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Introduction

Polymer electrolyte fuel cells (PEFCs) are considered
as an important device for future environment technology, and
many researches are devoted to their earliest commercialization
in stationary and mobile applications. One of the key
components is the catalyst, where mostly platinum and alloys
are used in the present technology. However, with limited
world production and a high cost, alternatives to platinum are
strongly desired. Two types of materials are historically
investigated. One is transition metal macrocycles (porphyrins,
phthalocyanines etc.) and relatives [1], where some derivatives
are heat-treated on carbon materials resulting in higher activity
and stability. The other is based on inorganic materials,
especially carbides and nitrides of IV, through VI, transition
metal elements [2]. Towards its goal, the strategy of bridging
these two materials seems to be a plausible option for
developing Pt-free electro-catalysts. This idea must be
supported by consideration of the electronic structure and
geometric properties of the catalyst elements. Note that in
designing alloy catalysts, d-band properties and bond distance
of surface atoms are crucial factors which determine OH
adsorption potential and O, reactivity.

Present study is intended first to mimic both the
macrocycles and transition metal nitrides, where metal-

nitrogen bonds serve as oxygen reduction reaction (ORR)
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active centres. Secondly carbon and nitrogen hybrid structure is
highlighted as elemental active centres for ORR [3]. High
density active sites consisting of iron cation and pyridinic
nitrogen in graphitic sheets are attracting attention due to their
superior catalytic ability [4], and are worth testing as model
catalysts.

Background Information

Oxygen reduction reaction (ORR) is a rather slow step
in fuel cell reactions (slower than hydrogen oxidation reaction
by 10° to 10’ times), and needs a high overpotential. In order to
avoid usage of large amount of platinum, alternatives were
sought from the early stage of the PEFC development. As such
candidates, macrocycles were proposed as early as 1960s [5],
and applied for fuel cell cathodes. In macrocycles, the metal
centre (M) with N4 moiety was believed to be the active site
for ORR [6], which can bind an O, molecule and transfer
electrons via the peripheral conjugated aromatic rings. The role
of M is to adsorb O; in the initial step of ORR, while that of the
macrocycles molecule is to modify the electronic structure of
M and relocate its redox potential so that O, can accept
electrons from the d-orbital of M [7].

ORR involves 4 electrons as shown in the following
scheme (in acid media):



O, +4H" +4e > 2H,0  (1.229V vs. NHE) (1)

If this process occurs in half-way, H,O is evolved as undesired
product:

O, + 2H" + 2e”" - H,0; (0.6824V vs. NHE) (2)

which causes harmful effects of carbon and membrane material
degradation. Pt leads to almost perfect reaction route (1), while
Au shows reaction (2). On Pt, O, molecule adsorbs with its
double bond axis parallel to the surface of Pt lattice (side-on
interaction or Griffith model). This needs 2 adjacent sites of Pt,
and O-O bond is weakened when its m*-orbital receives back-
donations from d-electrons of Pt. Mukerjee et al. [8], In
designing alloy catalysts for ORR, suggested that increasing d-
band vacancy of Pt and decreasing Pt-Pt bond distance both
favour the ORR by decreasing OH adsorption on Pt and
allowing Pt surface free sites.

This situation is not always the case for non-metal
electrocatalysts such as macrocycles or inorganic compounds.
Most cases are like end-on interaction of O, molecules
(Pauling model) with catalyst compounds, and O-O bond
cleavage for 4-electron reduction requires special orientation.
Anson et al. showed that dicobalt face to face porphyrins gives
efficiently H,O in acid [9]. In this case dioxygen adsorbs
between two Co centres with trans-bridged configuration, and
Co(I)/Co(111) redox transition activates O, intermediates. This

orientation may also provide a model for designing efficient
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ORR electrocatalysts. More interesting report is that nitrogen
in carbon interstitial structure can catalyse ORR [3]. The result
infers that metal centres are not prerequisite as active catalyst
sites.

Hydrogen oxidation reaction (HOR) catalysts are also
important in order to reduce the total amount of precious
catalysts in fuel cells. Historically the opposite reaction as
hydrogen evolution reaction (HER) has long been investigated
as most basic electrochemical reactions [10].
2H" +2¢ > H; (OV vs. NHE) (3)

In HER, many parameters were investigated which
affects the activity of transition metal electro-catalysts. Work
function and heat of adsorption were found to be major
characteristics relating to HOR activity. Kita et al. classified
the metal into two groups [11], one is d-metals (transition and
I, metals) and the other is sp-metals (metals after Ilp). In d-
metals, the reaction intermediate is the adsorbed hydrogen
atom H(a) (catalytic mechanism), and in sp-metals the
adsorbed hydrogen molecule ion H,"(a) (electrochemical
mechanism). On increasing the number of d-orbital electrons of
transition metals, HER activity first increases, drops on the
completion of d-orbital, and then increases again with further
increase in p-orbital. The highest activity occurs on Pt group
metals.



When microscopic reversibility is applied to HOR, the
same trend will appear for catalytic activity of elements.
Almost filled d-orbital of transition metals will result in high
HOR performances. Corrosion resistance in acid environment
allows only Pt and its alloys as HOR catalyst candidates.
Sometimes tolerance against CO becomes a crucial factor as
the anode catalyst, and the second element like Ru is added to
Pt.

As for non-precious catalysts for fuel cell anode, very
few are reported successful because Pt outperforms in HOR
activity (in exchange current density, i,=10° A cm™). Seeking
for similar electronic structure as Pt, WC and MoS; have been
proposed as alternatives, but the activity was low [12].
Molecular catalysts were also investigated, but very few
successful reports were published so far. In this regard, enzyme
catalysts in biochemical systems will be good models such that
hydrogenase enzymes in bacteria which produce H, or H* by
decomposing organic materials or nitrogenase enzymes which
produce NHs; during nitrogen fixation from N». In hydrogenase
enzymes, Fe-Fe or Fe-Ni bridged by S are thought to be the
active centres for H, cleavage and H* production. In [NiFe]
hydrogenase, H, is first adsorbed on Fe site, then split to H
bridged on Fe-Ni and H* on cycteine S [13]. In energetics, the
H-H bond cleavage occurs at the first energy barrier and H*

transfer occurs at the second and third energy barriers. Electron
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is transferred from the Fe-Ni dimer to Fe-S clusters. N¢rskov et
al. reported by DFT calculation that free energy of H bonding
to the enzyme is close to that of Pt, and using this criterion
proposed new MoS; catalyst [14].

Strategy
ORR electro-catalyst

In the periodic table, Pt group metal shows the most
active and stable catalytic performance of ORR in acid media.
Whether or not other elements could mimic the electronic
structure of Pt had been a great concern in designing non-
precious catalysts. Ngrskov et al. found through DFT
calculations a correlation between the bond energy of M-O and
ORR reactivity [15]. The bond energy neither too strong nor
too weak results in a high ORR activity (Volcano curve),
which also relates to d-band vacancies of the metal [16].

O, molecule has a unique electronic structure with
triplet spin configuration at the ground state, i.e., it has two
unpaired electrons in doubly degenerate *-anti-bonding
orbital. The bond order is two with four bonding orbitals and
two anti-bonding orbitals. This configuration makes O, rather
stable, and makes it difficult to convert. Transition metals that
have vacant d-orbitals can catalyse complete O, reduction.

