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Chapter 1

INTRODUCTION

1.1 General Introduction

Fuel cell systems can be leading energy conversion systems in future because they are expected to
overcome the anticipated problems such as shortage of fossil fuels and increase of electricity usage and
create the society based on environmentally-preferable, convenient, sustainable, and flexible electricity
generation systems.* They show advantages in terms of energy conversion efficiency as chemical energy
is converted into electronic energy directly through electrochemical reactions and such energy conversion
does not go through energy forms such as thermal and kinetic energy. Therefore, their energy conversion
efficiency can be higher than the energy conversion efficiency of the thermal power energy generation
systems whose maximum energy conversion efficiencies are limited by Carnot’s rule. The energy
conversion efficiency of fuel cell systems does not depend on their size. They can work quieter and
generate less toxic materials and their size and location are more flexible than those of thermal power
generation systems.

Among the various fuel cell systems, molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC),
phosphoric acid fuel cell (PAFC) and polymer electrolyte fuel cell (PEFC) have been intensively studied.
The MCFC and SOFC work at so high temperature that fuels are easily reacted without precious catalyst
such as Pt. The PAFC works at around 200 °C and requires Pt as an electrocatalyst. The MCFC, SOFC and
PAFC show relatively high energy conversion efficiencies and they have started to be used for the
electricity-generation systems. Compared with these fuel cell systems, PEFC systems can work at relatively
low temperature and be used as the power source of machines in daily life such as automaobiles, laptops and
mobiles.! Figure 1-1 shows schematic of PEFC systems. PEFC systems are mainly composed of anode,
cathode, gas diffusion layer and ion exchange membrane. The ion exchange membrane which is required to
show thermal and chemical stability, high proton conductivity and low electron conductivity permeability
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to gases allows generated proton to move cathode.> PEFC systems generate electricity through
electrochemical oxidation reaction of fuels such as hydrogen and organic molecules and reduction reaction
of oxygen.

H,—O, PEFC systems show high theoretical energy conversion efficiency (83 %) and high theoretical
specific energy (32800 Wh kg™).2 They are operated by the inverse reaction of electrolysis of water, i.e.,

hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR). Their electrode reactions are as

follows.

Anode: H, = 2H" +2¢” E° =0V (vs. SHE) (1-1)
Cathode: 1/20,+2H"+2¢ — H,0 E°=123V(vs.SHE) (1-2)

Overall: H, + 1/2 0O, — H,O (1-3)

The theoretical electromotive force of the hydrogen fuel cell systems is 1.23 V. From an energetic point of
view, hydrogen is more advantageous than lower alcohols and the H,—O, PEFC systems show excellent
performance but the difficulty of production and storage of hydrogen prevent the H,—O, PEFC systems
from their widespread use.

From the view point of storage and transportation of fuels, PEFC systems operated on organic

molecules such as methanol, ethanol, propanol, formic acid and hydrazine are useful and are expected to be

N TTT——— Ohmic loss

LINT— -

? S T———_____ | Cathodic activation loss
& B — Anodic activation loss
£ 05
s 03
Electrical energy
Polymer electrolyte 0.0
Pt based electrocatalyst Current density / A cm
Figure 1-1. Schematic of PEFC systems. Figure 1-2. I-V curve of PEFC.’



power sources of small and portable electronic devices.®> The most common and studied fuel is methanol.
PEFC systems operated on methanol are direct methanol fuel cell (DMFC) systems. Theoretical energy
conversion efficiency of DMFC systems (97%) is higher than that of H,—O, PEFC systems and high

theoretical specific energy (6000 Wh kg™).2 The electrode reactions of DMFC are as follows.

Anode:  CH;OH+H,0 — CO,+6H" +6e E°=0.04V (vs. SHE)  (1-4)
Cathode:  3/20,+6H" +6e” — 3H,0 E°=1.23V (vs. SHE) (1-5)

Overall.:  CH;OH+3/20, — CO, + 2H,0 (1-6)

The theoretical electromotive force of the DMFC systems is 1.19 V.

At present, Pt and Pt based alloys are used as electrocatalysts for the PEFC systems as they show higher
activity for HOR, methanol oxidation reaction (MOR) and ORR than other noble metals.® But their actual
electromotive force is lower than the theoretical electromotive force because of slow kinetics even when
those metals are used as electrocatalysts. Figure 1-2 shows a current-voltage curve of PEFC systems.’ The
activation loss of the anode and cathode reactions is one of the most critical problems. Furthermore, Pt is a
scare and expensive element. It is necessary to prepare electrocatalysts with high activity and stability but
low noble metals usage in order to overcome the problems and establish the future energy generation

systems.

1.2 Hydrogen Oxidation Reaction (HOR)

Pt shows high hydrogen evolution reaction (HER) and hydrogen oxidation reaction (HOR (1-1))
activity.® The activity of metals is determined by the strength of adsorbate—metal interaction.’® Trasatti et al.
summarized the relationship between log iy (ip = exchange current density of HER) and the M—H bond
energy, so-called volcano plot (Figure 1-3)*° and the high activity of Pt for HER and HOR can be explained.
This plot means that the data on the low M—H energy side of the volcano curve refer to rate-determining
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discharge of H, while for the stronger M—H energy side they can refer to a rate-determining H desorption
step. Pt which is on the top of volcano and has decent hydrogen adsorption/desorption energy shows high
HER and HOR activity.

The H,~O, PEFC systems are operated by reformed gas from organic molecules which contains low
amount of CO. Pt surface is easily covered with CO and HOR rate will decrease due to the low amount of
CO which is included in hydrogen gas."*® Pt alloyed with transition metals such as Ru, Co and Ni shows
high tolerance against CO. ™ The valence band structure of Pt can be modified by alloying with other
transition metals to reduce the interaction between Pt and CO (Figure 1-4).>'® These CO tolerant catalysts

are expected to be good HOR catalysts for hydrogen fuel cell systems.*> %
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Figure 1-3. Volcano plot for log iy values for the Figure 1-4. The schematic explanation of CO
HER as a function of M—H bond energy.™® suppression on Pt based alloy surface.'®

1.3 Methanol Oxidation Reaction (MOR)
131 Mechanism

Figure 1-5 shows a proposed mechanism of MOR (1-4). MOR is a complicated multielectron reaction
and is initiated by the electrosorption of methanol onto the substrate, followed by the reaction with oxygen
species formed from water and adsorbed carbon-containing intermediates.’®?° The rate determining step of
MOR is an oxidative desorption of CO. Pt is the best catalyst for MOR among all the elements but not to
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decompose CO because the interaction between valence band of Pt (Pt 5d states) and the CO 27* and 5o
states is so strong.?* Figure 1-6 shows a typical cyclic voltammogram (CV) of poly Pt in 0.1 M HCIO,
containing 1 M methanol. Kunimatsu et al. confirmed that Pt surface is covered with CO as a result of
dissociative adsorption of methanol by infrared reflection absorption spectroscopy (IRRAS).? CO which is
generated from methanol is a dominant adsorbed species and inhibits MOR on Pt at the negative potential
region. After CO was oxidized, CO free Pt surface appears and MOR starts at around 0.65 V. An effective
removal of CO from Pt surface at more negative potential region is important to improve not only DMFC

but also H,—O, PEFC performance.

2

g
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Figure 1-5. A proposed mechanism of MOR.*#%, Figure 1-6. A typical CV of poly Pt in 0.1 M

HCIO, solution containing 1 M methanol. Scan
rate =50 mV's .

132 MOR catalysts

The MOR activity of Pt was improved by alloying with some transition metals.>*%" Jassen et al.
prepared Pt modified with transition metals and summarized the effect of transition metals on MOR activity
(Table 1-1).22 MOR activity of Pt modified with Pd, Pb, Au etc. is lower than that of Pt. Meanwhile, MOR

activity of Pt modified with Ru, Sn, Mo etc. is significantly improved.?*!

Table 1-1. A summary of the effect of modification of foreign metals on Pt on MOR activity.?

Increase Decrease Unchanged
Ti, Mn, Mo, Ru, | Se, Pd, Ag, Au

’ ) £ ’ ] ’ i ’ Zr’ Rh, W
Sn, Re, Os Hg, Pb, Bi

Among Pt based alloys, Pt-Ru alloy shows high MOR activity. The structure and composition ratio of
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Pt-Ru alloy surface will affect the MOR activity.***” Ru which is relatively stable in electrochemical
condition has high adsorption ability against oxygen species and high tolerance against CO.% %% |t is
considered that Ru acts as a MOR promoter on Pt-Ru alloy surface and MOR on Pt-Ru alloy proceeds on a

bi-functional mechanism which was proposed by Watanabe and Motoo.** *

Pt + CHsOH — Pt— (CH30H).qs (1-7)
Pt— (CH3OH).gs — Pt—(CO)ags + 4H" + 4e” (1-8)
Ru+H,0 - Ru-OH+H" +e" (1-9)

Pt (CO)us + RU-OH — Pt+Ru+CO,+H" +¢  (1-10)

On the bi-functional mechanism, Pt acts as MOR active site and Ru supplies oxidants to assist the oxidative
removal of CO adsorbed on Pt.**“*" A randomly mixed Pt-Ru alloy at equal ratio of metals can be the
most active electrocatalyst for MOR. Although randomly mixed Ag-Rh** and Au-Pd*® alloys can be
prepared by conventional methods such
as chemical reduction and
electrodeposition of metal salts (Figure
1-7), it is difficult to prepare such Pt-Ru

alloy by conventional methods because

44-46

of phase separation and difficulty to

Figure 1-7. STM images of atomically mixed and ratio
controlled Au-Pd surface after dissolution of Pd.*®

control surface composition.*"

1.4 Oxygen Reduction Reaction (ORR)
141 Mechanism

In aqueous solution, ORR proceeds at electrode surface by adsorption process. Oxygen can be reduced
to H,O (four electron reduction (1-11)) or H,0O, (two electron reduction (1-12)).
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0, +4H" +4e — 2H,0 E°=123V (vs. SHE) (1-11)

0,+2H +26 — H,0, E°=0.68V (vs.SHE) (1-12)

Figure 1-8 shows a proposed mechanism of ORR.>* ! Based on this mechanism, O, can be reduced to H,0
with or without formation of H,O, intermediate. On Pt, the dominant product of ORR is H,O in the
electrolyte without strong adsorbates.’>>* On less active catalyst such as Au, ORR proceeds via 2e~
reduction process.ss'58 Generation of H,O, is undesirable because it can decrease the cell voltage and
degrade the ion exchange membrane.”® Pt is usable as ORR catalyst because Pt shows high ORR activity
and produces less H,O,. But the ORR at Pt does not proceed well at positive potential region because the
standard electrode potential of ORR via 4e™ reduction process is 1.23 V where Pt oxide which is inactive to
ORR is formed. Adsorbed OH (OH,q) on Pt also prohibits ORR. Small of interaction between Pt and OH,q

will decrease the over potential of ORR.

