom in Pt nanoparticle
(Figure 2-6C-g) when the energy was shifted by +3.5 eV relative to XANES tuned to Pt

LB peak top (Figure 2-6B-g). The absorption edge position for replica-Pt-C/Nafion in
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air (13276.4 eV) was by 1.0 eV greater than that in H,. Post-edge peak shifts were
within 1 eV toward higher energy side by switching the ambient gas from H; (spectrum
f) to air (spectrum e).

The post-edge pattern for 20 wt% Pt/Vulcan XC-72/Nafion (spectrum 2-6C-c)
resembled that of metallic Pt tuned to Pt LP3; peak top (Figure 2-6B-a) if the spectrum
5B-a shifted by 2.7 eV toward higher energy side. The Pt LP; tune energy for
spectrum C-c was greater by 3.4 eV compared to peak top. The Pt Lp3; tune energy for
spectrum A-c was smaller by 3.7 eV compared to peak top and the XANES peaks shift
was 2.3 eV. The reduction of tune energy difference v.s. XAFS energy difference was

62 — 80% mainly due to final state relaxation effect.[**

2.8.4 Catalyst performance in PEFC

The catalytic performance of replica-Pt-C composite was compared to that of
conventional 20 wt% Pt/Vulcan XC-72 as cathode in PEFC. In the I-V plots per
electrode area (Figure 2-7A), the current density using replica-Pt-C (data a and b) was
by 35% greater at maximum than that using 20 wt% Pt/Vulcan XC-72 (data c). The
difference between curves a and b was due to the press conditions for MEA. Nafion
solution (5 — 15%) was used to disperse replica-Pt-C or 20 wt% Pt/Vulcan XC-72 on
TGP-H-060H before the press to make MEA for curves b and ¢, whereas mechanically
dispersed Pt/Vulcan XC-72 on TGP-H-060H was directly pressed as MEA for curve a.
The current density for curve a extended greater in which the 50-um Nafion film and
anode 20 wt% Pt/Vulcan XC-72 constituted better interface without excess Nafion

added (curve a).
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Figure 2-7. Dependence of cell voltage as a function of current density per electrode
area (A) and per Pt weight (B) for Hy-air PEFC with replica-Pt-C (cathode) and 20 wt%
Pt/Vulcan XC-72 (anode) (a, b) and with 20 wt% Pt/Vulcan XC-72 (cathode, anode) (c).
The temperature of water bubble, FC, and H, flow path in between was controlled at

343 K.

The inflection point for curve b at 0.10 A cm > should be due to the lack of fuel gas
because of the balance of activity and Pt amount. The Pt amount per electrode area
was 0.13 mg-Pt cm % versus 1 mg-Pt cm  for conventional 20 wt% Pt/Vulcan XC-72.
Therefore, the I-V plots were redrawn per Pt amount in cathode (Figure 2-7B). The

current density using replica-Pt-C (curve a and b) was 12 times greater than that using
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20 wt% Pt/Vulcan XC-72 (curve c) below the inflection point at 0.77 A mg-Pt '. The
current density per Pt amount was 1.08 and 0.14 A mg-Pt"' for H,-air PEFC with
replica-Pt-C as cathode and for 20 wt% Pt/Vulcan XC-72 as cathode, respectively, at
the cell voltage of 0.1 V. The current density for commercial Pt/C was relatively low
(Figure 2-7B-c)**! probably because the MEA press condition was not optimized in this
work. Note that the press condition of samples for curves b and ¢ was nearly identical
for comparison of PEFC tests.

The surface dispersion of Pt atoms needs to be taken into account to evaluate
turnover number. The mean Pt particle sizes of 1.2 and 4.8 nm (Table 2-1) correspond
to Pt surface dispersion of 0.8 and 0.3, respectively. Thus, the current density values
corresponded to turnover numbers of 2.8 and 0.9 s, respectively. The reason of this 3
times improvement was intimate contact of Pt with C matrix catalytically grown from
C,H,.  The quicker O, gas diffusion in cathode may also affect because the diameter of
replica-C rod/tube should be smaller than 2.7 nm of ordered pores of AI-MCM-41 in
comparison to conventional C particles of 0.1 — 1 pm #7222
The possibility to reduce the Pt nanoparticle size to 1.2 nm keeping the metallic
reactivity was demonstrated stabilized on/in the C matrix catalytically produced over

{[9.17]

the Pt nanoparticles, in clear contrast to structural instability of P and activity

decrease for oxygen reduction for Pt particles less than 3.5 nm.**%

2.9 Discussions
2.9.1 Replica-Pt-C Morphology

The Pt loading in Pt-AI-MCM-41 was 1.3 wt% after cation exchange and reduction
in H, at 573 K (Table 2-1). The amount corresponds to 67.5 umol of Pt substituting on

the proton sites for 1 g of AI-MCM-41 (412 pmol-Al g'). Therefore, 32.8% (or
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16.4%) of proton sites of AI-MCM-41 were exchanged to [Pt(NH;)]*" species (or
[Pt(NH3)4(OH)]" species).  This exchange ratio was greater than values for
Pt-zeolites,”” but the Pt amounts introduced in samples were similar between 0.6 and
2.0 wt% due to the difference of Al concentrations: 10 — 12 wt% for zeolites®” v.s. 1.11
wt% for AI-MCM-41 of this work.

The Pt loading for Pt-C-AI-MCM-41 was 0.72 wt% after catalytic C,H;
decomposition at 973 K over Pt particles in AI-MCM-41 (Table 2-1). Therefore, C
content in the Pt-C-Al-MCM-41 was 44.6%. If the pore volume for AI-MCM-41 was
0.6 cm® g ' ,*!! the density of formed C was 2.25 g cm™ (graphite), and catalytically
formed C remained exclusively inside the mesopores of AI-MCM-41 (HR-TEM), it is
estimated that 60.5% of the mesopores was stuffed. No C rod/tube pushed out of
mesopores was detected in TEM images for Pt-C-AI-MCM-41 (not shown). The Sggt
value for Pt-AI-MCM-41 (767 m*> g') decreased by 95% after catalytic C,H,
decomposition (Table 2-1), supporting effective block of mesopores. Only external
surface of AI-MCM-41 adsorbed N».

The Pt loading for replica-Pt-C was 0.84 wt% after the removal of AI-MCM-41
framework (Table 2-1). Therefore, 47.4% of Pt in Pt-C-Al-MCM-41 was lost during
the washing with HF solution. The specific Sggr value for replica-Pt-C recovered as
much as 540 m* g~ (Table 2-1). When the catalytic C,H, decomposition temperature
was 1073 K, thermally decomposed C was formed as by-product, but can be separated
from Pt-C-AI-MCM-41. The C content in the Pt-C-Al-MCM-41 was 66.0%. It is
estimated that 143.9% of mesopores for AI-MCM-41 was stuffed, suggesting excessive
C was pushed out of mesopores. At 873 K, acetylene did not react either catalytically

or thermally in consistent with Ref. [6].
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When catalytic C,H, decomposition was performed at 973 K in closed circulation
system or in batch for Pt-Al-MCM-41, the decomposition was by 75% slower than that
in flow setup in this study. Formed H, due to C;H, decomposition remained in the
system and inhibited further C,H, decomposition due to equilibrium. When MCM-41
or FSM-16 was used instead of AI-MCM-41, ion exchange was not applicable to
introduce Pt species. Catalytic C,H, decomposition was performed on the Pt
nanoparticles, followed by HF treatment. The Pt content in obtained replica-Pt-C was
only 0.09 wt%.