When O, adsorbs on metal surface, electrons are donated from
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n orbital of O, to dz? orbital of the metal, and dr from the
metal is back-donated to ©* anti-bonding orbital of O, [17].
Then O-O bond is weakened and convert to H,O through O-O
bond cleavage.

On designing ORR catalysts from macrocycles, the
mode of interaction of O, with central metal M should be an
important factor that determines the efficiency of 4-eletron
reduction. Dicobalt face-to-face porphyrin forms a trans-p-
peroxo intermediate that favours H" access and O-O bond
rupture [9]. On the other hand, for iron phthalocyanines, side-
on configuration of O, on M promotes back donation of d-
electrons form M to O,, and facilitates O-O bond cleaving [6].
This may be called the geometric or configuration effect, and
the orientation of O, against the metal adsorption site should be
controlled by designing ligand structures. From this
consideration binuclear complex rather than mononuclear
complex is chosen for synthesis [18]. Whether trans or cis
adsorption of O, on M-M dimer centre favours ORR activity
would be an interesting topic that should be solved [19].

The strategy for ORR on macrocycles is also considered
through a control of the electronic structure so that the redox
potential of M shifts downward near the electronic level of O,
during ORR [20]. Since the electron transfer occurs between
0O, and M when their electronic levels are not too far apart,

energy of O, HOMO (highest occupied molecular orbital) and
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d-band energy of M should be near the same level [21]. The
structure of ligand would be a factor to modify this electronic
effect and thus the ORR activity.

A new strategy is to build an M-N complex from the
transition metal nitrides. For example, Mo,N that was
synthesized as NH3 production catalyst [22] is expected also as
ORR catalyst because of its H, and N, dissociation ability. Ota
et al. reported TaOxNy and ZrO, as good ORR catalyst with
high stability in acid media [23]. They recently proposed
partially oxidized transition metal carbide-nitride as cathode
catalyst for fuel cells [2]. How to synthesize such inorganic
catalysts in a simple process is a great concern, so as to realize
the ORR reaction site in the most active state. It should be
noted that Fe coordinated by pyridinic nitrogen in carbon
structure can form very active ORR sites. Dodelet et al.
designed the pyrolysed catalyst from Fe precursor (Fe acetate),
the pore filler phenanthroline in high surface area carbon black,
which were heat-treated in NHg at high temperature [4].

Looking for the alternatives of Pt, two approaches, i.e.
one from organic metal complexes and the other from
inorganic compounds such as metal nitrides can be combined
and be made a third candidate, where M-N interactions modify
the electronic structure of metal active sites.

HOR electro-catalyst



The energy of H, bonding is 436 kJ mol™, and that of

0 is 498 kJ mol™. This shows how the HOR reaction:

H, — 2H(a) 4.1)

H@ —>H +¢ 4.2)
needs stable H(a) adsorption sites in the first step (here H(a)
indicates adsorbed H atom on the catalyst site). On Pt in acid
electrolyte, Horiuti et al calculated quantum-chemically that
H(a) resides in the surface hollow site of Pt lattice [10]. In
relation to HOR catalysts from organic molecules like
macrocycles, it seems thus inappropriate that single metal
centre in an organic metal complex could split H, to H(a) and
then discharge atomic H(a) to H" in a simple route. Metal dimer
site may be the key structure that can split Hy, and take special
configuration that after electron is transferred, H" is released
through the peripherals of the organic metal complex to the
electrolyte, as in hydrogenase enzyme.

Tungsten carbide (WC) had been investigated as a Pt
alternative, because similar electronic structure as Pt was
anticipated. If this is the case, the same concept would be
applied for the design of HOR inorganic catalysts. Although
very few are reported so far, MoS, may be a model compound.
Transition metals with high d-electron deficiency will bind
strongly with O% or S%, and take almost filled d-orbitals.
Aiming at the similar electronic structures as Pt merely do not

guarantee the HOR catalytic ability, because splitting of H, on
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the catalyst sites must be an important process. Also other
factors like corrosion resistance should be taken into account.

CO tolerant anode catalyst

In Hp-air fuel cells, CO poisoning becomes the issue
when reformed H; gas is used in the anode because Pt is
susceptible to strong CO adsorption. Similar and important
reaction related to CO poisoning is methanol oxidation reaction

(MOR). In liquid feed fuel cells like methanol fuel cells, CO is

formed as by-product and poison the anode catalyst. The

catalyst surface should meet two aspects:

(1) As the site requirements for methanol adsorption, more
than 3 vacant sites are free [24].

(2) The metal site should be maintained poison free during
MOR. CO should be oxidized or eliminated from the metal
surface.

The first requirement means that active metal site like

Pt is inevitable. In order to cope with this problem, Pt-Ru alloy

catalysts had been developed where the second element Ru

adsorbs oxygen derived species on the surface, and help Pt to
regenerate CO-free sites, either by bifunctional effect [25] or

by ligand effect [26].

Because Ru is also the element of scarce production,
new electro-catalyst is desired in order to reduce the cost of CO

tolerant catalysts. Addition of co-catalyst to Pt is proposed
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along this line, and the composite catalyst of Pt and organic
metal complex turned out to be a good candidate. The role of
the organic metal complex is intended to be the site of CO
spillover, ligand effect or adsorption barrier of CO. The
advantage of this composite catalyst is a wide variety of
molecular design, where many possibilities in tailoring
materials could open new functions for the performance
improvement of the anode catalysts

Synthetic Procedure
ORR catalysts based on heat-treated organic metal complexes
on carbon substrates

The first attempt for organic metal complexes in the
present strategy was Co porphyrins heat-treated in Ar
atmosphere on carbon substrate [27]. Anionic and cationic Co
porphyrins, cobalt tetrakis(4-carboxyphenyl)  porphyrin
(CoTCPP) and cobalt tetrakis(1-methyl-4-pyridyl) porphyrin
(CoTMPyP) were mixed in methanol to make porphyrin
aggregates with planar faces stuck one another, and constructed
as cofacial complexes. The compound was supported on
graphite powder (Aldrich 1-2 um; 50% by mass) in anhydrous
pyridine, dried and heat-treated for 2 h in Ar atmosphere at
temperatures 200 to 1000 °C.
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Other cobalt macrocycles were synthesized by mixing

metal-free ligands with equimolar amounts of cobalt acetate
tetrahydrate for 1 h at room temperature in degassed ethanol.
Cobalt compounds tested are depicted in Fig. 1 [28].
Complexes were mixed with graphite powder, heat-treated at
600°C for 2 h in Ar.
Co(salen) (VII), Co(anthen) (VIII), Co(dgpr) (IX) and
Co(mqgph) (X) were electropolymerized on the basal plane of
pyrolytic graphite disk electrode from a solution containing
2x10° M of Co(complex) and 5x102 M of
tetramethylammonium tetrafluoroborate in acetonytrile (AN)
or dimethylformamide (DMF) saturated with Ar at 25°C. The
potential was scanned 5-10 cycles between -1.7 and 1.7 V vs.
Ag wire quasi-reference electrode (ca. 0.049 V vs. SCE) at 0.1
Vst

Binuclear ORR catalysts based on phenoxide and C=N ligands
Binuclear transition metal complexes that were intended
to form cis-bridge interaction with O, were synthesized by
bridging two diformylphenols with diamines. Interatomic
distances between two metal atoms were designed to be in the
range 2-3 A. Catalysts were supported on Ketjen black and
heat-treated at 400 to 600 °C for 2 h in N, atmosphere [18].