H,0,

Figure 1-8. A proposed mechanism of ORR.*®4°

142 ORR catalysts
1.42.1 Noble metal catalysts
It has been reported that various materials and molecules show ORR activity. The ORR active materials
and molecules are summarized in Table 1-2.
ORR activity is sensitive to crystal faces and ions in electrolyte solutions.*>* %2 Controlling the size

and shape of Pt nanoparticles leads to improve ORR activity. Wang et al. prepared highly active ORR



Table 1-2. Summary of the ORR active catalysts.

Category

Example/Preparation Method

Size controlled Pt

Chemical reduction®

Pt Shape controlled Pt Chemical reduction®
Pt on foreign metals Pt on noble metals/Galvanic displacement®
Pt based alloys | Core/shell structure | Pt-Co, Pt-Ni, Pt-Fe/Sputtering and electrochemical treatment®’

Pt with metal oxides

Pt-CeO,/Chemical reduction®?

Pt-NbO,/Chemical reduction®

Pd Pd on foreign metals Pd on Au/Electrodeposition®
Pd-Co alloy/Galvanic displacement™
Pd based alloys Corefshell structure
Pd-Co and Pd-Ti alloy/Sputtering and electrochemical treatmentt’™ ™
Metal thin film Tl on Au(111)/Electrodeposition®
Other metals

Less noble metal

Ag nanoparticle/Chemical reduction® (alkaline solution)

Metal complex

Porphyrin Co and Fe porphyrin/Synthesis®* %
Phthalocyanine Co and Fe phthalocyanine/Synthesis®
Others Cu complex with triazole ligands/Synthesis®

Decomposition of a mixture of metal salts and

N-doped carbon materials

. o : H 90-94
with transition metals (Fe, Co) organic materials

N-doped carbon materials Chemical vapor deposition®®, decomposition of polymer®

N and B-doped carbon materials Chemical vapor deposition®’

catalyst from Pt nanoparticles composed of (100) planes.®® Yamamoto et al. also prepared highly active
ORR catalyst than bulk Pt by using dendrimer as template to prepare 1 nm sized Pt clusters.®*

Pt alloyed with transition metals such as Ni, Fe and Co shows high activities against ORR.*"*
Markovic et al. investigated the relationship between the d-band center position of Pt in Pt alloyed with 3d
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transition metals. A relation between experimentally measured specific activity for the ORR on Pt based
alloys in 0.1 M HCIO, solution versus their d-band center position are shown in Figure 1-9. Pt-Co alloy
which has decent adsorption/desorption energy against oxygen species shows highest ORR activity among
Pt-3d transition metal alloys.”* The difference of adsorption ability of Pt between Pt based alloys against
oxygen species was also confirmed by EC-XPS’2 and theoretical approach.” Watanabe et al. reported that
the surface coverage of OH on Pt-Fe alloy is lower than that on pure Pt during ORR."

Pd based alloys such as Pd-Co and Pd-Ti show ORR activity comparable to Pt.”* ™ The mechanism of
ORR activity enhancement of Pd based alloys is similar to that of Pt based alloys. The d-band center
position of Pd in Pd alloyed with transition metals is changed and OH adsorption on Pd during ORR is
inhibited.

The electronic structure of Pt and Pd can be changed by their modification on foreign metals. Uosaki et
al. reported that Au single crystal electrodes modified with submonolayer Pd show high activity against
ORR." The difference in geometric and electronic structures between Pd submonolayer on Au and bulk Pd
were confirmed by surface X-ray scattering (SXS)’’ and second harmonic generation (SHG)
measurements.’® Adzic et al. prepared Pd and Pt monolayer on foreign metals and revealed the relation
between d-band center position of ad-metals and their ORR activities.”*®" They found that Pt monolayer on
Pd(111) is a best ORR catalyst among the Pt monolayer on foreign metals. It is confirmed that OH
desorption on Pt monolayer on Pd(111) starts more positive than that on Pt(111) by X-ray adsorption fine
structure (XAFS) measurements.”® These catalysts including core/shell structure catalysts achieve not only
high ORR activity improvement but also reduction of Pt usage.

The mechanism of enhancement on ORR activity at Pt on metal oxides such as Pt-CeO, and Pt-NbO, is
different from that of metallic alloy catalysts.?* ® In the case of the Pt-CeO,, Pt oxide formation at positive
potential region is inhibited by the oxidation reaction of Ce** to Ce* .# In the case of the Pt-NbO,, the
repulsion between OH on Pt and oxygen species of NbO, surface causes reduction of OH adsorption on

pt.%
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position.”

1.4.2.2  Non-noble metal catalysts
Some metal complexes such as metal
porphyrin and phthalocyanine are known to

show ORR activity.®® Usually, the ORR at

\

these metal complexes proceeds via 2e

(I - N 50
A }“2\ /Q\ | /Q\ /
= Y |
== =

\
"\ ./ \
D= D e 0
/ \ /

reduction process but ORR at co-facial Co

-
Z
\ }
/
N
Z
X
7

<

porphyrin proceeds via 4e reduction process
Figure 1-10. A proposed structure of nitrogen

doped carbon materials containing Fe.”*
because p-peroxo complex can be formed

between O, and co-facial Co porphyrin®

Nitrogen doped carbon materials containing transition metals such as Fe and Co also show ORR
activity and some of them show high ORR activity comparable to Pt.®® These materials are often
prepared by decomposition of mixture of metal salts and nitrogen containing organic materials. Some
researchers suggested that porphyrin and phthalocyanine-like structures as shown in Figure 1-10 are main

ORR active site in the materials. %
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1.42.3 Metal-free catalysts

Recently, ORR catalysts without noble metals

pyridone-like

pyridine-like

such as nitrogen doped carbon materials have been
paid much attention.™®" Nitrogen doped carbon

materials for ORR catalyst are prepared by NH;

treatment for carbon materials,”® chemical vapor o
graphite-like

deposition®® and decomposition of nitrogen

containing  polyaromatic  molecules  and pyrrole-like

polymers.®**% |t is important to control nitrogen Figure 1-11. Schematic structure of C-N
bonding configurations in nitrogen doped

. . . . carbon materials.
concentration and C-N bonding configurations.

But the nitrogen doped carbon materials prepared by these methods contain various C-N bonding
configurations as shown in Figure 1-11.

Currently, studies on preparation of structural controlled non noble metal electrocatalysts are limited.
Structure controlled carbon materials can be synthesized from organic molecules.’®*™! Osuka et al.
synthesized highly fused porphyrin tapes. Their optical and electrochemical properties vary with the

106 Mullen et al. synthesized graphene sheet with 222 carbon

number of fused porphyrins (Figure 1-12).
atoms and graphene ribbon whose length is 12 nm (Figure 1-13).% Large graphene structures can be
prepared not only in solution but also on solid surface. Fasel et al. reported synthesizing graphene
structures from polyaromatic molecules with halogen group on single crystal metal surfaces in ultra high
vacuum (UHV)."% ™! Graphene structures can be obtained by heat induced coupling and dehydrogenation

reactions of the molecules adsorbed on metal surface (Figure 1-14). The reactions proceed at relatively mild

temperature (400°C) at which organic molecules are not decomposed.
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Figure 1-13. (a) A schematic structure of graphene ribbon. (b) and (c) STM images of
graphene ribbons.'%

Figure 1-14. STM images of graphene ribbons prepared on Au(111) surface.'*
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15 Surface Characterization Techniques

The characterization of bulk and surface structure of electrocatalysts is important to understand the
origin of electrocatalytic activity and develop novel electrocatalysts. The activity of catalysts described
above strongly depends on their geometric and electronic structure. Some UHYV techniques such as electron
microscopy, low energy electron diffraction (LEED), auger electron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS) give us geometric and electronic structure of electrocatalysts. But they
can not be performed at the aqueous electrochemical condition because these measurements require
electron as probe. The electrode reaction proceed on electrode surfaces through many complicated steps
like adsorption, bond dissociation, electron transfer, desorption and diffusion and the electrode reaction
activity depends on its crystal face.®® % 3 The structure of electrode surface and electrode/electrolyte
interface under the electrochemical condition can be observed by following methods (Table 1-3).