The mean Pt particle size was 1.2 nm for replica-Pt-C (Figure 2-3A, C). The
average N value for Pt-Pt bonds by EXAFS (6.1; Table 2-1) suggested even smaller Pt

nanoparticles.”®

This discrepancy is due to the contribution of Npo or Npec.
Pt-C-Al-MCM-41 and replica-Pt-C samples measured both in air provided Np;o values
of 2.1 — 2.2 including the undividable contribution of Np.c (Table 2-1) because the

exterior of these Pt nanoparticles should be oxidized and/or carburized.

2.9.2 Pt Sites in Replica-Pt-C

Partial oxidation of Pt sites was demonstrated in conventional Pt XANES for
replica-Pt-C composite (Figure 2-4c). In contrast, high energy-resolution Pt L,-edge
XANES spectrum (Figure 2-6B-d) tuned to Pt LP; peak top (11071.0 eV; Figure 2-5b)
preferably selected metallic Pt. The emission of Pt(IV) sites appeared at 11070.6 eV
(not shown) and the spectral pattern tuned to 11070.6 eV for PtO, (Figure 2-6B-b) was
totally different from spectrum d.

Conventional XANES for replica-Pt-C/Nafion (Figure 2-4d) was similar to that for

Pt metal (spectrum e) in the absorption edge region or that for Pt-C-Al-MCM-41
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(spectrum b) in the post-edge region. The XANES spectra tuned to Pt L3, peak top for
replica-Pt-C/Nafion both in air or in H, exclusively detected metallic Pt sites (Figure
2-6B-e, f). The spectra resembled well theoretical spectrum 2-6B-g generated for
surface Pt site in (111) face of cubo-octahedral Ptsg cluster.

When the tune energy was on the lower energy side of Pt LP; peak for
replica-Pt-C/Nafion (Figure 2-5-c, d), the first intense peak at 13272.3 — 13273.3 eV
became weaker (Figure 2-6A-e, f), suggesting greater occupation of Pt 5d band. The
spectra e and f resembled well theoretical spectrum 2-6A-h calculated for interface site
between Pt nanoparticle and graphite layers (Figure 2-1). Thus, interface Pt sites were
predominantly selected in Pt L;-edge XANES tuned to 11065.7 eV for
replica-Pt-C/Nafion and negative charge transfer from C to Pt nanoparticles was
suggested. However, the selective detection of interface Pt sites was unsuccessful for
Pt(mean size 4.8 nm, Table 2-1)/Vulcan XC-72/Nafion. Only dominant metallic Pt
sites appeared in XANES tuned to 11067.0 eV.

EXAFS in general provides statistical bonding information for Pt in sample
irradiated with X-ray. Therefore, Pt—C bonds are statistically preferably detectable for
the Pt sites in Pt particles in narrow size distribution centered at 1.2 nm compared to Pt
sites in Pt particles of mean size 4.8 nm. Even so, the contribution of Pt—C bonds was
statistically minor for replica-Pt-C compared to that of Pt—Pt bonds (Figure 2-4a, b).
High energy-resolution XAFS in this work still provides statistical bonding information,
however, the information was specific for Pt sites corresponding to lower Pt Lf3;
emission energy 11065.7 eV for replica-Pt-C/Nafion (Figure 2-6A-e, f) and Pt/Vulcan
XC-72/Nafion (Figure 2-6A-c). Thus, the discussion is reasonable that Pt sites in

contact with C were discriminated among smaller Pt particles in replica-Pt-C/Nafion
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and the XANES spectrum was compared to theoretical XANES data (Figure 2-6A-h)
for the interface Pt sites depicted in Figure 2-2. Even tuned to lower Pt L, energy
11067.0 eV, Pt—C interface site was not discriminated for Pt-Vulcan XC-72/Nafion
because the site population was too small among Pt sites corresponding to lower Pt L3;
emission energy. It is apparent that the reason was greater mean Pt particle size and
predominant population of Pt—Pt bonds in Pt/Vulcan XC-72/Nafion.

The XANES spectra tuned on higher energy side of Pt Lf3; (Figure 2-5¢c, d) for
replica-Pt-C/Nafion resembled theoretical spectrum 2-6C-g generated for surface Pt site
in (111) face of Ptsg, shifted by +3.5 eV from spectrum 2-6B-g. This XANES shift
was rationalized based on the difference of fluorescence tune energy and final state
relaxation effect. Metallic Pt state was selected in the XANES tuned to 11075.4 eV.

Due to selection rule of electronic transition (azimuthal quantum number A/ = +1,
total angular momentum Aj = 0, £1), the near-edge transition from L, (*P;,) is limited to
Oy (2D3/2) at deeper energy than Os (2D5/2) whereas those from L5 (2P3/2) are both to Oy4
and Os.°'  This is the reason why Pt L,-edge white line is weaker than that in Pt

L;-edge spectra.l”

By changing the fluorescence tune energy between 11065.7 and
11075.4 eV (Figure 2-5c, d), electron-sufficient Pt sites in contact with C (Figure
2-6A-e, f) and relatively electron-deficient Pt sites on/in Pt nanoparticles (Figure 2-6B,
C-e, f) were discriminated, respectively. In contrast, negligible difference was detected
by switching the ambient gas from H, to air for replica-Pt-C/Nafion except for
absorption edge shift less than 1 eV (Figure 2-6e, f). Shape resonance peak near

L;-edge was reported e.g. by H adsorption on Pt.?>*%0

One of the possibilities is that
anti-bonding level between Pt 5ds,; and frontier level of adsorbent was occupied for

replica-Pt-C/Nafion samples. It is also possible that similar shape resonance peak
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appeared due to adsorbed H in H; and adsorbed O, in air. Technical reason may be
that the XAFS measurements for Pt catalysts on Nafion were done as in half-cell and no
water was supplied/catalytically produced in samples during the measurements. The
contact of Pt with C(solid) and Nafion(liquid) was found to be secure, however, Nafion

in pure H; or air was not entirely mobile and thus may block the Pt/gas interface sites.

2.9.3 Implications to PEFC Cathode Catalyst of Replica-Pt-C

The electric conductivity for Pt-C-AI-MCM-41 was by 17% superior to that for
conventional 20 wt% Pt/Vulcan XC-72 (Table 2-1) probably because catalytically
formed C in mesopores was regularly oriented in the [001] direction of AI-MCM-41 in
spite of low Pt content in Pt-C-AI-MCM-41 (0.72 wt%). The comparable conductivity
values for Pt-C-Al-MCM-41 and replica-Pt-C (Table 2-1) were also understandable if
we think that non-conducting AI-MCM-41 part was removed but regular orientation of
C rod/tube would be lost for the latter.

To enable 0.13 mg-Pt cm  as cathode catalyst, 76 mg of replica-Pt-C (0.84 wt%
Pt) was mounted on C paper versus 25 mg of 20 wt% Pt/Vulcan XC-72 on C paper (1
mg-Pt cm?). The greater amount of replica-Pt-C mounted caused the difficulty to
make physical contact of Pt with electrolyte (wet polymer to transport protons) and

oxygen gas (fuel) at the same time.'"