12
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Fig. 1 Chemical structures of cobalt complexes.

Binary transition metal nitrides on carbon nanotubes

Metal nitrides were synthesized from acetylacetonate
(acac) reagents of V, Cr, Mo, Mn, Fe, Co and Ni. Single
13



M(acac), or a combination of two Mj(acac), + My(acac),
dissolved in tetrahydrofuran (THF) were supported on carbon
nanotubes (CNT) in N, atmosphere, filtered and dried, then
heat-treated first at 400°C in 10% H,/N; then at 700°C in NH;
(abbreviated as M-N/CNT or M;-M2-N/CNT).

CO tolerant composite catalysts of Pt-M(complex)/C

Nitrogen and oxygen ligand containing organic metal
complexes, N,N'-bis(salicylidene)ethylenediamine  (salen),
N,N'-bis(salicylidene)phenylenediamine  (salophen), N,N'-
mono-8-quinolyl-o-phenylenediamine  (mgph) and N,N'-
bis(anthranilidene)ethylenediamine (anthen), coordinated to V,
Mn, Fe, Co, Ni, Cu, Mo, Pd and Sn were synthesized and
tested [29]. Major differences are the number of N ligands, i.e.
2N+20 for salen and salophen, 3N for mgph and 4N for anthen.
Mixture of platinum precursor [Pt(NH3)4]Cl,-xH,0 and each of
the organic metal complexes are supported on graphite powder
(1-2 um) and heat-treated at 600°C for 2 h in Ar gas. This heat-
treatment is important to finish the catalysts with high catalytic
performance and robustness in long-term use. Methanol
oxidation reaction (MOR) was measured in acid electrolyte
containing methanol.

The gas electrode using H, with CO was evaluated
using the same catalyst. Platinum precursor

[Pt(NH3)4]Cl:xH,O  and  organic metal complexes are
14



supported with 50:50 mass % ratio on the carbon black (Vulcan
XC-72R), and heat-treated in the same way [30].

Method of Catalyst Evaluation and
Characterization

Catalysts synthesized were mounted on a carbon disk-
platinum ring electrode using Nafion solution (Aldrich) binder
(dry Nafion to carbon ratio was 0.5), and evaluated for ORR in
a 3-elelctrode electrochemical cell at 25°C. Test solution was
0.05 M H,SO, saturated with either N, or O, and cyclic
voltammograms and polarization curves were measured using
dual potentio-galvanostat. The efficiency of O, reduction to
H,O (%H20) was evaluated by RRDE, by detecting H,0;
emerging from the disk by means of the ring current.

For MOR activity measurements, the catalyst powder
(abbreviated as Pt-M(complex)/C) was put on a glassy carbon
disk electrode, and electrochemical measurements were
performed in 1M CH3OH + 0.05M H,SO,, using a glass cell
with 3-electrode configuration.

The catalyst performance for HOR was tested in a
single fuel cell mode at 70°C. The catalyst-supported carbon
powder was mixed with 5wt% Nafion solution to get an ink of
the mixture, which was then pasted on the wet-proofed carbon

paper. The amount of Pt in the mixed catalyst was 5.4x10"
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mg(Pt) cm?, for the apparent electrode area. Membrane
electrode assemblies (MEAS) having active areas of 2x2 cm?
were prepared by hot-pressing the catalyst-loaded carbon paper
and Nafion 115 membrane. Anode and the cathode gases were
H, containing CO and Air, each humidified at 60°C.

X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), transmission electron microscope (TEM)
and thermo-gravimetry (TG) were also conducted to
characterize the catalysts.

Some Rules concerning Chelate Structure and
Catalyst Performances
ORR electro-catalyst

Co porphyrin ion complexes heat-treated on carbon
revealed much higher ORR ability than non heat-treated ones.
Also it is seen from Table 1 that in every case the ion complex
(CoTCPP+CoTMPyP) shows better ORR performances than
monolithic porphyrin compounds (CoTCPP or CoTMPYyP),
indicating structural dependences for the ORR ability of the
catalyst. Heat-treatment temperature was a crucial factor that
determines ORR activity. As seen in Fig. 2, the highest activity
appeared around 600 °C, where Co and N surface
concentrations by XPS became highest on the carbon surface.
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On the other hand, above 800 °C, activity declined and metallic
Co clusters began to deposit as observed by XRD.

The results indicate that the chelate structure Co-N4 was
not totally destroyed during heat-treatment as long as the
temperature was not too high, and some stable reaction sites
remained in the metal centre on carbon surfaces. In order to see
if the original structure affects the ORR activity after the heat-

Table 1 ORR characteristics of non heat-treated and heat-
treated Co-porphyrin compounds. Catalyst amount: 3.5-4 mg
cm (apparent area of electrode).

IL Ik 0
Catalyst /103 A cm? /103 Acm?  PH20

Non heat-treated

CoTCPP + CoTMPyP  0.69-0.73 2.4 40-57
CoTCPP 0.35-0.48 1.5 10-14
CoTMPyP 0.34-0.44 1.5 10-12
Heat-treated at 600 °C
CoTCPP + CoTMPyP  0.75-0.83 2.5 57-62
CoTCPP 0.62-0.72 1.8 30-39
CoTMPyP 0.59-0.65 1.7 27-36
Heat-treated at 800 °C
CoTCPP + CoTMPyP  0.79-0.86 2.5 52-56
CoTCPP 0.66-0.73 2.0 33-40
CoTMPyP 0.60-0.66 2.0 30-38
Smooth Pt 1.00-1.05 5.9 96-98

17



treatment on carbon, several Co complexes with different
chelate structures were tested which were supported on
graphite powder and heat-treated at 600 °C. Table 2 shows the
ORR performances as compared with Pt. The results are
summarized as follows [28]:

Surface concentration/ wi%

Intensity
™
§§

o ) 600°C

: PR

: : 00°C

> > 400°C

g 4 At

< (=]
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§ 20 g L |
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= 6C

- 0 L il 1 1 1 0 ! . - T ° . —Lr'
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Heat treatment temperature/ “C Angle 2 §/deg

Fig. 2 Left: XPS surface concentration of Co and N (top), and
electrochemical activity of ORR on CoTCPP+CoTNPyP/C
heat-treated at various temperatures (bottom). Right: XRD
patterns of the ion complex heat-treated at various temperatures
[27].
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Table 2 ORR characteristics of heat-treated catalysts measured
at 25 °C in 0.05 M H,SO,%. Amount of Co complex: 1x10°

mol cm™ (apparent area of electrode).