The electrode surface structure, including the structure of ad-metals and ad-molecules can be imaged by

scanning tunneling microscopy (STM) and atomic force microscopy (AFM) in atomic level. Vibrational

Table 1-3. A summary for the surface characterization techniques.

Methods Measuring objects
Scanning tunneling microscope (STM) Surface local/electronic structure
Atomic force microscope (AFM) Surface local structure, friction, magnetic property
Surface X-ray scattering (SXS) Interface geometric structure
K-ray adsorption fine structure (XAFS) Local structure, oxidation state, coordination number
Sum frequency generation (SFG) Adsorbed molecular identification
Second harmonic generation (SHG) Surface symmetry, electronic structure
Infrared reflection adsorption spectroscopy (IRRAS) Adsorbed molecular identification
Surface enhanced Raman scattering (SERS) Adsorbed molecular identification

Ellipthometry Thickness of adsorbate

Quartz crystal microbalance (QCM) Mass of adsorbate
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22, 36

spectroscopic methods such as infrared reflection absorption spectroscopy (IRRAS), sum frequency

114-116 117-119

generation (SFG) and surface enhanced Raman scattering (SERS) are powerful technique to
observe the adsorbed molecules on the electrode surface.

Hard X-ray measurements like surface X-ray scattering (SXS) and X-ray adsorption fine structure
(XAFS) can provide not only surface but also bulk structure at electrochemical condition. SXS can
investigate the three dimensional interfacial structures of single crystals.

XAFS is one of the most powerful techniques to probe the local structure of elements in materials. As
an example, a typical Cu K edge XAFS spectrum of Cu foil is shown in Figure 1-15 (a). XAFS spectrum
can be divided into two regions: the X-ray absorption near edge structure (XANES) and the extended X-ray
absorption fine structure (EXAFS). The peak just above the edge is so-called white line (WL) and sensitive
to the oxidation state because electrons of X-ray adsorbed atoms in materials are excited from core level to
unoccupied state (Figure 1-15 (b)). At the higher energy region, the electrons are exited to unoccupied state
and emitted as photoelectron. The emitted photoelectron is backscattered by the neighboring atoms and
interfered with each other as shown in Figure 1-15 (c). The interference wave is called as EXAFS
oscillation. XANES shows the local symmetry and electronic structure of the absorbing atom. EXAFS
shows the identity, bond distance and coordination number of neighboring atoms of the absorbed atoms. To

detect the surface structure of electrocatalysts, fluorescence XAFS is usable. The incident angle of X-ray is

aligned to obtain total reflection of X-ray or fluorescence X-ray with high intensity from atoms and

(a) (b) ©

Unoccupied orbital

1.5 < . ToTTEEE
E : : Photo electron
£ R — |
;'; 1.0 Ly M Incident X-ray
g —0—0— o
= oL |¥ ’
E . X-ray i g
0.54 Adsorption edge 1 =
[~ :
Z 90.00 95.0 0 10(.)00 1 K Absorbing atom  Scattering atom
Photon energy / eV -

Figure 1-15. (a) Cu K edge XAFS spectrum of Cu foil. Schematic illustrations of (b) X-ray adsorption
and (c) interference of photoelectron.
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molecules in monolayer level # 120122

1.6 Objective and Outline of the Present Thesis

In this thesis, electrocatalysts for fuel cell reactions were prepared from molecules by bottom-up
methods and the relation between their structure and activity was investigated by various characterization
techniques.

This thesis consists of 6 chapters.

In chapter 1, the background of the present study is described.

Chapter 2 describes the experimental details.

In chapter 3, Pt-Ru alloy was prepared from hetero binuclear Pt-Ru complex monolayer on Au(111)
surface. The effect of Pt-Ru alloy coverage on MOR activity in acidic and alkaline solutions was
investigated. The electrocatalytic activity of the Pt-Ru alloy with high coverage for MOR, CO oxidation
reaction, HOR and ORR was compared with Pt-Ru alloy prepared from a mixture of K,PtCl, and RuCls.

In chapter 4, structural difference between Pt-Ru alloys prepared from Pt-Ru complex and mixture of Pt
and Ru salts was investigated by XPS and XAFS. The origin of enhancement of MOR activity and
durability of Pt-Ru alloy prepared from Pt-Ru complex was revealed.

In chapter 5, nitrogen doped carbon materials were prepared by the pylorysis of
penta-2-(p-ethynylphenyl)-ethynylpyridine (pepy) and the effect of heat treatment temperature on their
structures and ORR activities was investigated. A brand new approach to prepare structure controlled
graphene structures was also proposed and attempted.

Finally, chapter 6 summarizes the present thesis.
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Chapter 2

EXPERIMENTAL

2.1 Materials

H,SO, (suprapure grade), 30% H,O, aqueous solution (suprapure grade), KOH (reagent grade), NaOH
(reagent grade), 60% HCIO, aqueous solution (reagent grade), Na,SO, (reagent grade), Ks[Fe(CN)s]
(reagent grade), methanol (reagent grade), acetone (reagent grade), ethanol (reagent grade), acetonitrile
(reagent grade), dichloromethane (reagent grade), carbon tetrachloride (reagent grade), hexane (reagent
grade), toluene (reagent grade), diethylether (reagent grade), acetic acid (reagent grade), 1,
5-cyclooctadiene (reagent grade), 2,2’-bipyridine (reagent grade), 2,2”:6°,2”-terpyridine  (reagent grade),
K,PtCl, (reagent grade), RuCls; (reagent grade), CuSO, (reagent grade), AgNOs (reagent grade), LiCl
(reagent grade), NaPFs (reagent grade), 9, 10-dibromoanthracene (DBA) (reagent grade),
N-bromosuccinimide (NBS) (reagent grade) and bromine (reagent grade) were purchased from Wako Pure
Chemical Industries, Ltd. Anthron (reagent grade), Sn powder (reagent grade) and 5,15-diphenylporphine
(reagent  grade)  were purchased from Tokyo Chemical Industry  Co,, Ltd.
2-octylthio-1,3,5-triazine-4,6-dithiol (H,otd) was provided from Sankyo Kasei Co., Ltd. All chemicals were
used without further purification. A colloidal solution of Au nanoparticles was purchased from Funakoshi.
Water was purified using a Milli-Q purification system (Yamato, WQ-500). Ultrapure-Ar (99.999%), pure
0, (99.95%), pure H,, pure CO and 0.2% CO/H, mixture were purchased from Taiyo Nippon Sanso Co.
Ltd. Au wire (99.999% pure, ¢ = 0.8 mm) and Pt wire (99.999% pure, ¢ = 0.8 mm) were purchased from
Tanaka Precious Metals. The Ag and Pt wires used as the reference electrodes and the counter electrodes

were purchased from Nilaco.

2.2 Synthesis
221 [Ru'(bpy)(tpy)(H20)I(PFs), and [Pt'(tpy)(OH)]PFe
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Literatures were used to prepare these materials™®.

222 [Ru"(bpy)(tpy)(Hotd)](PFs).’

15 ml of ethanol solution of H,otd (65.1 mg, 0.25 mmol) was added drop-wise to 160 ml of ethanol
solution containing [Ru'"(bpy)(tpy)(H,0)](PFs). (180 mg, 0.23 mmol) and triethylamine (31.5 ul, 0.23
mmol) with vigorous stirring at room temperature. The mixture was concentrated by rotary evaporator to
obtain red precipitate. Concentrated reaction mixture with precipitate was kept in a freezer for 2 h and then
filtered. The residue was dissolved in small amount of acetonitrile and the solution was passed through a
Sephadex-LH20 column (¢ =3 cm, L = 20 ¢cm, eluting with acetonitrile). The first red band was collected
and the eluate was concentrated (ca. 5 mL) by rotary evaporator. The red product was recrystallized from
30 ml of diethylether and stored in a refrigerator overnight. The microcrystalline solid thus obtained was

filtered and dried in vacuo. Yield, 86.1 mg (37.2%).

223  [Pt"(tpy)Ru"(bpy)(tpy)(n-otd)](PFs). (Pt-Ru complex)®

An acetone suspension of [Pt (tpy)(OH)]PFs (14.75 mg, 0.025 mmol) was added drop-wise to 5 ml of
acetone solution of [Ru'"(bpy)(tpy)(Hotd)](PFs), (23.1 mg, 0.025 mmol) with vigorous stirring at room
temperature. The mixture was stirred for 40 min and the filtered to remove precipitate. The filtrate solution
was collected and the vapor of diethylether was diffused for 4 d. Red microcrystalline compounds were
then purified by a Sephadex-LH20 column chromatography eluted with acetonitrile. The first red band was
concentrated by rotary evaporator and recrystallized from diethylether. Needle reddish crystals were
collected by filtration and dried in vacuo. Yield, 15.5 mg (40%). Anal. Calcd for Cgs;Hs7F15N1;P,PtRUS; *

H,0: C, 40.45; H, 3.26; N, 10.17; S, 6.35%. Found: C, 40.54; H, 3.33; N, 10.13; S, 6.42%.