Hence, to enable practical electric power
generation using replica-Pt-C catalyst, Pt content in replica-Pt-C powder should be
increased to 20 wt% Pt typical for other commercial Pt/C catalysts while keeping the Pt
particle size of 1.2 nm. One possibility is to increase the Al content from 1.11 wt% to

zeolite level 10 — 12 wt% to augment cationic Pt complexes exchanged. Another

possibility is to utilize 3-dimensional mesoporous template, e.g. MCM-48, to stabilize
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Pt nanoparticles on/in formed C in the 3-dimensional mesopores. The advantage to
synthesize metal particles in narrow size distribution centered at =1 nm and secure
contact of metal and C demonstrated in this paper can be applied to non-precious

[51]

metal-C catalysts, e.g. cobalt or iron porphyrin decomposition” ' in mesoporous

Si0,-based templates. Carbonization of block copolymer self-assembled with Pt, Pb,

and Nb species is another possibility to produce Pt-C composite as recently reported for

anode material resistive to CO poisoning.">!
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Chapter 3
Optimization of Replica Pt—C

3.1 Catalyst designing for high performance PEFC

Dispersed metal nanoparticles play essential roles in petroleum chemistry,
electrochemistry, and environmental chemistry and are related to new magnetic
materials, fuel cells, and medical applications. Among them, platinum nanoparticles
enable various catalytic reactions, e.g. cracking, dehydrogenation, oxidation of
hydrogen, reduction of oxygen, and decomposition of nitrogen oxide compounds.

Whereas the chemistry of Pt itself is environment benign, the Pt reserve is limited
and the nanoparticles need to be stabilized on/in support, e.g. polymers, carbon, or
metal oxides. The catalytic optimization of Pt is not simply to find the best
performance per available Pt atoms, but also to reduce the amount of Pt used and/or to
maximize the available Pt sites in nanocomposites. In this study, nanocarbon was used
as support material for Pt for the decomposition of nitrous oxide.

We previously synthesized Pt particles in narrow particle size distribution centered
at 1.2 nm in ordered mesoporous AI-MCM-41'").  This replica synthesis method has
advantages (1) to control the Pt nanoparticle size smaller than the homogeneous pore
size of template Al-SiO, compounds, (2) catalytically grown support carbon is
inherently in close contact with Pt nanoparticles and stabilize them as smaller ones "),

and (3) special morphology can be designed by the choice of template of one- or

three-demintinonal ordered meso-pores (AI-MCM-41 versus AI-MCM-48), and (4)
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homogeneous Pt particle size and carbon size can be designed due to homogeneous
pores. The effects of the Pt content in the Pt—C replica composite and the geometry

and size of replica Pt—C on the nitrous oxide decomposition were investigated.

3.2 Synthesis of catalyst

Eeach replica Pt—C composite was synthesize following the scheme shown in

Figure 3-1.

3.2.1 Synthesis of replica Pt—C composite-M41

Ten milliliters of 7.7 mM aqueous solution of tetraammineplatinum(II) hydroxide
hydrate (Strem Chemicals) and 1.0 g of one-dimensional ordered mesoporous silica Al—-
MCM-41 (molar ratio Al,03/Si0, = 1/79, 1.11 wt% Al; Aldrich) were mixed and stirred
at 353 K for 2 days. The suspension was filtered, washed, and heated in vacuum at
573 K for 2 h. 200 mg of obtained powder (Pt-AI-MCM-41, 1.3 wt% Pt) was in 30
mL min"' of H* (>99.99%; 101 kPa) flow at 573 K for 2 h and then in 200 mL min"' of
CyH, (398%) + Ny (399.999%) flow (molar ratio 1:9, total 101 kPa) at 973 K for 1 h.
The obtained black powder (0.72 wt% Pt) was treated with 10 mL of hydrofluoric acid
(17 wt%; Special Grade, Wako Pure Chemical) for 24 h and the treatment was repeated
by three times to give replica Pt—C composite (0.84 wt% Pt). The replica Pt—C
composite obtained using MCM-41 is denoted as “replica Pt—C composite-M41”.
Amorphous C dissolves in hydrofluoric acid and composite consisting of Pt—graphitic C
was preferably obtained .

The Pt content was increased from 0.84 wt% to 6.1 wt% for the replica Pt—C

composite-M41 by increasing the initial concentration of Pt(NH3)4(OH),enH,O  from
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7.7 mM to 26 mM. The Pt content in Pt—-Al-MCM-41, Pt—-C-AI-MCM-41, and final

replica Pt—C composite-M41 powder was 5.3, 2.9, and 6.1 wt%, respectively.

3.2.2 Synthesis of AI-MCM-48

Tetraethyl orthosilicate (TEOS, reagent-grade), aluminium isopropoxide (Aldrich),
cetyltrimethylammonium chloride ([CTMA]'CI, Tokyo Kasei Co., Ltd.), and
cetyltrimethylammonium hydroxide ((CTMA] (OH"), Aldrich) were mixed in deionized
water and the solution was stirred for 4 h at 290 K. The molar ratio of Si : Al :
[CTMA]'CI : [CTMA](OH) : water was 1 : 0.025 : 0.7 : 0.3 : 46.5. The gel was
heated in a Teflon bottle at 373 K for 10 days. The precipitates were filtered, washed by
ethanol, and dried at 373 K. The powder was calcined at 813 K for 6 h. The temperature

increased at 1 K min™' until 813 K.

3.2.3 Synthesis of AI-KIT-6

A Triblock copolymer, poly(ethylene glycol)-block—poly(propylene glycol)—-
block—poly(ethylene glycol) (equivalent to Pluronic P123, Ardrich) was added to H,O
and 35% HCI. After stirring for 4 h, a clear solution was obtained. n-Butanol
(n-BuOH, Ardrich) was then added and the stirring was continued for 1 h. TEOS and
Al(OiPr); were added to the solution and stirred for 24 h at 308 K. The gel
composition was Si:Al:P123:HCl 35%:n-BuOH:H,O = 1:0.025:0.053:1.84:1.3:194.
The synthesis was carried out in a closed Teflon bottle. Subsequently, the mixture was
heated at 373 K for 24 h. The precipitated material was filtered without washing and

then dried at 373 K for 12 h in air. The powder was finally calcined at 813 K for 24 h.
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3.2.4 Synthesis of replica Pt—C composite-M48 and replica Pt-C
composite-K6

Synthesis of replica Pt—C composite-M48 and replica Pt—C composite-K6 were
similar to replica Pt—-C composite-M41 (6.1 wt% Pt). The concentration of
Pt"(NH3)4(OH),*nH,O was 26 mM and 10 mL of solution was mixed with 1.0 g of
three-demintinonal meso-ordered silica AI-MCM-48 or AlI-KIT-6. The Pt content in
replica Pt-C composite-M48 powder was 7.4 wt% and that in replica Pt-C

composite-K6 powder was 11 wt%.
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3.3 Characterization for replica Pt—C composites
3.3.1 Phisical property of replica Pt—C composites

Nitrogen adsorption measurements were performed at 77 K with the pressures
between 1.0 and 90 kPa in a vacuum system connected to diffusion and rotary pumps
(10-6 Pa) and equipped with a capacitance manometer (Models CCMT-1000A and
GM-2001, ULVAC). The samples were evacuated at 393 K for 2 h before
measurements. XRD data were obtained using a Rigaku MiniFlex diffractometer at a
Bragg angle of 10-75° for crystallines of C and Pt. The conditions involved were 30
kV and 15 mA, Cu K, emission, and a nickel filter.