Heat- I I Ep, 12
Catalyst tetrrﬁgter:‘aizfe [10° A 110° A ’\S’C"é' %H20
1°C cm
| 600 070 11 012 39
" 600 076 12 015 41
i 600 136 36 022 59
IV 600 113 25 021 55
Vi 600 078 11 001 48
VI 600 108 20 023 52
X 600 115 27 024 39
12%
gpite 600 272 80 033 o
Smooth Pt i 281 30 042 98

 Rotation speed: 300 rpm. I_: limiting current density of ORR
at 300 rpm; Ix: charge transfer current density at the half-wave
potential Ep, 1/2; %H20: efficiency of O, reduction to HO.

(1) The number of ligands surrounding the central Co should
be larger than three and less than six. Coplanar chelate

structure of Co complex is crucial as O, coordination sites.

(2) Closed-ring structure of metal complex is preferable to an

open-ring structure.
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(3) Metal-ligand bond should be strong in order to ensure the
stability of active sites during the heat-treatment.

(4) The interaction between the substrate (carbon) and the
chelate site is an important factor that determines the
stability, orientation and surface density of the active
centres.

(5) The monolithic metal complex evolved H,O; as the major
product, and the molecular design for binuclear complex is
expected as the second step.

What is the basic structural feature of organic metal
complexes that fulfill the requirements of the ORR active sites
is a big question which is not answered yet. There have been
several discussions about the “real structure” of organic metal
complex catalysts after the heat-treatment on carbon substrates.
Yeager assumed “carbonaceous compounds” where the metal
oxides or clusters are adsorbed on carbon-nitrogen complex on
the surface [31]. Van Veen et al. proposed that metal-N,4
chelate structure is the essential unit that reduces O, into water
[32]. Also Dodelet et al. assert that metal-carbon-nitrogen
mixtures are formed on the surface and act as ORR active sites
[33].

Based on these hypotheses, and on the expectation that
cis-u-peroxo intermediates could form if adjacent Co-Co sites

rather than Co-N4 cofacial structure (as in porphyrin
20



Table 3 ORR activity and %H20 on dinuclear catalysts.
Amount of Co complex: 0.014 mg cm™ (apparent area of
electrode).

R T2+ R T2+

O j 0
N\ N
9 o

3>

N ' N ¥
R R
Co,l?! Co,l?

Heat-treatment ORR mass activity

Catalyst temperature /°C /A g(metal)™ %H20 /%
Co,L* nil 0.65 59
500 60 90
Coyl? nil 40.8 64
450 350 80
Pt - 220 >08

complexes) were realized, di-nuclear Co complexes were tested
for ORR [18]. Table 3 shows this is really true, and it is
inferred that chemical structures with stiff aromatic rings
would prefer when the complex is heat-treated on carbon
substrates because of the strong =-7 interactions between the
complex and the carbon surfaces.
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Further to corroborate theories that M-Nx structure may
be the active site for ORR, transition metal nitrides were tested
that were formed on CNT by the gas phase reaction with NH3.
Figure 3 summarizes ORR performances on M-N/CNT or M-
M2-N/CNT. CNT proved to be a good substrate, and even
without metal particles that were incorporated on the surface,
fair ORR activity appeared. As for the transition metal nitrides,
very good synergistic effect was observed, and Fe-Cr-N/CNT,
Fe-Co-N/CNT and V-Co-N/CNT appear to be good ORR
catalysts considering also %H20 as high as 95-98 %. How
these good ORR performances appeared on binary (not unitary)
transition metal nitride systems is a matter to be clarified in
future study. An interesting trend is that the number of d-
electrons of these transition metal is nearly half (4 or 6) of d-
orbitals. N has a high electro-negativity than C, and the central
metal would shift to high d-vacancy, which is favourable for
O, adsorption and O-O bond weakening. Considering their cost
and availability, these new ORR catalysts would be a
promising future candidate in the application for PEFC cathode
catalysts.

MOR and HOR electro-catalyst
As shown in Fig. 4, polarization curves of MOR for
50:50 mixed catalysts Pt-Co(complex)/C reveals a strong

ligand dependence on the MOR catalytic activity. Performance
22



-i (E=0.4 V)/mA cm-2

Catalyst -i(E=0.4 V)/
103 A cm??

20 wt% Pt/Vulcan
Fe-Cr-N/CNT
V-Co-N/CNT
Fe-Co-N/CNT
Fe-V-N/CNT

CNT

3.45
1.56
1.28
1.24
1.03
0.607
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V vs RHE) of M-N/CNT
and M;-M,-N/CNT (M =
V, Cr, Mo, Mn, Fe, Co,
Ni) synthesized by
reaction with NH; at 700
°C.



follows the order: Pt-Ru/C > Pt-Co(mgph)/C > Pt-
Co(anthen)/C > Pt-Co(salen)/C > Pt-Co(salophen)/C > Pt/C.
XRD and thermal decomposition by TG-DTA indicated full
decomposition to metallic particles for Pt-Co(salophen)/C, but
for other composite catalysts decomposition was gradual and
partial, and Co complexes are not completely destroyed. XPS
and EXAFS supported this result, and Co-N interaction
remained after the heat-treatment.

Results of polarization curves of H,-Air fuel cells for
Pt-VO(salen)/C and Pt-Ni(mgph)/C as anode catalysts are
summarized in Table 4, where peak power density (W cm™)
and the cell voltage (V) at fixed current are compared. As long
as the reformate gas containing 10 ppm to 50 ppm CO is used,
the new composite catalysts performed quite good, which is in
agreement with other electrochemical experiments.

Structural  characterization by XPS  revealed
decomposition processes during heat-treatment. At around 300
°C, platinum precursor decomposes to Pt particles on the
carbon surface. Between 300 °C and 600 °C, Ni(mgph) is
partially decomposed and made a mixture with metallic Pt, but
the initial complex structure is retained. Above 600 °C, the
metal complex starts to decompose to form nickel metal
clusters or alloys with Pt.

For Pt-VO(salen)/C, two peaks observed for the non-
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Fig. 4 Polarization curves of MOR on mixed catalysts with
50/50 mixing ratio, Pt-Co(salophen)/C (¢), Pt-Co(salen)/C (1),
Pt-Co(anthen)/C (A) and Pt-Co(mqgph)/C (o), supported on
graphite powder and heat-treated at 600 °C. As a comparison,
polarization curves on 12% Pt/C (*) and 20% Pt-Ru/C
(ElectroChem, (x)) are also shown. Solution: 1 M CH3OH+
0.05 M H,S0Oq4 at 25 °C, in deaerated condition with N, gas.

heat-treated specimen in the 2py> and 2ps, region of V can be
assigned to V(1V) and V(V) states. The oxidation of vanadium,
i.e., from V(IV) to V(V) occurs in parallel with the reduction of

platinum valence state. The relative intensity of V(V) / V(IV)
25
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in the catalysts increases with increasing heat- treatment
temperature. These results show that the change of valence
state of vanadium in Pt-VO(salen)/C catalysts reflects the
oxidation state of platinum.

Conclusions

Transition metal-nitrogen coordination sites on carbon
substrate are an interesting topic in the fuel cell catalyst
applications. The important factors to be considered in
designing non-Pt cathode catalysts may be summarized as
follows.