224 [(Pt"(tpy))2(u-0td)](PFe), (Pt-Pt complex)
Synthesis of Pt-Pt complex was performed by Dr. Zhang at Hokkaido University. An acetone

25



suspension of [Pt"(tpy)(OH)]PFs (118.0 mg, 0.20 mmol) was added drop-wise to 20 ml of acetone solution
of Hyotd (58.0 mg, 0.010 mmol) with vigorous stirring at room temperature. The mixture was stirred for 40
min and the filtered to remove precipitate. The filtrate solution was collected and concentrated by rotary
evaporator. Obtained yellow crystals were washed with small amount of acetone, and dried under vacuo.
Yield, 15.5 mg (40%). "H NMR (d-DMSO): & 8.88 (d, 4H), 8.55 (t, 2H), 8.41 (d, 4H), 8.28 (d, 4H), 8.10 (t,
4H), 7.69 (t, 4H), 3.09 (t, 2H), 1.70 (t, 2H), 1.30 (m, 10H), 0.87 (t, 3H). Anal. Calcd for
C41H39F12N9P2PtRuS3 « CH3COCHS;: C, 35.42; H, 3.04; N, 8.45; S, 6.45%. Found: C, 35.52; H, 3.02; N,

8.92; S, 5.93%. *H NMR spectrum of Pt-Pt complex in d-DMSO is represented in Figure 2-1.
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Figure 2-1. *H NMR spectrum of Pt-Pt complex in d-DMSO.
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2.2.5 Penta-2-(p-ethynylphenyl)-ethynylpyridine (pepy)
Synthesis of pepy was performed by Dr. Zhang at Hokkaido University as shown in Scheme 2-1.
'H NMR (d-chloroform): & 7.48-7.68 (m, 20H), 3.22 (m, 5H). *H NMR spectrum of 9,9‘-bianthryl in

CDCl; is represented in Figure 2-2.

226 9,9“bianthryl
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Anthron (2 g) was dissolved in a mixture of acetic acid (20 ml) and concentrated hydrochloric acid (8
ml) and to the boiling solution granulated Sn (8 g) was cautiously added. The refluxing was continued fot

1.5 hours. Yield, 1.8 g. *H NMR (d-chloroform): & 8.68 (s, 2H), 8.13 (d, 4H), 7.43 (t, 4H), 7.11 (m, 8H). *H

NMR spectrum of 9,9¢-bianthryl in CDClIs is represented in Figure 2-3.
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Figure 2-2. 'H NMR spectrum of pepy in CDCls.
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Figure 2-3. *H NMR spectrum of 9,9¢-bianthryl in CDCl,.
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2.27  10,10°-dibromo, 9,9¢-bianthryl (DBBA)*?

A solution of bromine (0.15 g, 0.93 mmol) in carbon tetrachloride (7.5 ml) was added drop-wise for 10
min to a solution of 9,9’-bianthryl (0.15 g, 0.42 mmol) in carbon tetrachloride (8 ml) at 0 °C (ice bath). The
ice bath was removed and the mixture was stirred for 1 d at room temperature. 0.1 M sodium thiosulfate
solution (5 ml) was added to the mixture and the organic layer was colledted and the solvent was removed.
The product was finally purified by chromatography on silica gel with hexane : dichloromethane (20:1),
yeiling 10,10‘-dibromo, 9,9‘-bianthracenyl as a light yellow solid (0.05 g, 23.0 %). 'H NMR
(d-chloroform): & 8.71 (d, 4H), 7.57 (t, 4H), 7.16 (t, 4H), 7.07 (d, 4H). ‘H NMR spectrum of DBBA in

CDCl; is represented in Figure 2-4.
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Figure 2-4. *H NMR spectrum of DBBA in CDCls.

2.28  5,15-dibromo, 10,20-diphenylporphine (DBP)*?
To a solution of 5,15-diphenylporphine (50 .9 mg, 0.11 mmol) in dichloromethane (100 ml), NBS (39.7
mg, 0.22 mmol) was added and the mixture was stirred for 1 h. The solution was concentrated by rotary
evaporator and purified by chromatography on silica gel with hexane : toluene (3:1), yielding 5,15-dibromo,

29



10, 20-diphenylporphyine as a purple solid (20.5 mg, 30.0 %). ‘H NMR (d-chloroform): & 9.68 (d, 4H),

8.88 (d 4H), 8.17 (d, 4H), 7.80 (m, 6H). *H NMR spectrum of DBP in CDCls is represented in Figure 2-5.
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Figure 2-5. 'H NMR spectrum of DBP in CDCls.

2.3 Sample Preparation
2.3.1 Preparation of Au substrate and poly Pt electrode

An Au(111) single crystal electrode for electrochemical measurements was prepared from Au wire by
Clavilier’s method.** The Au(111) single crystal was annealed in hydrogen flame and quenched with
Milli-Q water before a molecular modification. Figure 2-6 shows typical cyclic voltammograms (CVs) of
Au(111) in 50 mM H,SO, solution. Current peaks corresponding to surface reconstruction (0.35 V), sulfate
ion adsorption/desorption (0.85 V) Au oxide formation (1.4 V) and Au oxide reduction (0.9 V) were
observed The Au(111) surface area can be estimated from the charge of Au oxide reduction reaction (444
uClem?).”
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Au substrates for X-ray photoelectron spectroscopy (XPS) and X-ray adsorption fine structure (XAFS)
measurements (gold thickness: 200 nm) were prepared with a (111) orientation on mica by sputtering at the

Nanotechnology Innovation Station of the National Institute of Materials Science (NIMS).

20+
. (a) L a0 ®
:
S 104 3
< < 2004
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Figure 2—16. CVs of Au(111) prepared by Clavilier’s method in 50 mM H,SO, solution. Scan rate =
50mVs .

Poly Pt was prepared from Pt wire. Pt bead without facets prepared by melting Pt wire was polished.
Figure 2-7 shows a typical CV of poly Pt in 50 mM H,SO, solution. Current waves corresponding to

hydrogen adsorption/desorption (0.1 V) and OH adsorption/desorption (0.6 V) were observed.
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Figure 2-7. ACV of poly Pt in 50 mM H,SQO, solution. Scan rate = 50 mV s

2.3.2 Formation of monolayer of Pt-Ru complex and its decomposition
Clean Au(111) was washed with acetone and immersed into 100 uM Pt-Ru complex acetone solution
for 30 min. After Au(111) modified with Pt-Ru complex was rinsed with acetone, it was put in an electric

furnace and heat treated at 300 °C for 1 hour under O, flow.
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2.3.3 Preparation of Pt-Ru alloy catalyst with high coverage on Au(111) from Pt-Ru complex
The cycle of the immersion into 100 uM Pt-Ru complex acetone solution for 30 min and heat treatment
at 300 °C under O, flow was repeated to obtain Pt-Ru alloys with high coverage. The Pt-Ru alloys prepared
by repeating the cycle of Pt-Ru complex adsorption and heat treatment are called n-Pt-Ru/Au (n is the

number of the Pt-Ru complex adsorption and heat treatment cycle.).

234 Preparation of Pt-Ru alloy catalyst on Au(111) from a mixture of K,PtCl; and RuCl;

500 uM of K,PtCl, and RuCl; aqueous solution was sprayed on Au(111) and the thus-modified Au(111)
was heat treated at 300 °C for 1 hour under O, or H, flow in the electric furnace. After the heat treatment,
the modified Au(111) was rinsed with Milli-Q water to remove remaining KCI. The cycle of modification
and decomposition of K,PtCl, and RuCl; were repeated five times. The Pt-Ru alloys prepared by heating
Au(111) modified with K,PtCl, and RuCl; in O, and H, are called Pt-Rumix/Au and Pt-Rupix/Au (Hy),

respectively.

2.35 Preparation of Au(111) modified with Pt from Pt-Pt complex
Clean Au(111) was washed with acetone and immersed into 100 uM Pt-Pt complex acetone solution for
30 min. The Pt-Pt complex modified Au(111) was rinsed with acetone and it was heat treated at 300 °C for
1 hour under O, flow in the electric furnace. The surface coverage of Pt was increased by repeating the
cycle of Pt-Pt complex adsorption and heat treatment. The Pt modified Au(111) are called n-Pt/Au (n is the

number of the Pt-Pt complex adsorption and heat treatment cycle.).

2.3.6 Modification of pepy on HOPG and its pyrolysis
5 ul of 100 uM pepy dichloromethane was casted on HOPG for 4 times. The HOPG modified with
pepy was heat treated at 500, 600, 700 and 800 °C for 30 min under Ar atmosphere and the pepy heat
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treated at 500, 600, 700 and 800 °C is called 500py, 600py, 700py and 800py, respectively.

2.3.7 Preparation of Au(111) modified with DBA, DBBA and DBP and their heat treatment

Clean Au(111) was immersed in 100 uM DBA dichloromethane, 100 uM DBBA dichloromethane or
0.1 uM DBP dichloromethane solution for 30 min and washed with dichloromethane. A DBA layer with
low coverage was prepared by an immersion of Au(111) in 0.1 uM DBA dichloromethane for 10 s. A
DBBA layer with low coverage was by an immersion of Au(111) in 0.1 uM DBBA dichloromethane for 10
s. The Au(111) modified with the molecules was heat treated at 250 °C or 460 °C for 30 min under Ar
atmosphere. The temperature was raised from room temperature to the heat treatment temperature at 10
K/min. Before the sample preparation, the cleanness of furnace was confirmed. Figure 2-8 shows a STM
image of bare Au(111) after the heat treatment at 460°C for 30 min under Ar atmosphere in the furnace. The
surface reconstruction structure of Au(111), V3x22 structure was observed and this result indicates that

furnace was kept clean during the heat treatment.

Figure 2-8. An STM image of heat treated Au(111) at 460°C under Ar flow in an electronic furnace
for 30 min.