High-resolution TEM images were taken using field-emission-type TEM equipment
(JEOL, Model JEM-4000FX) with an accelerating voltage of 400 kV for taking the size
of Pt particles. Samples were dispersed in ethanol (>99.5%, Wako Pure Chemical) and
mounted on amorphous C-coated copper mesh (CU150 Mesh, JEOL).

The Pt content in powder sample was calculated by X-ray absorption of Pt L;-edge.
This measurement was performed at 290 K in the Photon Factory at the High-Energy
Accelerator Research Organization (Tsukuba, Japan) on beamlines 7C, 9C and 12C.

The X-ray absorption data were analyzed with XDAP (XAFS Services International)!.

3.3.2 Decomposition reaction tests of N,O using replica Pt—C composites

Pt—C composite samples were tested for N,O decomposition. The reaction was
performed in a closed circulating system (loop volume 105 mL). 50 mg of Pt-C
composites were set into the U-tube connected to the circulation loop. Sample was in

vacuum (10°° Pa) at 290 K for 30 min and temperature was raised to 423 K. Then, 30

51



kPa of N,O gas was introduced. In every 30 minutes, reactants and products were
analyzed using GC-TCD (Shimazu GC-8AT). N, O,, and CO were detected by
column of Molecular sieves 13X-S (GL science). Water molecules were detected by

column of PEG 6000 (GL science).

3.4 Results
3.4.1 N adsorption results

Nitrogen adsorption isotherms were shown in Figure 3-2. Though there are type
IV isotherms and type H3 hysteresis, hysteresis for replica Pt—C composite-K-6 (Figure
3-2c) had two trends divided relative pressure around 0.65. This was indicated
difference of pore size of template silica. However, it is nonsense to mention the pore
shape of Pt—C composites in detail because it was estimated non-uniform. Replica Pt-
C composites were controlled only carbon architecture and uncontrolled pore geometry
between the carbon particles. In table 3-1, there were shown BET surface areas and
BJH pore volumes calculated by N, adsorption. Pore volume of Pt—C composite-M-48
is 0.86 mL g which is 1.3 times as large as that of replica Pt—C composite-M-41.
Utilizing template silica which has sterically-bulky mesoporous, increasing pore volume
of Replica Pt-C composites where reactant gas can be diffused. In contrast, pore
volume of Pt—C composite-K-6 is 0. 67 mL g”'.  This is suggested too thick pore size

of template silica to grow up to 3-dimentional carbon architecture.

3.4.2 XRD results

XRD pattern for replica Pt—C composites were shown in Figure 3-3.  The Pt(111)
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Figure 3-2. Nitrogen adsorption isotherms at 77 K (A) and DFT pore size distributions

diffraction peak was observed commonly at 39.7° for spectra a—f. The peak was (B).

Replica Pt—C composite-M41 (6.1 wt%) (a), replica Pt—-C composite-M48 (b) and

replica Pt—-C composite-K6 (c).

relatively intense for pattern f. C(100) and C(101)

diffraction peaks were observed at 42.3° and 44.5°, respectively, for graphitic carbon

(reference).

43° between 41-45° in Figure 2-3.

The intensity of the two peaks was weak and they merged to one peak at

Broad two peaks of C(100) and C(101) were
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Table 3-1: Physicochemical Characterization of Intermediate and Final Materials in

the Replica-Pt-C Composite Synthesis

Ac N,0
Pt Specific Icqooycqion decomposition
content  dp SgET Vpored Ic002) speed
Sample (Wt%)* (nm)b m*gh  (mLgh) (umol h™! mgp, 1)

Al-MCM-41 — — 970 1.0 — —
Pt-Al-MCM-41 1.3 nd. 767 nd. — nd.
Pt-C-Al-MCM-41 0.72 nd. 35 nd. — nd.
Replica-Pt-C composite-M41 0.84 12 (£0.5)° 540 nd. 0.30 nd.
Pt-AI-MCM-41 53 nd. 288 nd. — nd.
Pt-C-Al-MCM-41 2.9 1.6 (£0.3)" nd. nd. — nd.
Replica-Pt-C composite-M41 6.1 2.0(£04)" 288 0.68 0.37 32

0.13
Al-MCM-48 — — nd. nd. — —
Pt-Al-MCM-48 nd. nd. 151 nd. — nd.
Pt-C-Al-MCM-48 2.9 nd. nd. nd. — nd.
Replica-Pt-C composite-M48 7.4 1.9(x04) 268 0.86 0.41 3.1

0.69
Al-KIT-6 — — 946 1.2 — —
Pt- AI-KIT-6 nd. nd. nd. nd. — nd.
Pt-C- AI-KIT-6 nd. nd. nd. nd. — nd.
Replica-Pt-C composite-K6 11 5.2¢ 270 0.67 0.42 3.5

0.19
Pt/Ketjen black 39.5 2.7° nd. nd. nd. nd.

“ Based on Pt Ly-edge jump value. ¢ Average particle size of Pt based on TEM images’ or
XRD‘. “BIJH pore volume.

nd.: not done
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merged to one 41-45° in Figure 3-3. Broad two peaks of C(100) and C(101) were
merged to one peak. This merged peak is indicated planer direction of graphen and
C(002) scattering peak (26c02) = 26.5°) is indicated layer direction of graphen sheet.
The replica Pt—C composites were compared in rate of intensity for C(100)/C(101)
merged peak and C(002) peak as indicator of aspect for planer and layer direction of

graphen sheet (Table 3-1).

]CIOO/IOI
4 = _Caoo/on

‘ Leqoy

In replica Pt—C composite-M41 (0.84 wt% Pt), Ac was 0.30. The A¢ value for
replica Pt—C composite-M41 (6.1 wt% Pt) was 0.37. Ac was 0.41 in the replica Pt—C
composite-M48 synthesized in three-dimensional ordered mesopore, and slightly greater
in direction of graphen planar was obtained in replica Pt—-C composite-M48 compered
to replica Pt—C composite-M41 (6.1 wt% Pt) which wynthesized from one-dimensional
ordered mesopore. In replica Pt—C composite-K6 (Figure 3-3d) which synthesized
from thicker three-dimentional mesoporous template, C(100) and C(101) scattering
peak was uncertain by high intensity of Pt(111) and Pt(200) scattering peaks. Though,
the Ac value for replica Pt—C composite-K6 were almost same to replica Pt—C
composite-M48. Thus, three-dimentional template makes graphen planer direction
greater carbon. Graphites also deriver the electron to graphen planer direction.

However, the A¢ values not depended on pore size of template silica.
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Figure 3-3. XRD patterns for replica Pt—C composite. Replica Pt—C composite-M41
(0.84 wt%, a), replica Pt—C composite-M41 (6.1 wt%, b), replica Pt—C composite-M48

(c) and replica Pt—C composite-K6 (d).