(1) M-Nx chelate structures that are stabilized on carbon
surfaces,

(2) Adjacent M-M sites that can adsorb a O, molecule with
side-on structures as in Pt,

(3) Interaction of M-N reaction sites with graphene surfaces
that shows high electron conductivity and strong electronic
interaction with M-N reaction sites.

As for the anode catalyst, Pt is the main catalyst site but
in the case of CO poisoning, organic metal complexes can
serve as a co-catalyst. Here M-N centre is designed to be a CO
adsorption site, where higher oxidation state of the metal
activates CO, results in reduced back-donation and induces a

nucleophilic attack by H,O.
27



Metal nitrides on carbon substrate, especially those of
binary transition metal systems are good candidates as ORR
catalyst. Here N is supposed to increase the metal binding force
on carbon on one hand, and on the other hand increased d-
vacancy of each of the metal centre will interact strongly with
0,. This will facilitate bond breaking of O-O.

Acknowledgements

The author wishes to thank Professor Isao Sekine and
Professor Makoto Yuasa of Tokyo University of Science,
Professor Junji Nakamura of University of Tsukuba, and Dr.
Hideyuki Higashimura and Dr. Nobuyoshi Koshino of
Sumitomo Chemical Co., Ltd. who collaborated with him on
fuel cell catalysts.

References

1. T. Okada, M. Kaneko eds. Molecular Catalysts for Energy
Conversion, Springer, Heidelberg (2009).

2. Y. Ohgi, A. Ishihara, Y. Shibata, S. Mitsushima, K.-1. Ota: Chem.
Lett. 37 (2008) 608.

3. T. Ikeda, M. Boero, S.-F. Huang, K. Terakura, M. Oshima, J.
Ozaki: J. Phys. Chem. C 112 (2008) 14706.

4. M. Lefévre, E. Proietti, F. Jaouen, J.-P. Dodelet: Science 324
28



© N o o

10.

11.

12.
13.
14.

15.

16.
17.
18.
19.

(2009) 71.

R. Jasinski: Nature 218 (1968) 602.

E. Yeager: J. Mol. Catal. 38 (1986) 5.

J. P. Randin: Electrochim. Acta 19 (1974) 83.

S. Mukerjee, S. Srinivasan, M. P. Soriage, J. McBreen: J. Phys.
Chem. 99 (1995) 4577.

J. P. Collman, P. Denisevich, Y. Konai, M. Marrocco, C. Koval,
F. C. Anson: J. Am. Chem. Soc. 102 (1980) 6027.

J. Horiuti: Chap.6 in H. Eyring, D. Henderson and W. Jost eds.
Physical Chamistry, Academic Press, New York (1970).

H. Kita, T. Kurisu: J. Res. Inst. Catal., Hokkaido Univ. 21 (1973)
200.

H. Bohm: J. Power Sourses 1 (1976) 177.

P. E. M. Siegbahn: Adv. Inorg. Chem. 56 (2004) 101.

B. Hinnemann, P. G. Moses, J. Bonde, K. P. Jagrgensen, J. H.
Nielsen, S. Horch, I. Chorkendorff, J. K. Ngrskov: J. Am. Chem.
Soc. 127 (2005) 5308.

J. K. Ngrskov, J. Rossmeisl, A.Logadottir, L. Lindqgvist, J. R.
Kitchin, T. Bligaad, H. Jonsson: J. Phys. Chem. B 108 (2004)
17886.

A.J. Appleby: Catal. Rev. 4 (1970) 221.

J. H. Zagal: Coord. Che. Rev. 119 (1992) 89.

N. Koshino, H. Higashimura: Chap. 6 in Ref. [1].

H. Y. Liu, M. Weaver, C. Wang, C. Chang: J. Electroanal. Chem.

145 (1983) 439.
29



20. J. H. Zagal, M. Gulppi, M. Isaacs, G. Céardenas-Jiron, M. J.
Aguirre: Elelctrochim. Acta 44 (1998) 1349.
21. R. Taube: Pure Appl. Chem. 38 (1974) 427.
22. R. Kojima, K. Aika: Chem. Lett. 29 (2000) 514.
23. Y. Shibata, A. Ishihara, S. Mitsushima, N. Kamiya, K.-l. Ota:
Electrochem. Solid-State Lett. 10 (2007) B43.
24. H. A. Gasteiger, N. M. Markovi¢, P. N. Ross, Jr., E. J. Cairns: J.
Phys. Chem. 97 (1993) 12020.
25. M. Watanabe, S. Motoo: J. Electroanal. Chem. 60 (1975) 267.
26. T. Frelink, W. Visscher, J. A. R. Van Veen: Surf. Sci. 335 (1995)
353.
27. T. Okada, M. Gokita, M. Yuasa, |. Sekine: J. Electrochem. Soc.
145 (1998) 815.
28. T. Okada, S. Gotou, M. Yoshida, M. Yuasa, T. Hirose, I. Sekine:
J. Inorganic and Organometallic Polymers 9 (1999) 199.
29. T. Okada, N. Arimura, C. Ono, M. Yuasa: Electrochim. Acta 51
(2005) 1130.
30. T. Okada, H. Yano, and C. Ono: J. New Mater. Electrochem.
Systems, 10 (2007) 129.
31. E. Yeager: Elelctrochim. Acta 29 (1984) 1527.
32. J. A. R. van Veen, J. F. van Baar, K. J. Kroese: J. Chem. Soc.,
Faraday Trans. 1 77 (1981) 2827.
33. G. Lalande, R. Coté, D. Guay, J. P. Dodelet, L. T. Weng, P.
Bertrand: Elelctrochim. Acta 42 (1997) 1379.

30



Summary: For true commercialisation of low temperature fuel
cells, non-precious electro-catalysts for gas phase reactions are
inevitable. Especially in the cathode, since the oxygen
reduction reaction causes a high overpotential, large amount of
platinum is used in the present technology, and development of
active and low cost catalysts is desired. In this work, such
efforts are summarized first historically, and then a strategy for
the alternatives is discussed. As the candidate of non-precious
electro-catalysts, organic metal complexes are proposed since
1970s, but so far not many seem to be successful. Inorganic
compounds such as metal carbides, nitrides and oxides are
extensively studied recently, although still their power density
being low. Advantages and disadvantages of these candidates,
together with a new strategy that incorporates both features are
also discussed. So far the anode catalysts are rather rare
because platinum group metal catalysts (Pt, Pd, Ru etc.)
perform extensively well and no other candidates are found to
meet the desired catalytic abilities. Biomimetic approach
(hydrogenase etc.) looks attractive, but is not yet established.
How to design such anode catalysts is also the topic of this
work.