2.4 Characterization Methods
2.4.1 Scanning tunneling microscopy (STM)

STM measurements were carried out with a Pico-SPM (Molecular Imaging) controlled by Nanoscope E
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(Digital Instruments) in air at room temperature. A Au(111) facet prepared by Clavilier’s method was used
for STM measurements. The electrochemical cell with the four-electrode configuration which can
accommodate a single crystal bead electrode was used for STM measurements under electrochemical
condition.’® A Pt coil and AuO, were used as a counter and a reference electrode, respectively. STM tips

were mechanically cut Pt/Ir wire (80/20, ¢ = 0.25 mm) and insulated with Apiezon wax (Nilaco).

2.4.2 X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed with Al K, X-ray source on a JPS-9200 spectrometer (JEOL) or a
theta probe (thermo electrons) those belong to Research Institute for Electronic Science at Hokkaido
University and MANA foundry at NIMS, respectively. All binding energy was calibrated with an Au4f;,
peak at 84.0 eV."’

Angle resolved XPS measurements for valence band region were performed with Mg K, X-ray source

on a JPS-9010 spectrometer (JEOL) at the Catalysis Research Center, Hokkaido University.

243 Raman spectroscopy
Raman spectroscopic measurements were conducted by He-Ne laser excitation (632.8 nm). For gap

mode Raman spectroscopic measurements,*®?

metal surfaces modified with molecules were dipped in a
commercially available colloidal solution of Au nanoparticles with a diameter of ca. 50 nm for more than 2

h and washed with Milli-Q water.

244 Electrochemistry
Electrochemical measurements were carried out with a HSV-100 (Hokuto Denko) at room temperature,
using a home-made three-electrode electrochemical cell under Ar or O, atmosphere. The mechanically
polished Au(111) and poly Pt were used as working electrode with hanging meniscus configuration. A Pt
coil and an Ag/AgCI wire in saturated NaCl solution were used as a counter and a reference electrode,
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respectively. All the potentials in this paper are presented with respect to Ag/AgCIl. CO stripping
measurement was performed with same system. Pure CO was bubbled in electrolyte for 30 s, 60 s, 120 s,
300 s and 600 s. Excess CO was purged with Ar for more than 30 min. The working electrode was kept at
0.2 V vs. Ag/AgCl in 0.1 M HCIQ, solution during CO and Ar bubbling.

Rotating disk electrode (RDE) measurements were carried out using a dynamic electrode unit (Hokuto
Denko, HR-201 and HR-202) at room temperature. The mechanically polished Au(111) and poly Pt were
used as working electrode with hanging meniscus configuration.™ % A Pt coil and an Ag/AgCl wire in
saturated NaCl solution were used as a counter and reference electrode, respectively. Liner sweep
voltammograms (LSVs) were recorded at a scan rate of 10 mV/s with rotating rate from 500 to 3500 rpm.
Before RDE measurements in 0.1 M HCIO, solution saturated with H, containing 0.2% CO, the working
electrode was scanned from —0.27 to 1.20 V vs. Ag/AgCl and held at —0.26 V for 5 min with rotating rate of
2500 rpm.Z An accuracy of hanging meniscus RDE (HMRDE) system was confirmed by HMRED
measurements in 50 mM Na,SO, solution containing 1 mM Kj;[Fe(CN)e]. Figure 2-9 (a) shows LSVs of
Au(111) in 50 mM Na,SO, solution containing 1 mM K;[Fe(CN)g]. Cathodic current starts to flow at

around 0.4 V vs. Ag/AgCI corresponds to following reaction.

[Fe(CN)e]* +&~ — [Fe(CN)]*  (2-1)

The RDE data in limiting current regime are analyzed using the Levich equation to determine diffusion

coefficient of [Fe(CN)s]*>".

i = 0.62nFAD?*Cv Y5 = Bo'? (2-2)

where i is the measured limiting current, n is the reaction electron number, F is the Faraday’s coefficient

(96500 C mol™), A is the geometric electrode area (0.04 cm?), D is the diffusion coefficient, C is the
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concentration of reactant, [Fe(CN)e]®™ in electrolyte, v is the kinematic viscosity of the electrolyte solution
(0.01 cm?sY) and @ is the rotation rate (rad s). From the Levich plot (i/A versus %) shown in Figure 2-9

(b) for the limiting current at —0.4 V, diffusion coefficient of [Fe(CN)s]*> was estimated as 8.9 X 10°cm?
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Figure 2-9. (a) LSVs of Au(111) in 50 mM Na,SO, solutions containing 1 mM K3[Fe(CN)¢]. Scan
rate=10mvs . (b) The Levich plot for the LSVs in Figure 2-3 (a).

245 X-ray adsorption fine structure (XAFS) measurements

The ex-situ fluorescence-mode Ru K edge XAFS measurements of Au(111) modified with Pt-Ru alloys
were performed at BL14B1 of SPring8 with an s-polarized X-ray. The storage ring was operated at 8 GeV
and 99.5 mA. The X-ray was monochromatized using a Si(111) double crystal monochromator. All
measurements, including those for standard samples, were performed in fluorescence mode at room
temperature in air. Figure 2-5 shows schematic illustration of optical setup. For XAFS measurements for
Pt-Ru alloy modified Au(111), the incident angle of X-ray was aligned (88°) to increase the X-ray
irradiation area and intensity of the fluorescence X-ray. The fluorescence signal was collected by a
19-element pure Ge solid-state detector (SSD) (GLO0110S; Canberra, USA). The background subtraction
with Victoreen’s function and curve fitting of EXAFS oscillation based on the plane-wave and single

scattering theory was carried out using a REX 2000.
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Chapter 3
ELECTROCATALYTICACTIVITY OF PT-RU ALLOY PREPARED FROM

HETERO BI-NUCLEAR PT-RU COMPLEX ON AU(111)

3.1 Introduction

Pt-Ru alloys are promising electrocatalysts for hydrogen oxidation reaction (HOR)*™* and methanol
oxidation reaction (MOR).>” Hydrogen gas produced from organic molecules often contains low amounts
of CO. CO strongly interacts with Pt and prohibits HOR and MOR on Pt. The adsorption of CO on a Pt
surface is prevented by the modification of the electronic structure of Pt. The Pt-CO interaction is
weakened when Pt is alloyed with Ru.®™® Therefore, Pt-Ru alloys can have high HOR activity even in the
presence of small amounts of CO.

Although the standard electrode potential for MOR is 0.04 V (vs. SHE),** MOR only proceeds at a
potential significantly more positive than the standard electrode potential, because CO covers the Pt surface.
CO covers the Pt surface as a result of the dissociative adsorption of methanol and then CO prevents the
oxidation of methanol until the adsorbed CO is removed by reacting with surface OH, which is formed at
positive potentials. The removal of CO by OH from a Pt surface can be enhanced by Ru modification. This
modification allows OH adsorption to start at a more negative potential.*> ** The enhancement of MOR

14,15

activity can be explained by a bi-functional mechanism proposed by Watanabe and Motoo. According

to this bi-functional mechanism, Pt acts as an MOR active site, and Ru supplies oxidants such as Ru—OH to

assist in the oxidative removal of CO adsorbed on Pt as follows.'**

Pt + CH;OH — Pt— (CH30H).qs (3-1)
Pt— (CH3OH).gs — Pt— (CO)ags + 4H' + 4e” (3-2)
Ru+H,0 - R-OH+H" +¢e (3-3)

Pt- (CO)us + RU-OH — Pt+RuU+CO,+H +¢&  (3-4)
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Figure 3-1. Structures of (a) Pt-Ru complex and (b) Pt-Pt complex.

Metallic Ru and RuO, and RuO4H, species can provide active oxidants such as surface Ru—OH, leading to
the enhancement of MOR activity."® ** A randomly mixed Pt-Ru alloy with an equal ratio of metals is
considered to be the most active electrocatalyst for MOR.? One of the most conventional methods for alloy
preparation is the electrochemical and chemical reduction of mixed metal salts. Atomically mixed Au-Pd®
and Ag-Rh alloys® are reported to be prepared using these methods. However, it is difficult to prepare a
Pt-Ru alloy by these methods because of phase separation.?? It is also difficult to control surface
composition.?*?’

There are several reports for preparing alloy catalysts via the decomposition of hetero multi-nuclear
complexes with easily controllable metal distances and ratio.?®3* Uehara prepared a Pt-Ru alloy from a new
Pt-Ru complex, [Pt"(tpy)Ru'"(bpy)(tpy)(u-otd)](PFe), (tpy = 2,2:6°,2”-terpyridine, bpy = 2,2’-bipyridine,
u-otd = 2-octylthio-4,6-disulfanyl-1,3,5-triazine), as shown in Figure 3-1 (a). Au(111) was modified with
the Pt-Ru complex and heated at 300°C under O, flow to form the Pt-Ru alloy. The formation of the Pt-Ru
alloy with a height of 0.3 nm and a diameter of 3.1 nm was confirmed by STM (Figure 3-2 (c)). The MOR
activity of Pt-Ru alloy prepared from Pt-Ru complex was much higher than that of poly Pt in an alkaline

solution (Figure 3-3).** The two-dimensional Pt-Ru alloy likely acts as a good MOR catalyst, and it is

expected that even better catalysts can be obtained by increasing the surface coverage of Pt-Ru alloys.
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Figure 3-2. A STM image of bare Au(111). (b) STM images of Au(111) modified with Pt-Ru complex;
(inset) High resolution STM image (Epias = 0.6 V, I, = 0.1 nA). (C) A STM image of the heat treated Pt-Ru
complex at 300°C. (Episs=0.1V, I, =0.5 nA).34
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Figure 3-3. CVs of (a) poly Pt and (b) Pt-Ru alloy on Au(111) prepared from Pt-Ru complex in 0.1 M
KOH solution containing 1 M methanol. Scan rate = 50 mv s *.3

In this chapter, Pt-Ru alloys were prepared by repeating the cycle of Pt-Ru complex adsorption and heat
treatment, and the effect of surface coverage of Pt-Ru alloy prepared from Pt-Ru complex on MOR activity
was investigated in acidic and alkaline solutions. The Pt-Ru alloys prepared by repeating a cycle of Pt-Ru
complex adsorption and heat treatment are called n-Pt-Ru/Au (n is the number of Pt-Ru complex adsorption
and heat treatment cycles.). The MOR activity of the Pt-Ru alloy with high coverage was compared with
those of poly Pt and Au(111) modified with Pt prepared by repeating the cycle of adsorption and pyrolysis
for Pt-Pt complex, [Pt"(tpy)2(u—otd)](PF6)2 shown in Figure 3-1 (b), in acidic and alkaline solutions.
Au(111) modified with Pt prepared by repeating a cycle of Pt-Pt complex adsorption and heat treatment is

called n-Pt/Au (n is the number of the Pt-Pt complex adsorption and heat treatment cycles.). Finally, the
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electrocatalytic activities of several reactions related to the fuel cell of Pt-Ru alloy on Au(111) prepared
from the Pt-Ru complex, were compared with those of Pt-Ru alloy on Au(111) prepared from a mixture of

K,PtCl, and RuCl; (denoted as Pt-Rupx/Au).