3.4.3 N;O decomposition results

N,O decomposition test was performed using each replica Pt—C composites had
various carbon architectures. N, generation per catalyst platinum weight was shown in
Figure 3-4. It was appeared two types of N, generation speed per catalyst platinum
weight. In the first step, the speed was 2.5-3.2 umol h™ mgp,'. In the second step,
the speed decreased to 0.13-0.69 pmol mgp'. According to no generation of O,
platinum should be oxidized by N,O. It was estimated surface of platinum particle
was oxidized Pt” to Pt*" in the first step and internal platinum was oxidized in the

second step. Nj generation using the replica Pt—-C composite-K6 (11 wt% Pt) was
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shifted to the second step over the 1.3 umol mgp,'. However, N, generation using the
replica Pt—C composite-M41 (6.1 wt% Pt) or the replica Pt—C composite-M48 (7.4 wt%
Pt) was not shifted to the second step until the 3.1-3.2 pmol mgp'. The fact is
explainable in terms of platinum particle size. The former has 5 nm platinum particles,
the latter has 2 nm platinum particles. The replica Pt—C composite-M41 (6.1 wt% Pt)
and the replica Pt—C composite-M48 (7.4 wt% Pt) were higher rate of surface Pt atom
than the replica Pt-C composite-K6 (11 wt% Pt). In case of the replica Pt-C
composite-M41 (6.1 wt% Pt), N, amount was increased and decreased 2.1-4.8 pumol
mgp; ' in the second step. That was indicated gas diffusion was heterogeneously in the

space of between the Pt—C composites.

i -1
N, /micro—mol mgp,
W
T

0.0 05 1.0 1.5 20 2.5 3.0 3.5 40 45 5.0

Reaction time /h

Figure 3-4. N, generation amount in N,O decomposition using replica Pt—C
composite-M41 (6.1 wt% Pt, a), Pt-C composite-M48 (7.4 wt% Pt, b), and Pt-C

composite-K6 (11 wt% Pt, ¢) at 423 K.
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3.5 Discussions

3.5.1 Increasing the Pt loadings in replica Pt—C composite

Only 2.7% of Pt in Pt—-C-Al-MCM-41 (2.9 wt% Pt) was lost during the washing
with HF solution, while 47.4% of Pt in Pt-C-AI-MCM-41 (0.72 wt% Pt) was lost.
That is because the Pt nanoparticles in Pt-C-Al-MCM-41 (2.9 wt% Pt) were more
stable than those in Pt—-C—AI-MCM-41 (0.72 wt% Pt) due to greater mean particle size
of 1.6 nm compared to 1.2 nm or smaller. After the template silica removed, the ratio
of surface Pt atoms which was estimated by the size of Pt particle as the
cubo-octahedron was 78 and 57% for replica Pt—-C composite-M41 (0.84 wt% Pt) and
replica Pt-C composite-M41 (6.1 wt% Pt), respectively. Therefore, replica Pt—C
composite-M41 (6.1 wt% Pt) should exhibit by 5.5 times greater catalytic activity than

that of replica Pt—C composite-M41 (0.84 wt% Pt).

3.5.2 Difference of pore architectures in template

Template silica was changed from one-dimensional ordered mesoporous silica to
three-dimensional that. The surface Pt atom rate in replica Pt—-C composite-M48 was
59%. Then, replica Pt—-C composite-M48 (7.4 wt% Pt) has 1.3 times as platinum
activity area as replica Pt—C composite-M41 (6.1 wt% Pt). Therefore, replica Pt—C
composite-M48 has advantage. Figure 3-5 shows carbon architectures models of
replica Pt—C composites derived from synthesis method and characterization. Replica
Pt—C composite-M41 (6.1 wt% Pt) is estimated one-dimentional carbon architecture
transcribed pore architecture of template silica (Figure 3-6A). In contrast, In contrast,
replica Pt—C composite-M48 (7.4 wt% Pt) and replica Pt—C composite-K6 (11 wt% Pt)

is estimated three-dimentional carbon architecture transcribed pore architecture of
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template silica (Figure 3-6-B). The three-dimentional architecture carbon is presumed
to difficulty agglutinate because of sterically-bulky. Then, replica Pt-C
composite-M48 (7.4 wt% Pt) can ensure N,O gas diffusion path enough. That is why
N,O decomposition reactivity of replica Pt—C composite-M48 (7.4 wt% Pt) is higher
than that of replica Pt-C composite-M41 (6.1 wt% Pt) (Figure 3-5, Table 3-1).
Additionally, this information is supported pore volume (Figure 3-2, Table 3-1). It is
need to ensure Reactant gas diffusion path in PEFC catalyst. Moreover, energy loss by
electrical resistance is estimated to become suppressed for replica Pt—C composite
synthesized in three-dimentional pore architecture template (Figure 3-3, Table 3-1). It

is necessary to examine replica Pt—C composites utilizing cathode in PEFC, particularly.

Replica Pt-C composite-M41 < Replica Pt-C composite-M48

Figure 3-5. Carbon architecture models for replica Pt—C composite
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4 N\
Chapter 4

Evaluation for triple phase boundary

- /

4.1 Introduction

For polymer electrolyte fuel cells (PEFCs), active site exists at the triple phase

boundary in the catalysts.!"!

The three phases (solid, liquid, and gas) play the roles of
electron conduction, proton diffusion, and reactant gas diffusion, respectively.
However, coincidence of the three factors depends on luck during preparation
conditions, and triple phase boundary is in general very limited as points. It is
important to maximize the boundary between active platinum nanoparticles and
proton-conducting polymer. Epting et al. observed Pt particle agglomeration and the
pore spaces in the Pt/C catalyst layer using 3—dimensional transmission electron
microscope (TEM).) This is direct evaluation for reactant diffusion path. However,
it is still a difficult task to evaluate how much the surface of metal nanoparticle is
covered with light and soft constituent, e.g. polymer electrolyte. In this work, the
boundary formation between Pt nanoparticles and proton conducting polymer was
monitored as the electronic state change of Pt by Pt Ls;-edge X-ray absorption fine
structure (XAFS). The electronic state is sensitive to the surrounding environment, i.e.

proton conducting polymer and oxidative/reductive gas. Pt L;-edge XAFS was

recently applied to probe one monolayer of Pt over Rh(111) crystal applied by 0-1.6 V

31
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4.2 Electronic state measurements of Platinum in replica Pt—C catalyst

The replica Pt—C catalyst was prepared following the procedure reported in section
3.2.1. In brief, Pt(NH;3)4(OH), was ion-exchanged with AI-MCM-41 (molar ratio
ALO3/Si0; = 1/79, 1.11 wt % Al; Aldrich) at 353 K for 48 h. Obtained white powder
was heated at 573 K in H; and then at 973 K with the flow of acetylene and nitrogen at
a rate of 200 mL min ' with the molar ratio of 1:9. Next, A-MCM-41 template was
removed by washing with 15% HF aqueous solution to obtain replica Pt—C powder.
Similar synthesis route to this replica Pt—C was also reported using SBA-15 as a
template for Pt—C ! and Pt/Ru—C .