31



gE

IR EE O B DO TR LD T2 OIZ, T AKISIZE
T B IEESBAMEDOBE N AR AR & 75T D, FFIZ,
PREVER A Y — RIZBWTIE, BBFE TG SO i E
JEDRK & 725 Z &6 BUEIZREDOAESNMER S
TEL ., IEEO @SR ABE OB A Ak ST\ b,
AFZETIL, DX 5 gt a2 BRI &Y | B
AR O FHIZ W T COMIK 2 #Ein T 5, EESE
R EMmARE O & LT, ARSI D 1970 ALK
EINTELED, KANZESTZHDIEFE TRV E D
Thod, sETIIERBRIY., £, Bz L o
AL DG IR S LTV BN, 2 H DOE I
BRI TH D, IO DEMME BN AL %
9 TRV, IZHHE DR A B AT B LW AR
IZOWT higimd Do

INETOE ZARREVEMY 7 — Rtz >V T,
B4 @t (Pt, Pd, Ru7s &) OMERENIEFITENL TV
B, WEE S35 AERE 2 i 72 3 O A o)
W Eb b o T, MEAIITT LAD e, ERYE
it (v RusrF—E8RE) OBlENL0T 7r—Fik
B TH DN, TSI TWD DT TRV, AKAFE
TlX, DX 9727 ) — N A 35T 5 M2 D
WThakimd Do

32



List of published works relating to the topic of the thesis
(cited papers, excluding citations by the author, are shown
with smaller letters)

1. T. Okada, M. Gokita, M. Yuasa and I. Sekine: Oxygen
Reduction Characteristics of Heat Treated Catalysts Based on
Cobalt-Porphyrin lon Complexes. J. Electrochem. Soc., 145,
815-822 (1998).

1) Li Setal.: ELECTROCHIMICA ACTA 55, 4403 (2010).

2) Zhang HJ et al.: INTERNATIONAL J. OF HYDROGEN ENERGY 35, 2900 (2010).

3) Yuan XX et al.: PROGRESS IN CHEMISTRY 22, 19 (2010).

4) Liu G etal.: APPLIED CATALYSIS B-ENVIRONMENTAL 93, 156 (2009).

5) Lee Ketal.. ELECTROCHIMICA ACTA 54, 4704 (2009).

6) Wang Z et al.: NANOTECHNOLOGY 19, Article Number: 395604 (2008).

7) Bezerra CWB et al.: ELECTROCHIMICA ACTA 53, 4937 (2008).

8) Sirk AHC et al.: J. OF THE ELECTROCHEMICAL SOCIETY 155, B592 (2008).

9) Jaouen F et al.: ELECTROCHIMICA ACTA 52, 5975 (2007).

10) Bae IT: J. OF THE ELECTROCHEMICAL SOCIETY 153, A2091 (2006).

11) Ma ZF et al.: ELECTROCHEMISTRY COMMUNICATIONS 8, 389 (2006).

12) Soderberg JN et al.: J. OF THE ELECTROCHEMICAL SOCIETY 152, A2017 (2005).
13) Sirk AHC et al.: ELECTROCHEMICAL AND SOLID STATE LETTERS 8, A104 (2005).
14) Tarasevich MR et al.: RUSSIAN J. OF ELECTROCHEMISTRY 40, 1174 (2004).

15) Bogdanovskaya VA et al.: RUSSIAN J. OF ELECTROCHEMISTRY 40, 311 (2004).

16) Mocchi C et al.: Book Series: ELECTROCHEMICAL SOC. SERIES 2001, 362 (2001).

33



17) Abe T et al.: PROGRESS IN POLYMER SCIENCE 28, 1441 (2003).

18) Cosnier S et al.: SENSORS 3, 213 (2003).

19) Lefevre M et al.: ELECTROCHIMICA ACTA 48, 2749 (2003).

20) Jaouen F et al.: J. OF PHYSICAL CHEMISTRY B 107, 1376 (2003).

21) Abe T et al.: ELECTROCHIMICA ACTA 47, 3901 (2002).

22) Lefevre M et al.: J. OF PHYSICAL CHEMISTRY B 106, 8705 (2002).

23) Castellani AM et al.: J. OF NEW MATERIALS FOR ELECTROCHEMICAL SYSTEMS
5, 169 (2002).

24) Tyurin VS et al.: RUSSIAN J. OF ELECTROCHEMISTRY 37, 843 (2001).

25) Lefevre M et al.: J. OF PHYSICAL CHEMISTRY B 104, 11238 (2000).

26) He P etal.: J. OF NEW MATERIALS FOR ELECTROCHEMICAL SYSTEMS 2, 243
(1999).

27) Jiang DE et al.: APPLIED CATALYSIS A-GENERAL 192, 1 (2000).

28) Faubert G et al.: Book Series: ELECTROCHEMICAL SOCIETY SERIES 98, 30 (1999).
29) Solorza-Feria O et al.: ELECTROCHEMISTRY COMMUNICATIONS 1, 585 (1999).
30) Faubert G et al.: ELECTROCHIMICA ACTA 44, 2589 (1999).

2. T. Okada, K. Katou, T. Hirose, M. Yuasa and I. Sekine:
Oxygen Reduction Characteristics of Pyrolytic Graphite
Electrodes Modified with Electro-polymerized Salen

Compounds. Chemistry Lett., 1998, 841-842 (1998).
1) Xie J et al.: MATERIALS SCIENCE FORUM 610-613, 362 (2009).

2) Vorotyntsev MA et al.: ADVANCES IN COLLOID AND INTERFACE SCIENCE 139, 97

(2008).

34



3) Leung ACW, et al.: J. OF INORGANIC AND ORGANOMETALLIC POLYMERS AND
MATERIALS 17, 57 (2007).

4) Voituriez Aetal.: SYNTHETIC METALS 156, 166 (2006).

5) Dewi EL et al.: J. OF POWER SOURCES 130, 286 (2004).

6) Abe T et al.: PROGRESS IN POLYMER SCIENCE 28, 1441 (2003).

7) Koga H et al.: DALTON TRANSACTIONS 6, 1153 (2003).

8) Jiang JH et al.: ELECTROCHIMICA ACTA 47, 1967 (2002).

9) Szlyk E et al.: J. OF SOLID STATE ELECTROCHEMISTRY 5, 221 (2001).

10) Yamamoto K et al.: J. OF INORGANIC AND ORGANOMETALLIC POLYMERS 9, 231
(1999).

11) Yamamoto K et al.: MOLECULAR CRYSTALS AND LIQUID CRYSTALS 342, 255
(2000).

12) Lieu YW et al.: J. OF ELECTROANALYTICAL CHEMISTRY 481, 102 (2000).

13) Kingsborough RP et al.: CHEMISTRY OF MATERIALS 12, 872 (2000).

14) Yamamoto K et al.: CHEMISTRY LETTERS 2000, 4 (2000).

3. T. Okada, K. Katou, T. Hirose, M. Yuasa and I. Sekine:
Oxygen Reduction on Pyrolytic Graphite Electrodes Modified
with Electro-polymerized Cobalt Salen Compounds. J.
Electrochem. Soc., 146, 2562-2568 (1999).

1) Zhang W et al.: CHEMISTRY OF MATERIALS 21, 3234 (2009).

2) Kianfar AH et al.: J. OF COORDINATION CHEMISTRY 61, 341 (2008).

3) Xu L et al.: CHINESE J. OF INORGANIC CHEMISTRY 23, 1999 (2007).

4) Tarabek J et al.: ELECTROCHIMICA ACTA 50, 1643 (2005).

5) Tarabek J et al.: ANALYTICAL CHEMISTRY 76, 5918 (2004).