3.2 Results and Discussions

3.21 Effect of the number of adsorption/heat treatment cycles of Pt-Ru complex on the surface
coverage and MOR activity of Pt-Ru alloy

3211 STM

Figure 3-4 shows STM images of (a) 3-Pt-Ru/Au, (b) 9-Pt-Ru/Au, (c) 15-Pt-Ru/Au and (d)
24-Pt-Ru/Au. The surface of bare Au(111) was atomically flat, as shown in Figure 3-2 (a). However, in the
STM images in Figure 3-4, island structures were observed and these structures increased with repeating
cycles of Pt-Ru complex adsorption and decomposition, suggesting the island structures corresponding to
the Pt-Ru alloys. In the case of 1-Pt-Ru/Au, the monoatomic height of Pt-Ru alloys with diameters of 3.13
nm were observed (Figure 3-2 (b)).

For 3-Pt-Ru/Au and 9-Pt-Ru/Au, a surface coverage increase of the Pt-Ru alloys with a monoatomic
height was observed (Figures 3-4 (a) and (b)). The cross section shown in Figure 3-4 (b) clearly shows the
the obtained Pt-Ru alloys have monoatomic height, suggesting that they grow two-dimensionally. However,
the surface coverage of Pt-Ru alloy was still low, and large terraces and monoatomic steps of gold from
Au(111) were clearly observed.

In 15-Pt-Ru/Au, islands of a few atomic heights were observed in addition to the monoatomic height
islands (Figure 3-4 (c)).

In 24-Pt-Ru/Au, the number of islands with a few atomic height increased compared to 15-Pt-Ru/Au
(Figure 3-4 (d)). It was more difficult to observe the terraces and monoatomic steps of gold from Au(111),
suggesting that the surface coverage of the Pt-Ru alloy significantly increases. The STM measurements
revealed that Au(111) is modified with well-dispersed Pt-Ru alloys within a few atomic height after the
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cycle of Pt-Ru complex adsorption and heat treatment.

0 nm 10 nm 20 nm

Figure 3-4. STM images of (a) 3-Pt-Ru/Au, (b) 9-Pt-Ru/Au, (c) 15-Pt-Ru/Au, and (d) 24-Pt-Ru/Au (Episs =
0.1V, I, =0.5nA).
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Figure 3-5. Wide-scan XP spectra of (a) bare Au, (b) Pt-Ru complex on Au, (c) 1-Pt-Ru/Au, and (d)
24-Pt-Ru/Au.

Figures 3-5 and Figure 3-6 show wide- and narrow-scan XP spectra of (a) bare Au, (b) Au modified

with Pt-Ru complex, (c) 1-Pt-Ru/Au, and (d) 24-Pt-Ru/Au.
44



The wide- and narrow-scan XP spectra of a bare Au surface (Figure 3-5 (a), Figure 3-6 (a)) showed
only peaks corresponding to Au, C, and O. The peaks corresponding to C 1s and O 1s appeared at 284.6
and 532.5 eV, respectively, and these peaks were caused by organic contamination.

After Au was modified with Pt-Ru complex, which is composed of bivalent center metals and ligands
such as bi-pyridine, peaks corresponding to Pt 4f, Ru 3d, and N 1s appeared (Figure 3-6 (b)). The Pt 4f;,
and Pt 4fs;, overlapped with the Au 5py, were observed at 73.3 and 76.6 eV, respectively. This was 2.1 eV
higher than bulk Pt(0),*" suggesting that Pt is bivalent. In the Ru 3d region, two peaks were observed at

280.8 and 285.8 eV, corresponding to Ru 3ds, and Ru 3dz, with C 1s overlap, respectively. The peak
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Figure 3-6. Narrow-scan XP spectra in the Pt 4f (A), Ru 3d (B), O 1s (C), and N 1s (D) regions of (a) bare
Au, (b) Pt-Ru complex on Au, (c) 1-Pt-Ru/Au, and (d) 24-Pt-Ru/Au.
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corresponding to Ru 3ds, was 0.7 eV higher than that of bulk Ru(0),%” suggesting bivalent Ru. The position
of the C 1s peak was 1.2 eV higher than that of amorphous carbon (284.6 eV). The peak originates from
aromatic carbon.®® The peak in the N 1s region was observed at 399.7 eV and corresponds to pyridine-like

nitrogen coordinated to metal.*®

The peak of O 1s was observed at 532.5 eV, and the peak position was the
same as that of bare Au. From these results, the adsorption of Pt-Ru complex on the Au surface was
confirmed.

Figure 3-6 (c) shows the XP spectra of Pt 4f (A), Ru 3d (B), O 1s (C) and N 1s (D) regions of
1-Pt-Ru/Au. The peaks of Pt 4f became broader than those of Pt 4f in Pt-Ru complex. Electrochemical
results show that the Pt of 1-Pt-Ru/Au is on Au (c.f. section 3.2.1.3). The XP spectra of Au modified with
Pt, prepared by the pyrolysis of Pt-Pt complex monolayer, clearly showed that the deposited Pt was
composed of metallic Pt and Pt(Il) oxides (c.f. section 3.2.2). In the Ru 3d region (Figure 3-6 (c)), two
peaks were observed at 280.8 and 284.6 eV, corresponding to Ru 3ds;, and Ru 3dz,, respectively. The peak
intensity of Ru 3ds, was smaller than that of Ru 3ds;,, but it overlapped with the C 1s peak. The peak
position of Ru 3ds;, was same as that of Pt-Ru complex. In the O 1s region, two peaks were observed at
530.0 and 532.5 eV, corresponding to metal oxides and organic contamination, respectively.*® These results
indicate the formation of a Ru oxide. The peak position of C 1s was lower than that of Pt-Ru complex, but
it was the same as that of bare Au, suggesting the presence of decomposed aromatic carbon. The N 1s peak
was not observed, and this was likely because of ligand pyrolysis. Thus, XPS measurements confirmed the
pyrolysis of organic ligands and the presence of central metals on Au after heat treatment at 300 °C under
O, flow.

Figure 3-6 (d) shows the XP spectra of Pt 4f (A), Ru 3d (B) and O 1s (C) regions of 24-Pt-Ru/Au. The
XP spectra peak intensities in the Pt 4f, Ru 3d, and O 1s regions increased with the cycles of Pt-Ru
complex adsorption and heat treatment, suggesting that the surface coverage of Pt-Ru alloy increases. The
peaks corresponding to Pt 4f;, and Pt 4fs;, were observed at 70.5 eV and 73.5 eV, respectively. The peak

position of Pt 4f was 0.7 eV lower than that of bulk Pt (0). This lower peak position can be explained by an
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electronic structure change in Pt by the Au substrate.® The peaks corresponding to Ru 3ds;, and O 1s were
observed at 280.8 and 530.0 eV, respectively. According to results reported by Kotz et al., the O 1s peaks
corresponding to H,O, OH", and O? were observed in bulk RuO,.’ The XP spectrum of O 1s shown in
Figure 3-6 (d) also contained peaks corresponding to H,0 (532.6 eV), OH™ (531.1 eV), and 0% (529.4 eV).
The peak position of Ru 3ds, in 24-Pt-Ru/Au was similar to that of bulk RuO,. The appearance of the O 1s
peak corresponding to O also indicates RuO, formation. The relative amount of Pt and Ru on the surface

can be determined by XPS by the following equation.*

Cet/Cru = ((Ip/Rpy)/ (Iru/Rru) (3-5)

where C is the concentration, | is the peak area, and R is the relative sensitivity factor of the elements.
Using the Rp; and Ry, values of 2.55 and 1.30,** the Pt/Ru ratio was estimated to be 0.5. This number

indicates that some of the Pt atoms probably diffused into the Au substrate during heat treatment.