50 mg of obtained replica Pt—C-M41 powder (6.1 wt% of Pt) was suspended in 0.2
mL Nafion dispersion solution (diluted to 2.8-1.5% by mixing 5% solution (DE521,
Wako Pure Chemical) with ethanol) and dried (replica Pt—-C-M41-Nafion). Separately,
replica Pt—C-M41 sample was immersed in 0.2 mL of ethanol and dried. Pt supported
on Ketjen C black (EC300J) was provided from Ishifuku Metal Ind. (IFPC40-1I). Pt
Ls;-edge XAFS spectra were measured at 290 K in transmission mode in the Photon
Factory at the High Energy Accelerator Research Organization (KEK, Tsukuba) on the
beamlines of 7C, 9C, and 12C '®7).  The storage ring was at 2.5 GeV and the current
was 180—450 mA. Si(111) double crystal monochromator was used. The data were

analyzed using the software package XDAP!!,

4.3 Whiteline peak intensity in the Pt L;-edge XAFS for Pt samples
supported on C
XANES spectra for replica Pt—C with mixing Nafion are shown in Figure 4-1. The

intensity of whiteline peaks above the Pt L; absorption edge (11562 eV for Pt metal)
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Figure 4-1. Pt L; absorption edge XANES spectra for replica Pt—C under air (a),
replica Pt—C with 1.5% Nafion and dried (b), replica Pt—C with 2.8% Nafion and dried
(c), replica Pt—C in ethanol (d), Pt/C(Ketjen black) under air (e), Pt/C(Ketjen black)
with 1.5% Nafion and dried (f), Pt/C(Ketjen black) with 2.8% Nafion and dried (g), 5
mm thick Pt metal foil (h), and PtO; (i).

Table 4-1. Energy position (eV) and normalized intensity of whiteline peak at Pt Ls.

Energy Normalized
Sample
(eV) intensity
(a) Replica Pt—C-M41 under air 11566.7 1.59
(b) Replica Pt—-C-M41 with 1.5% Nafion after dried 11566.8 1.28
(¢) Replica Pt—C-M41 with 2.8% Nafion after dried 11566.8 1.27
(d) Replica Pt—C-M41 in ethanol 11566.7 1.26
(e) Pt/Ketjen black under air 11566.5 1.44
(f) Pt/Ketjen black with 1.5% Nafion after dried 11566.5 1.24
(g) Pt/Ketjen black with 2.8% Nafion after dried 11566.4 1.23
(h) 5 pm thick Pt metal foil 11565.6 1.28
(1) PtO, 11567.3 2.07
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was greater for replica Pt—-C-M41 (Table 4-1a) and Pt/C (Ketjen black) (e) under air
(1.44-1.59) than 1.28 for Pt metal foil (h). The whiteline peak intensity for replica Pt—
C—Nafion (b, c) was 1.28-1.27, lower than 1.44 for replica Pt-C-M41 in air.
Immersed in ethanol, the whiteline peak intensity for replica Pt—C (d) decreased to 1.26,
that was the smallest intensity among replica Pt—C-M41 samples. The same trend was
observed for Pt/C (Ketjen black): 1.44 (under air) > 1.24 (immsersed in 1.5% Nafion

and dried) > 1.23 (immersed in 2.8% Nafion and dried) (e—g).

4.4 Correlation between platinum electronic state and Nafion
coverage

The changes of whiteline peak intensity above the Pt L; absorption edge are
explained due to the change of oxidation states of Pt sites by forming the boundary
between Pt nanoparticles and Nafion (Figure 4-2). Under air, the valence of surface Pt
sites was the mixture of 4+, 2+, and 0 (Figure 4-2A).”)  Similar oxidation/reduction
trends of surface sites were monitored based on peaks near the X-ray absorption edges
of V, Cu, and Sn K and Au and Pb L; (1o-173,

Next, the oxidic surface Pt sites were reduced to Pt” when the Pt—C catalyst was
immersed in Nafion dispersion solution (Figure 4-2B). The reduction was found by
the reaction not with Nafion but with alcohols. 26—-14% of 1-propanol and 46-72% of
ethanol were contained in Nafion dispersion solution used (2.8—1.5%). The Pt sites in
replica Pt-C-M41 sample were totally reduced to Pt” by just immersed in ethanol based
on the whiteline intensity became smaller (1.26) to essentially the same as that for Pt

metal (1.28; Table 4-1d, h).
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mC,Hyy1—OH + PtO,, — mC,_Hy, —~CHO + mH,0 + P (m=1,2;n=2,3, -*)

Please note that most of Pt sites of replica Pt—C immersed in ethanol were reduced
(Table 4-1d) whereas they were re-oxidized to Pt and/or Pt'" upon exposed to air
based on Pt Ly XANES. In clear contrast, negligible re-oxidation of Pt’ was detected
when Nafion dispersion solution was used in Pt L3y XANES (Table 4-1b, c, f, g)
probably because Nafion totally covered Pt nanoparticles for the dried replica Pt—-C and
Pt/C (Ketjen black) samples. Although generally amount of Nafion was used on the
cathode in the MEA performance tests to that for X-ray study (Fig. 4-1), but the in-situ
environment of Pt nanoparticle surface was not exactly identical with the one for dried
samples of Table 4-1b, c, f and g because the electrodes during the MEA performance
tests were surrounded by pseudo-liquid Nafion aqueous solution.

The reason why the Pt/C(Ketjen black) was more effectively reduced to Pt’ was
considered compared to replica Pt—C once immersed in reductive medium (Table 4-1).
The major reason is that the Pt nanoparticles were more surrounded by C atoms
synthesized from ethyne gas decomposed over Pt for replica Pt—C and thus the interface
Pt sites with C cannot contact with Nafion/alcohol. The interface between Pt and C for
replica Pt—-C was extensively investigated by state-sensitive Pt Ls;-edge XAFS
spectroscopy [61,

When samples immersed in 2.8—1.5% Nafion dispersion solution and dried (Table
4-1b, c, 1, g), a part of Pt surface covered with Nafion polymer would be remained as
Pt’ and a part of Pt surface exposed air would be reoxidized (Figure 4-2C). Thus,
whiteline peak intensity for Pt—C catalyst with Nafion is a nice indicator of the Nafion

coverage over the Pt surface and formation of the boundary between Nafion and Pt.
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(A) (C) Triple phase boundary
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in Nafion (B) Nafion dispersion Dried

dispersion

Carbon

Figure 4-2. Redox of surface Pt in Pt—C catalyst with Nafion. Pt was oxidized under

air (A), reduced by alcohol in disperse medium (B), and partially re-oxidized under air

©.
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4 N\
Chapter S

Utilization of proton conductive carbon

\_ )

5.1 Introduction

Next approach is to maximize the path of electron conducting carbon and proton
diffusion. The approach in this work is to functionalize the electron conduction carbon
to also conduct protons. Carbon materials functionalized by sulfate group were

reported as solid Brensted acid catalysts.["™

The line-like triple phase boundary was
expected to extend to face-like by such functionalized carbon material to conduct both

electrons and protons was utilized in PEFC.