35



6) Abe T et al.: PROGRESS IN POLYMER SCIENCE 28, 1441 (2003).

7) Ferrari RT et al.: MICROCHIMICA ACTA 142, 213 (2003).

8) Lefevre M et al.: ELECTROCHIMICA ACTA 48, 2749 (2003).

9) Dewi EL et al.: INORGANICA CHIMICA ACTA 342, 316 (2003).

10) Boopathi M et al.: J. OF THE ELECTROCHEMICAL SOCIETY 149, E265 (2002).

11) Roques-Carmes T et al.: J. OF COLLOID AND INTERFACE SCIENCE 245, 257 (2002).
12) Zolezzi S et al.: POLYHEDRON 21, 55 (2002).

4. T. Okada, Y. Yoshida, T. Hirose, K. Kasuga, T. Yu, M.
Yuasa and 1. Sekine: Oxygen Reduction Characteristics of
Graphite Electrodes Modified with Cobalt Di-quinolyldiamine

Derivatives. Electrochim. Acta, 45, 4419-4429 (2000).
1) Wang Y etal.: J. OF POWER SOURCES 195, 3135 (2010).

2) Zhang HJ et al.; ELECTROCHIMICA ACTA 55, 1107 (2010).

3) Zhang W et al.: CHEMISTRY OF MATERIALS 21, 3234 (2009).

4) Deraeve C et al..: EUROPEAN JOURNAL OF INORGANIC CHEMISTRY 36, 5622 (2008).
5) Sirk AHC et al.: J. OF THE ELECTROCHEMICAL SOCIETY 155, B592 (2008).

6) Michon C et al.: INORGANICA CHIMICA ACTA 359, 4549 (2006).

7) Shukla AK et al.: FUEL CELLS 5, 436 (2005).

8) Manzoli A, Boccuzzi F: J. OF POWER SOURCES 145, Special Issue: 161 (2005).

9) Mao LQ et al.: Book Series: ELECTROCHEMICAL SOCIETY SERIES 735 (2003).
10) Moreira J et al.: INTERNATIONAL J. OF HYDROGEN ENERGY 29, 915 (2004).
11) Ohsaka T et al.: ELECTROCHEMISTRY COMMUNICATIONS 6, 273 (2004).

12) Shukla AK et al.: ANNUAL REVIEW OF MATERIALS RESEARCH 33, 155 (2003).

13) Zen JM et al.: ELECTROANALYSIS 15, 1073 (2003).

36



14) Jaouen F et al.: J. OF PHYSICAL CHEMISTRY B 107, 1376 (2003).

15) Mao LQ et al.: ELECTROCHIMICA ACTA 48, 1015 (2003).

16) Lefevre M et al.: J. OF PHYSICAL CHEMISTRY B 106, 8705 (2002).

17) Mao LQ et al.: J. OF THE ELECTROCHEMICAL SOCIETY 149, A504 (2002).

5. T. Okada, S. Gotou, M. Yoshida, M. Yuasa, T. Hirose and I.
Sekine: A Comparative Study of Cobalt Organic Catalysts for
the Oxygen Reduction in Polymer Electrolyte Fuel Cells. J.

Inorg. Organometallic Polymers, 9, 199-219 (2000).
1) Suo CG et al.: PROGRESS IN CHEMISTRY 21, 1662 (2009).

2) Yuasa M et al.: KOBUNSHI RONBUNSHU 63, 607 (2006).

3) Goifman A et al.: ISRAEL J. OF CHEMISTRY 46, 17 (2006).

4) Guillet N et al.: J. OF APPLIED ELECTROCHEMISTRY 36, 863 (2006).

5) Goifman A et al.: APPLIED CATALYSIS B-ENVIRONMENTAL 63, 296 (2006).
6) Villers D et al.: J.L OF THE ELECTROCHEMICAL SOCIETY 151, A1507 (2004).
7) Lefevre M et al.: ELECTROCHIMICA ACTA 48, 2749 (2003).

8) Jaouen F et al.: J. OF PHYSICAL CHEMISTRY B 107, 1376 (2003).

9) Lefevre M et al.: J. OF PHYSICAL CHEMISTRY B 106, 8705 (2002).

6. T. Okada, Y. Suzuki, T. Hirose, T. Toda, and T. Ozawa,
Electro-oxidation of Methanol on Platinum-cobalt Organic
Complex Mixed Catalysts in Acidic Media.

Chemical Communications, 2001, 2492-2493 (2001).
1) Stevanovic S et al.: RUSSIAN J. OF PHYSICAL CHEMISTRY A 83, 1442 (2009).

2) Kim P et al.: CATALYSIS LETTERS 112, 213 (2006).

3) Mathiyarasu J et al.: JOURNAL OF SOLID STATE ELECTROCHEMISTRY 8, 968 (2004).

37



4) Nakajima H et al.: ELECTROCHEMICAL AND SOLID STATE LETTERS 7. A135 (2004).
5) Seshadri T et al.: ACTA CRYSTALLOGRAPHICA SECTION E-STRUCTURE REPORTS
ONLINE 60, 0399 (2004).

6) Honma | et al.: J. OF THE ELECTROCHEMICAL SOCIETY 150, A1689 (2003).

7. T. Okada, Y. Suzuki, T. Hirose, and T. Ozawa: Novel

System of Electro-catalysts for Methanol Oxidation based on
Platinum and Organic Metal Complexes. Electrochim. Acta,

49/3, 385-395 (2004).
1) Ko J etal.: ENERGY 35, 2149 (2010).

2) Stevanovic S et al.: RUSSIAN J. OF PHYSICAL CHEMISTRY A 83, 1442 (2009).
3) Kang JQ et al.: CATALYSIS COMMUNICATIONS 10, 1271 (2009).

4) Lu YH et al.: INTERNATIONAL J. OF HYDROGEN ENERGY 33, 3930 (2008).
5) Zhong XX et al.: INDIAN J. OF CHEMISTRY SECTION A-INORGANIC BIO-
INORGANIC PHYSICAL THEORETICAL & ANALYTICAL CHEMISTRY 47, 504 (2008).
6) Chen M et al.: ELECTROCHEMISTRY COMMUNICATIONS 10, 443 (2008).

7) Zeng JH et al.: INTERNATIONAL J. OF HYDROGEN ENERGY 32, 4389 (2007).
8) Rahim MAA et al.: FUEL CELLS 7, 298 (2007).

9) Cooper JS et al.: J. OF POWER SOURCES 163, Special Issue: 330 (2006).

10) Wang ZL et al.: J. OF POWER SOURCES 160, 326 (2006).

11) Suffredini HB et al.: J. OF POWER SOURCES 158, 124 (2006).

12) Tuseeva EK et al.: RUSSIAN J. OF ELECTROCHEMISTRY 41, 1316 (2005).
13) Zeng JH et al.: J. OF POWER SOURCES 140, 268 (2005).

14) Suffredini HB et al.: ELECTROCHEMISTRY COMMUNICATIONS 6, 1025 (2004).

38



8. H. Shiroishi, Y. Ayato, K. Kunimatsu, and Tatsuhiro Okada:
Effect of Additives on Electrochemical Reduction of Oxygen
in the Presence of Methanol. Chemistry Lett., 33, 792-793
(2004).