3.2.1.3 Electrochemical properties

Figure 3-7 shows the CVs of (a) bare Au, (b) 1-Pt-Ru/Au, (c) 3-Pt-Ru/Au, (d) 9-Pt-Ru/Au, (e)
24-Pt-Ru/Au, and (f) 32-Pt-Ru/Au in 0.1 M HCIO, solutions. The potentials was cycled between —0.2 and
0.9 V (gray) and between —-0.2 and 1.45 V (black). The current was normalized by the surface area of
Au(111) before Pt-Ru alloy modification. In Figure 3-7 (a), current peaks corresponding to surface
reconstruction (0.35 V), Au oxide formation (1.1, 1.4 V), and Au oxide reduction (0.9 V) were observed.
Compared to the CV of Au(111) in 50 mM H,SO, solution in Figure 2-1, Au oxide formation in Figure 3-7
(a) began at a more negative potential. The pre-oxidation peak observed at 1.1 V corresponds to OH
adsorption on Au(111). OH adsorption on Au(111) in a 0.1 M HCIQ, solution started at a more negative
potential compared to the potentials in a 50 mM H,SO, solution. This is because ClIO, has less adsorption
ability against Au(111) surface than HSO, and SO,*.*
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Figure 3-7. CVs of (a) bare Au(111), (b) 1-Pt-Ru/Au, (c) 3-Pt-Ru/Au, (d) 9-Pt-Ru/Au, (e) 24-Pt-Ru/Au,
and (f) 32-Pt-Ru/Au in 0.1 M HCIO, solutions. Scan rate = 50 mV s ™.

After Pt-Ru complex adsorption and heat treatment on Au(111), the electrochemical properies of bare
Au(111) changed (Figures 3-7 (b)-(f)). The peak current of the Au oxide reduction decreased as the cycle of
Pt-Ru complex adsorption and heat treatment on Au(111) was repeated. The charge difference in the Au
oxide reduction reaction of bare Au(111) and Au(111) modified with a Pt-Ru alloy (G.r,) Was utilized to
estimate the surface coverage of Pt-Ru alloy on Au(111). The ratio of Pt in Pt-Ru alloys was estimated by
dividing the charge of Pt hydrogen adsorption (&) by G.ry. The electrochemically determined values are
summarized in Table 3-1.

For 1-Pt-Ru/Au and 3-Pt-Ru/Au, the peak current of Au oxide reduction decreased (Figures 3-7 (b)-(c),
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Table 3-1. Summary of surface coverage of Pt and Pt-Ru alloy on Au(111). The charge of hydrogen
adsorption and Au oxide reduction reactions were utilized for estimation of &, and &r,. The ratio of Pt in
the Pt-Ru alloys was estimated by dividing G by Ghry

Hydrogen adsorption Oxide reduction
Sample
Qy / uC cm G (%) Qp,/nCcm™ Gpry (%) Ratio of Pt (%)
1-Pt-Ru/Au(111) F— S 418 5.8 —_
3-Pt-Ru/Au(111) — o 408 8.2 —
9-Pt-Ru/Au(111) 8.6 3.8 333 25.0 15.2
24-Pt-Ru/Au(111) 35.7 15.5 248 442 35.1 (32.4)*
32-Pt-Ru/Au(111) 41.0 17.8 225 49.3 36.1

*Estimated by the result of XPS

black curve). The surface coverage for Pt-Ru alloys of 1-Pt-Ru/Au and 3-Pt-Ru/Au were estimated to be
5.8% and 8.2%, respectively. The current peak corresponding to the Pt oxide reduction reaction appeared
around 0.5 V. In the gray curve, the cathodic and anodic currents corresponded to the hydrogen evolution
and oxidation reactions (HER, HOR), and typical electrochemical properties of Pt were observed at —0.18 V.
Meanwhile, the hydrogen adsorption/desorption current, which is also a typical electrochemical property of
Pt, was not clearly observed, and & could not be estimated. The broadened oxidation and reduction current
waves were observed at 0.5 V vs. Ag/AgCI, corresponding to OH adsorption/desorption on Pt.

In 9-Pt-Ru/Au, the peak current of Au oxide reduction reaction decreased (Figure 3-7 (d), black curve).
The surface coverage of Pt-Ru alloy of 9-Pt-Ru/Au was estimated to be 25.0%. The current peak
corresponding to the Pt oxide reduction reaction increased. On the gray curve, currents corresponding to
HER, HOR, and OH adsorption/desorption were observed. Compared with 1-Pt-Ru/Au and 3-Pt-Ru/Au,
the hydrogen adsorption/desorption current was clearly observed, and & was estimated to be 3.8%.

For 24-Pt-Ru/Au and 32-Pt-Ru/Au, a decrease in the peak current of Au oxide reduction reaction and an
increase in the peak current of Pt oxide reduction reaction was clearly observed (Figures 3-7 (e)-(f), black
curve). The surface coverage of Pt-Ru alloy of 24-Pt-Ru/Au and 32-Pt-Ru/Au was estimated to be 44.2%
and 49.3%, respectively. The current corresponding to hydrogen adsorption/desorption increased (gray
curve). The currents corresponding to HER, HOR and OH adsorption/desorption were observed.

From the electrochemical results, the ratio of Pt in Pt-Ru alloy (& hi.ry) Was estimated to be 15.2% for
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9-Pt-Ru/Au, 35.1% for 24-Pt-Ru/Au and 36.1% for 32-Pt-Ru/Au (Table 3-1). From XPS analysis, the ratio
of Pt in 24-Pt-Ru/Au was estimated to be 32.4%. The ratios of Pt in Pt-Ru alloys with low coverage
estimated by electrochemical measurements (1-Pt-Ru/Au, 3-Pt-Ru/Au, 9-Pt-Ru/Au) were lower than those
estimated by XPS measurements. The electrochemical properties of Pt-Ru alloys with a surface coverage of
less than 25% were different from those of the bulk Pt-Ru alloy, suggesting that the electronic structure of a

low-coverage Pt-Ru alloy is different than that of bulk Pt-Ru alloy.

3.2.1.4 Relation between surface coverage and MOR activity
Figure 3-8 shows the CVs of (i) 1-Pt-Ru/Au, (ii) 3-Pt-Ru/Au, (iii) 9-Pt-Ru/Au, (iv) 24-Pt-Ru/Au and (v)
32-Pt-Ru/Au obtained in (a) 0.1 M HCIO, solution containing 1 M methanol and (b) 0.1 M KOH solution

containing 1 M methanol. The current was normalized on the basis of the surface area of Au(111) before

(b)
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Figure 3-8. CVs of (i) 1-Pt-Ru/Au, (ii) 3-Pt-Ru/Au, (iii) 9-Pt-Ru/Au, (iv) 24-Pt-Ru/Au, and (V)
32-Pt-Ru/Au in (a) 0.1 M HCIO, and (b) 0.1 M KOH solutions containing 1 M methanol.
Scanrate =50 mV s ™.
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Pt-Ru alloy modification. In Figure 3-8 (a), the oxidation current corresponding to MOR was observed for
9-Pt-Ru/Au, 24-Pt-Ru/Au, and 32-Pt-Ru/Au at around 0.65 V. In Figure 3-8 (b), the oxidation current
corresponding to MOR was observed for all electrodes around —-0.05 V. While the Pt-Ru alloys with low
coverage (lower than 25%) showed MOR activity only in alkaline solution, Pt-Ru alloys with higher
coverage showed MOR activity in alkaline and acidic solutions. The peak current densities and peak
potentials of MOR in 0.1 M HCIO,4 and 0.1 M KOH solutions of Pt-Ru alloys were summarized in Tables
3-2 and 3-3, respectively. The MOR activities of low-coverage Pt-Ru alloys were different from those of
high-coverage Pt-Ru alloys. The peak current densities of MOR for a forward scan (lpea) were plotted
against the surface coverage of Pt-Ru alloy.

In the case of MOR in acidic solutions (Figure 3-9 (a)), Pt-Ru alloys with surface coverages lower than
25 % did not show any MOR activity. As the surface coverage of Pt-Ru alloy increased, the peak current
densities increased, suggesting that I,c. has no correlation with the surface coverage of Pt-Ru alloy. STM
measurements showed that the Pt-Ru alloy with monoatomic heifht was observed for 1-Pt-Ru/Au,
3-Pt-Ru/Au, and 9-Pt-Ru/Au, and the Pt-Ru alloy with a few atomic heights was observed for 15-Pt-Ru/Au
and 24-Pt-Ru/Au. The electronic structure of Pt-Ru alloy with monoatomic height was probably different
from that of a Pt-Ru alloy with a few atomic heights. The Pt-Ru alloy with a few atomic heights can act as a
MOR active site in acidic solution.

In the case of MOR in alkaline solutions (Figure 3-9 (b)), all electrodes showed MOR activity, and their
peak current densities got increased as the cycles of Pt-Ru complex adsorption and heat treatment repeated.
This suggested that the I, has a correlation with the surface coverage of Pt-Ru alloy. The electronic
structure of Pt-Ru alloy with low coverage was probably different from that of Pt-Ru alloy with high
coverage and therefore Pt-Ru alloy with low coverage showed MOR activity only in alkaline solution. It
was reported that Au has MOR activity in alkaline solutions.** ** A Pt-Ru alloy with monoatomic height
probably has electrochemical properties similar to Au. Not only the Pt-Ru alloy with a few atomic heights
but also the Pt-Ru alloy with monoatomic height can act as MOR active sites in alkaline solutions.
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Thin foreign metals on noble metals and noble metal nanoparticles often have different physical
properties and electrocatalytic activities from bulk metals.*®" Our group revealed the differences in
geometric and electronic structures between submonlayer Pd on Au and bulk Pd using surface X-ray
scattering (SXS)* and second-harmonic generation (SHG)* measurements. The electronic structure of the
submonolayer Pd film on Au single crystals was strongly affected by Au and showed unique

electrocatalytic activities against formaldehyde oxidation*” and oxygen reduction reactions.*

Table 3-2. Summary of peak potentials and peak current densities of MOR of Pt-Ru
alloys in 0.1 M HCIQ, solutions.