5.2 Carbon functionalization with sulfate group
5.2.1 Synthesis of HSO;-C

Five types of carbon powder samples (Ketjen black EC300J, Vulcan XC72R,
Darco G-60, Norit SX-Plus, and Norit SX-II) were used as received. 1 gram of carbon
powder was doropped into 50 mL of fuming sulfuric acid (15% free SO;3;). The
suspension in flask was heated at 313—363 K for 10 h with the cooling using reflux
condenser. Then, the suspension was filtered by a polytetrafluoroethene-based
membrane filter (Omnipore JGWP04700, Millipore) with a pore size of 0.2 um and
washed by hot water (353 K) until the pH of filtrate increased to 6.0. All the
procedures were performed under argon atmosphere. Thus-obtained powder is

denoted as HSO;—C (precursor carbon powder name). The proton contents were
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determined by titration with sodium hydroxide solution. Namely, slightly excessive
sodium hydroxide solution (10 mmol L") was added to HSOs—C powder than to
neutralize and well mixed using ultrasonic. The suspension was filtered using a
PTFE-based membrane filter (Omnipore JGWP04700). The amount of excessive
sodium hydroxide in the filtrate was determined by the titration of oxalic acid solution

(10 mmol L™).

5.2.2 Proton contents in functionalized C with sulfate group

Figure 5-1A illustrates the proton contents in HSO3;—C (Norit SX-II) samples as a
function of the heating temperature in fuming sulfuric acid. The proton content in
sample was maximized by heating at 353 K (0.49 mmol g ') and rather decreased to
0.38 mmol g when the heating temperature further increased to 363 K. One of the

reasons of the decrease was that free SO3; molecules were liberated to gas phase™ not to

0.6
b (A) (B) Norit SX-II
— 05 B .
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g .
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Figure 5-1. Proton contents in HSOs;—carbon as a function of preparation temperature
in the range of 313-363 K using Norit SX-II precursor (A) and as a function of specific

SA of precursor carbon powder at fixed preparation temperature of 353 K (B).
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react with carbon powder anymore. Figure 5-1B depicts proton contents of HSO;—
carbon prepared from several kinds of carbon powders. The proton contents in sample
were positively correlated to specific surface area (SA) of precursor carbon powder,
indicating that surface sites to react with SO; or H,SO4 simply increased as the specific

SA grew. The edge of graphene sheet is considered as the reacting site with SO;."

5.3 PEFC performance test
5.3.1 PEFC performance test using cathode catalyst consisting of
carbon functionalized with sulfate group

As the cathode of membrane-electrode assembly (MEA), HSO;—C (Norit SX-II)
and/or 0.1 mL of 5% Nafion dispersion (DE521) were mixed with Pt/C
(TECIO0ESOE-HT, Tanaka Precious Metal Ind.; 50.8 wt% of Pt). The polymer amount
(4.8 mg) contained in the Nafion dispersion solution was essentially equivalent to the
amount (5.2 mg) in 0.2 mL Nafion dispersion solution diluted to 2.8% for replica Pt—C
(see section 3.1). The mixing ratios of HSOs—C, Nafion, and Pt/C were listed in Table
5-1, entries 1-4. The mixture was mounted in the area of 5 cm” on water-repellent C
paper (TGP-H-060H, Chemix) and dried.

As the anode of MEA, Pt/C (EC-20-20-7, Electrochem) was mixed with 5%
Nafion dispersion (DE521) and dried. Thus-obtained cathode and anode were set on
the each side of 50 um thick Nafion film (NR212, Dupont), and pressed at 2 MPa and
393 K for 2 min using a model SA-302 (Tester Sangyo Co.).

PEFC performance tests were performed equipped with the MEA using
functionalized C of HSO5—C (Norit SX-II) prepared at 353 K (0.49 mmol-H™ g™).

Obtained MEA was set in a PEFC single cell (Model EFC-05-02, Electrochem) and O,
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and H, were flowed with a flow rate of 100 mL min~' to the cathode and anode,
respectively, both through water bubbler maintained at 353K (partial pressure of
moisture: 47 kPa).

Impedance measurements were performed for two MEA models to evaluate the
effects of sulfonate/sulfate functionalization. On cathode, 20 mg of HSO;—C(Norit
SX-II) or C powder (Norit SX-II) was mounted in an area of 5 cm > on TGP-H-060H.
On anode, Pt/C powder (EC-20-10-7) was used in similar manner to the MEA above.
The cathode, Nafion film (NR212), and anode were pressed at 2 MPa and 393 K for 2
min using a tabletop press (SA-302). Thus prepared MEA models (effective catalyst
area 5 cm °) were sandwiched by two flat copper plates coated with gold with an area of
greater than 5 cm 2. An alternating voltage (10 mV) with the frequency of 10°-10°
Hz was applied to the MEA model and the impedance and phase angle were monitored
using a potentio/galvanostat (Model VersaSTAT3-500 with an option of frequency

response analyzer, Princeton Applied Research).

Table 5-1. Contents of cathode layer in MEA.

HSO5;—C (Norit

Pt/C Nafion Proton content
Entry SX-II)
(mg) (mg) (mg) (umol)
a 9.8 0 0 0
b 9.9 9.7 0 4.8
c 9.9 0 4.8 4.6
d 9.9 4.8 4.8 7.0

70



5.3.2 PEFC performance using HSO;—C (Norit SX-II) and/or Nafion
with Pt catalysts

Current—voltage characteristics were tested for PEFC using C(Norit SX-II)
functionalized with sulfonate/sulfate and/or Nafion (Figure 5-2). The cell voltage in
entry a in which no proton-conducting functional group/polymer was added to Pt/C
catalyst (TEC10ESOEHT; 50.8 wt% of Pt) in cathode (Table 5-1a) was the lowest and
the data values were unstable. This is because the carbon was water-repellent and the
protons were conducted to Pt sites only when liquid water was in contact with active Pt
nanoparticles.

HSO;—C (Norit SX-II) was mixed with Pt/C in the cathode for entry b (Table 5-1b).
The signal/background ratio in the current—voltage curve was apparently improved
compared to data for entry a. It was apparent that HSO3;—C (Norit SX-II) played a role
of proton conducting path. However, the cell voltage in entry bwas ~1.6 V lower than
that in entry ¢ in which Nafion was used to prepare the cathode Pt/C catalyst instead of
mixing HSO3;—C (Norit SX-II) (Table 5-1c, b).

The currentevoltage characteristics were analyzed as a linear fit to the range
between 15 and 30 mA cm * and an extrapolated data of the fit function below the range
to current density zero, i.e. voltage axis intercept. The slope evaluated voltage loss
dependent on currents and thus should be related to electron and proton conductivity.
The voltage axis intercept evaluated overpotential.

The effects of sulfonate/sulfate functionalization were compared to that of Nafion
by fixing the proton content (4.6—4.8 mmol) in cathode catalysts (Table 5-1, entry b and
¢). The slope for entry b (~2.4 V mA™" ecm?) was equivalent or more flat than the one

for entry ¢ (~2.7 V mA™' cm?), but the voltage axis intercept in entry b (0.69 V) was
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apparently smaller than the one for entry ¢ (0.85 V). Therefore, HSO;—C (Norit SX-II)
exhibited comparable or slightly better proton conductivity compared to Nafion, but the
overpotential was by 0.16 V higher than that using Nafion.