9. H. Yano, C. Ono, H. Shiroishi, and T. Okada: New CO
tolerant Anode Catalysts exceeding Pt-Ru based on Platinum
and Organic Metal Complexes. Chemical Communications,

2005, 1212-1214 (2005).
1) Itoh T et al.: ELECTROCHEMISTRY 78, 157 (2010).

2) Huang SY et al.: J. OF POWER SOURCES 195, 2638 (2010).

3) Meyers JP: DEVICE AND MATERIALS MODELING IN PEM FUEL CELLS, TOPICS
IN APPLIED PHYSICS 113, 19 20009.

4) Hsu NY et al.: APPLIED CATALYSIS B-ENVIRONMENTAL 84, 196 (2008).

5) Maeda N et al.: APPLIED CATALYSIS A-GENERAL 341, 93 (2008).

6) Matsumoto F et al.: J. OF THE ELECTROCHEMICAL SOCIETY 155, B148 (2008).

7) Huang SY et al.: CHEMPHYSCHEM 8, 1774 (2007).

8) Cheng X et al.: J. OF POWER SOURCES 165, 739 (2007).

9) Jeng KT et al.: J. OF POWER SOURCES 160, 97 (2006).

10. K. Yoshida, M. Ishida, and T. Okada: Tolerance of CO
Poisoning on Fluorinated Pt Catalysts for the Anode of
Polymer Electrolyte Fuel Cells. Electrochemistry, 73, 298-300
(2005).

39



11. C. Nishihara and T. Okada: Note on the Oxidation of
Methanol at Pt(111) and Pt(332) Electrodes in Alkaline
Solutions. J. Electroanal. Chem., 577, 355-359 (2005).

1) Marichev VA: ADVANCES IN COLLOID AND INTERFACE SCIENCE 157, 34 (2010).
2) Liu Y etal.: CATALYSIS COMMUNICATIONS 11, 884 (2010).

3) Nagashree KL et al.: SYNTHETIC METALS 158, 610 (2008).

4) Marichev VA: ELECTROCHIMICA ACTA 53, 7952 (2008).

5) Yi QF et al.: CATALYSIS COMMUNICATIONS 9, 2053 (2008).

6) Marichev VA: ELECTROCHEMISTRY COMMUNICATIONS 10, 643 (2008).

7) Spendelow JS et al: PHYSICAL CHEMISTRY CHEMICAL PHYSICS 9, 2654 (2007).

8) Spendelow JS et al.: LANGMUIR 22, 10457 (2006).

12. T. Okada, N. Arimura, and M. Yuasa: Electro-oxidation of
Methanol on Mixed Catalysts based on Platinum and Organic
Metal Complexes in Acidic Media. Electrochim. Acta 51,

1130-1139 (2005).
1) Stevanovic S et al.: RUSSIAN J. OF PHYSICAL CHEMISTRY A 83, 1442 (2009).

2) Petrii OA: J. OF SOLID STATE ELECTROCHEMISTRY 12, 609 (2008).

3) Dong B et al.: J.L. OF POWER SOURCES 175, 266 (2008).

4) Rajeswari J et al.: MATERIALS CHEMISTRY AND PHYSICS 106, 168 (2007).

5) Gao GY et al.: J. OF POWER SOURCES 162, 1094 (2006).

6) Nishijo J et al.: EUROPEAN J. OF INORGANIC CHEMISTRY 15, 3022 (2006).

13. M. Saito, H. Shiroishi, C. Ono, S. Tsuzuki, T. Okada, and

Y. Uchimoto: Influence of Ligand Structures on Methanol

Electro-Oxidation by Mixed Catalysts Based on Platinum and
40



Organic Metal Complexes for DMFC. J. Molecular Catalysis,
A, Chemical, 248, 99-108 (2006).

1) Inoue M et al.: J. OF POWER SOURCES 195, 5986 (2010).

2) Stevanovic S et al.: RUSSIAN J. OF PHYSICAL CHEMISTRY A 83, 1442 (2009).

14. H. Yano, C. Ono, H. Shiroishi, M. Saito, Y. Uchimoto, and
T. Okada: High CO tolerance of N,N-
ethylenebis(salicylideneaminato)oxovanadium(IV) as a co-
catalyst to Pt for the anode of reformate fuel cells. Chem.

Mater., 18, 4505-4512 (2006).
1) Nakajima H et al.: J. OF FUEL CELL SCIENCE AND TECHNOLOGY 5, Avticle No.

041013 (2008).

15. H. Shiroishi, Y. Ayato, J. Rais, K. Kunimatsu, M. Osawa,
and T. Okada: Effect of Cobalt Bis(dicarbollides) on
Electrochemical Oxygen Reduction on Pt Electrode in
Methanol-Acid Solution. Electrochim. Acta, 51, 1225-1234
(2006).

1) Miah MR, Ohsaka T: ELECTROCHIMICA ACTA 52, 6378 (2007).

2) Li XG et al.: ELECTROCHIMICA ACTA 52, 5462 (2007).

3) DuCY etal.: ELECTROCHIMICA ACTA 52, 5266 (2007).

16. T. Okada, J. Qiao, T. Kahara, and C. Ono: Long-term MEA
Performances for Reformate Type PEFCs with Anode
Catalysts Using Organic Metal Complexes. Electrochemistry,
75, 169-171 (2007).

41



17. E. Yoo, T. Okada, T. Kizuka, J. Nakamura: Effect of
Various Carbon Substrate Materials on the CO Tolerance of
Anode Catalysts in Polymer Electrolyte Fuel Cells.
Electrochemistry, 75, 146-148 (2007).
1) Centi Getal.: CATALYSIS TODAY 147, 287 (2009).
2) Tanaka K et al.: J.L OF PHYSICAL CHEMISTRY C 113, 12427 (2009).
3) Shao YY etal.: J.L OF MATERIALS CHEMISTRY 19, 46 (2009).
4) Tanaka K et al.: CATALYSIS LETTERS 127, 148 (2009).
5) Tanaka Kl et al.: CATALYSIS LETTERS 126, 89 (2008).
18. T. Okada, H. Yano, and C. Ono: Novel CO Tolerant Anode
Catalysts for PEFC Based on Platinum and Organic Metal
Complexes. J. New Mater. Electrochem. Systems, 10, 129-134
(2007).
1) Tanaka K et al.: J. OF PHYSICAL CHEMISTRY C 113, 12427 (2009).
2) Tanaka K et al.: CATALYSIS LETTERS 127, 148 (2009).
3) Tanaka Kl et al.: CATALYSIS LETTERS 126, 89 (2008).
19. E. Yoo, T. Kahara, C. Ono, J. Nakamura, and T. Okada: A
CO Tolerant Electro-catalyst based on Platinum and Organic
Metal Clusters for Reformate Fuel Cells. Electrochem. Solid-
State Letters, 11, B96-B100 (2008).
20.J. Oh, E. Yoo, C. Ono, T. Kizuka, T. Okada, and J.
Nakamura: Support effect of anode catalysts using an organic
metal complex for fuel cells. J. Power Sources, 185, 886-889
(2008).

42