In the entry d, both HSO3;—C (Norit SX-II) and Nafion were mixed to prepare the
cathode (Table 5-1d). When 9.7 mg of HSO;—C was added to 9.9 mg of Pt/C with
Nafion, the amount of Nafion suspension solution seemed insufficient to mix well with
totally 20mg of powder. Instead, the amount of HSO3;—C for mix was reduced to a half
in entry d. The slope was most flat (~2.1 V mA™' c¢m?) among all tests in Figure 5-2
and the voltage-axis intercept value was as high as 0.86 V. This was the optimized
cathode catalyst in which the boundary between C for the electron conduction and

protonconducting polymer was maximized by functionalizing the C surface by

1.1

1.0

£

V=-—211+0.86 Entry d

0.8
0.7

A P60

Cell voltage /V

0.6 - Entry b
0.5 Entry a
04 | I | | |

0 o 10 15 20 25 30

Current density /mA cm™
Figure 5-2. Currentevoltage characteristics in MEA performance test. Entry a

(black), entry b (orange), entry ¢ (blue), and entry d (red). The dotted lines are the fit in

the region between 15 and 30 mA cm  and the lines were extrapolated to the V-axis.
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sulfonate/sulfate groups. The currentevoltage characteristics for entries ¢ and d were
stable and reproducible in repeated MEA performance tests.

In Bode plot based on the impedance measurements (Figure 5-3A), the impedance
for MEA model comprising HSO3—C (Norit SX-II) was 2.4 x 10° Q versus 14.2 x 10°Q
for MEA model comprising C(Norit SX-II) at 10> Hz. This impedance difference was a
general trend in all the frequency range, suggesting the greater proton conductivity
when C surface was functionalized with sulfonate/sulfate. This trend was also
supported in Cole—Cole plot (Figure 5-3B). The (part of) impedance circle for MEA
model comprising HSO;—C(Norit SX-II) was apparently smaller than that for MEA
model comprising C(Norit SX-II), suggesting smaller impedance (greater proton

conductivity) for MEA model comprising HSO3;—C(Norit SX-II).
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Figure 5-3. Bode plot (A) and ColeeCole plot (B) based on impedance measurements
for MEA model using HSO3;—C(Norit SX-II) (a; solid line) and C(Norit SX-II) (b;
dotted line) as cathode. Common Pt/C powder (EC-20-10-7) was used as anode.
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5.3.3 Efficiency of proton conduction for HSO;—C and Nafion

Surface-functionalized HSOs;—C (Norit SX-II) was an effective proton conductor to
reduce the voltage loss at cathode in the PEFC performance tests (Figure 5-2a, b).
Furthermore, impedance measurements for model MEA samples supported improved
proton conductance due to the C surface functionalization by sulfonate/sulfate in
comparison to bare C black (Figure 5-3a, b).

A proton conduction model in cathode is proposed (Figure 5-4). Using Nafion to
prepare the cathode catalyst layer (Figure 5-2c¢), protons would diffuse by hopping via
sulfonate groups of Nafion. Using HSOs—C (Norit SX-II) in cathode (Figure 5-2b),
protons would diffuse also by hopping via sulfonate/sulfate groups of functionalized C.
The proton conductivity via HSOs—C (Norit SX-II) was comparable or slightly superior
to via Nafion, but apparently extra energy was required for the proton conduction via
HSO;-C (Norit SX-II) based on the evaluation of overpotential as the voltage-axis
intercept values (Figure 5-2b, ¢). One of the reasons was that the sulfonates of Nafion
are neighboring bonded to strong electron withdrawing CF, group and would exhibit in
strong acid character in contrast that functionalized sulfonate/sulfates bound to C
surface should be less acidic for HSO3;—C (Norit SX-II) [6]. Therefore, protons in
more acidic medium, i.e. Nafion, were more mobile and leading to smaller overpotential
compared to in HSOs—C.

The major proton conduction path should be via the sulfonates of Nafion in both
cases. However, the proton conduction path will be widened by the presence of
sulfonate/sulfates of HSO3;—C (Norit SX-II) in addition to Nafion as compared to the

interface with Nafion only (Figure 5-4). Further optimization with respect to triple
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phase boundary will be expected by functionalizing the C black surface with
CF,-branched sulfonates (CF;), —SOsH in which equivalent strong acid sites are

expected to the side branches of Nafion.

(A) Carbon (B) HSO:—Carbon (C) HSOs;—Carbon

N
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s 5 S
6’\;
/

Figure 5-4. Proton delivery in cathode layer including Nafion (A), HSOs;—C (Norit
SX-II) (B), Nafion and HSOs—C (Norit SX-II) (C), respectively.
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Chapter 6

Conclusions

Pt nanoparticles introduced by cation group exchange and formed by heating in
vacuum at 573 K inside AI-MCM-41 catalyzed C,H, decomposition to form C rod/tube.
The AI-MCM-41 template was removed with 15% of HF solution. Pt nanoparticles
with mean size of 1.2 nm were obtained embedded on/in C matrix. The Pt loading was
0.84 wt%. The replica-Pt-C synthetic procedure was supported by the changes of
specific Sggr value from 767 m?> gﬁ1 for Pt-Al-MCM-41 to 35 m’ gﬁ1 for
Pt-C-Al-MCM-41 then to 540 m® g ' for replica-Pt-C. The Pt particles could not be
monitored by XRD both before and after cathode catalytic tests in PEFC, suggesting the
stability of 1.2 nm-Pt particles embedded on/in C matrix. The Pt sites in replica-Pt-C
pressed to Nafion were analyzed by Pt Lp;-selecting high energy-resolution Pt L,-edge
XANES spectra. The first peak above the absorption edge for the spectra tuned to
11065.7 eV was weak, suggesting interface Pt site to receive electron transfer from C in
contact. The high energy-resolution XANES spectra both for interfacial Pt with C and
metallic Pt sites were nicely reproduced in theoretical spectra generated using FEFF 8.4.
The shape resonance peak in H, or in air was not certain probably because the
anti-bonding levels were below the Fermi level or the shape resonance peaks for H and
O, adsorbed were similar. Superior turnover numbers were tentatively evaluated for
Pt-C-replica in cathode compared to Pt/Valcun XC-72 due to the differences of effective
contact of Pt with C versus Pt impregnation on C and of diffusion efficiency of fuel O,

in replica-Pt-C powder.

71



Optimization of Replica Pt—C composite for PEFC catalyst is done. Replica Pt
—C composite-48 is most expected as next generation fuel cell catalyst in the point of
high pore volume (0.86 mL g), graphitic crystal orientation (4. = 0.41). N, generation
in N,O decomposition reaction (3.lumol mgp'). However, these are indirection
evidence. It is necessary to examine in-situ catalyst performance in the early future.

It was possible to maximize the boundary between proton conducting polymer and
surface Pt sites based on the synchrotron X-ray monitoring of Pt valence state change
dependent on the amounts and concentrations of Nafion dispersion solutions used.
Moreover, the support C was functionalized by sulfonate/sulfates to assist the proton
conduction via Nafion. Further optimization with respect to triple phase boundary will
be expected by functionalizing the C black surface with CF,-branched sulfonates
(CF;),—SOsH in which equivalent strong acid sites are expected to the side branches of

Nafion.
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