Positive Scan Negative scan

Sample

Leg/mAcm™? B /V I /mAem® B, /V

1-Pt-Ru/Au(111) —_ — — —
3-Pt-RwAu(111) — — S —

9-Pt-Ru/Au(111) 0.04 0.67 =" —
24-Pt-Ru/Au(111) 0.89 0.63 0.24 0.47
32-Pt-Ruw/Au(111) 0.95 0.61 0.49 0.46

Table 3-3.  Summary of peak potentials and peak current densities of MOR of Pt-Ru
alloys in 0.1 M KOH solutions.

Positive Scan Negative scan
Sample
Leg/mAcm™? B /V L. /mAem? E . /V
1-Pt-Rw/Au(111) 1.02 —0.07 0.70 —0.07
3-Pt-Ru/Au(111) 3.08 -0.05 0.56 —-0.03
9-Pt-Ruw/Au(111) 4.49 -0.06 3.48 ~0.09
24-Pt-Ruw/Au(111) 6.17 -0.05 3.70 —-0.07
32-Pt-Rw/Au(l111) 7.65 —-0.05 2.79 —-0.11
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Figure 3-9.  Plots of the peak current densities of MOR at positive scan (ln.x) against surface coverages of
Pt-Ru alloy. (a) MOR in 0.1 M HCIO, solutions. (b) MOR in 0.1 M KOH solutions.
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Figure 3-10. ARXP spectra of (a) bare Au, (b) 9-Pt-Ru/Au, (c) 32-Pt-Ru/Au, and (d) poly Pt in the
valence-band region obtained by MgKa radiation. Photoelectron emission angle: 0, 20, 40, 50, 55, 60,
62.5 and 65°.

The difference in the electronic structure between 9-Pt-Ru/Au and 32-Pt-Ru/Au was investigated by
angle-resolved X-ray photoelectron spectroscopy (ARXPS) in the valence-band region. Figure 3-10 shows
the ARXP spectra in the valence-band region of (a) Au, (b) 9-Pt-Ru/Au, (c) 32-Pt-Ru/Au and (d) Pt with
photoelectron emission angles at 0, 20, 40, 50, 55, 60, 62.5, and 65°. The obtained XP spectra of Au and Pt
with photoelectron emission angles at 0° were similar to those previously reported.®® In Figure 3-10 (a),
three peaks were observed at 2.8, 3.8, and 6.5 eV. In Figure 3-10 (d), three peaks were observed at 0.6, 1.8
and 4.2 eV. It has been reported that the valence-band spectra of RuO, are composed of three peaks
corresponding to Ru-On* (0.6 V), Ru-On (4.7 eV) and Ru-Oc (6.9 eV).” The shape of valence-band
spectrum of 9-Pt-Ru/Au is very similar to that of Au. Meanwhile, in the valence-band spectrum of
32-Pt-Ru/Au, peaks corresponding to Au, and a shoulder peak corresponding to Pt and RuO, were observed
around 0.8 eV. In Figures 3-10 (a)-(c), two peaks were observed around 3.8 eV (peak A) and 6.4 eV (peak
B). The photoelectron emission angles were plotted against the peak positions for peaks A and B (Figure
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3-11). The positions of peak B for Au, 9-Pt-Ru/Au, and 32-Pt-Ru/Au were similar. On the other hand, the
positions of peak A for Au and 9-Pt-Ru/Au were similar but different from those of 32-Pt-Ru/Au. These
results show that the electronic structure of 9-Pt-Ru/Au is similar to Au, and the electronic structure of

32-Pt-Ru/Au is different from Au and 9-Pt-Ru/Au.
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Figure 3-11. The plots of photoelectron emission angles against peak positions of photoelectron of
peak A (black square) and peak B (red circle) of (a) bare Au, (b) 9-Pt-Ru/Au, and (c) 32-Pt-Ru/Au.

3.2.2 MOR activity of Au(111) modified with Pt prepared from Pt-Pt complex

Au(111) modified with Pt was prepared

.W
from Pt-Pt complex shown in Figure 3-1 (b) to )
investigate the contribution of Ru to MOR } M
activity in the Pt-Ru alloys prepared from the = © 50 cps
c
Pt-Ru complex. Figure 3-12 shows
_ _ & 75 70 65
narrow-scan XP spectra in the Pt 4f region of Binding Energy / eV
(@) Au modified with Pt-Pt complex, (b) Figure 3-12.  XP spectra in the Pt 4f region of
(a) Pt-Pt complex on Au, (b) 1-Pt/Au, and (c)
24-Pt/Au.

1-Pt/Au, and (c) 24-Pt/Au. In Figure 3-12 (a),
two peaks corresponding to Pt 4f;, and Pt 4fs;, overlapped with Au 5p,/, were observed at 73.3 and 76.6 eV,
respectively. The peak positions of Pt 4f were 2.1 eV higher than those of bulk Pt(0).

After heat treatment (Figure 3-12 (b)), the peak position of Pt 4f;, shifted negatively and split into two
peaks (70.5 eV and 72.2 eV), corresponding to metallic Pt(0) and Pt(11) oxide, respectively.®
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By repeating Pt-Pt complex adsorption and heat treatment 24 times, the intensities of the peaks

corresponding to Pt 4f;, and Pt 4fs, increased significantly (Figure 3-12 (c)). The Pt(ll) oxides observed in

the case of 1-Pt/Au were completely reduced to metallic Pt during the cycles of Pt-Pt complex adsorption

and heat treatment.

Figure 3-13. STM images of (a) Pt-Pt complex on Au(111), (b) 1-Pt/Au, and (c) 24-Pt/Au. (Epias
=0.1V, I =0.5nA).
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Figure 3-14. CVs of (a) 1-Pt/Au, (b) 9-Pt/Au, and (c) 24-Pt/Au in 0.1 M HCIOQ, solutions.
Scan rate =50 mV s .

Figure 3-13 shows STM images of Au(111) modified with (a) Pt-Pt complex, (b) 1-Pt/Au, and (c)

24-Pt/Au. An ordered Pt-Pt complex layer was not observed (Figure 3-13 (a)). After the decomposition of

Pt-Pt complex, Pt islands with a height of 0.2 nm were observed (Figure 3-13 (b)). The surface coverage of

Pt islands increased when the cycle of Pt-Pt complex adsorption and heat treatment was repeated 24 times

(Figure 3-13 (c)). Figure 3-14 shows the CVs of (a) 1-Pt/Au, (b) 9-Pt/Au, and (c) 24-Pt/Au in 0.1 M HCIO,

solution. In Figure 3-14 (a), the potentials cycled between —0.2 and 0.9 V (gray) and between -0.2 and 1.45

V (black), and in Figures 3-14 (b) and (c), the potentials were cycled between —0.17 and 0.9 V (gray) and

between —0.2 and 1.45 V (black). The electrochemical properies of 1-Pt/Au are similar to 1-Pt-Ru/Au. An
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improvement in HER was observed, but hydrogen adsorption/desorption current was difficult to observe in
the case of 1-Pt/Au. For 9-Pt/Au and 24-Pt/Au, the hydrogen adsorption/desorption wave was clearly
observed. Figure 3-15 shows the CVs of (i) 1-Pt/Au, (ii) 9-Pt/Au, and (iii) 24-Pt/Au in (a) 0.1 M HCIO,
solution containing 1 M methanol and in (b) 0.1 M KOH solution containing 1 M methanol. In Figure 3-15
(a), the oxidation current corresponding to MOR was observed for 9-Pt/Au and 24-Pt/Au at around 0.65 V.
In Figure 3-15 (b), the oxidation current corresponding to MOR was observed for all electrodes at -0.05 V
Pt with low coverage showed MOR activity only in alkaline solution, and Pt with high coverage showed

MOR activity in alkaline and acidic solutions.

(a)

I 0.5 mA cm~2

(i1)
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Figure 3-15. CVs of (i) 1-Pt/Au, (ii) 9-Pt/Au, and (iii) 24-Pt/Au in (a) 0.1 M HCIO, and (b) 0.1 M KOH
solutions containing 1 M methanol. Scan rate =50 mV s .

3.2.3  Electrochemical behavior of Au(111) modified with Pt-Ru alloy prepared from a mixture of
K,PtCl, and RuCl;

A Pt-Ru alloy was prepared from a mixture of K,PtCl, and RuCl; on Au(111) to investigate the merit of
using Pt-Ru complex as a starting material for preparation of high-MOR-activity Pt-Ru alloys. Figures 3-16
(a) and (b) show the CVs of Pt-Rupix/Au and Pt-Rumi/Au (Hy) in 0.1 M HCIO, solutions. The current was
normalized on the basis of the surface area of Au(111) before any Pt-Ru alloy modification. At both

56



electrodes, a reversible redox wave, corresponding to the hydrogen adsorption/desorption on Pt began to
flow at 0.05 V. In the more negative potential region, a sharp reductive current, due to Pt-catalyzed HER
catalyzed was observed. When the potential swept to a positive potential, a quasi-reversible wave,
corresponding to OH adsorption/desorption on Pt was observed at around 0.6 V. As the positive sweep
continued, a clear increase in the oxidation current, caused by oxide formation reactions at Au and Pt and
oxygen evolution reactions (OER), was observed. As the sweep went negative, two reduction current peaks,
corresponding to Au and Pt oxide reduction reactions, were observed at 0.99 and 0.40 V, respectively and
they overlapped with reduction reaction of oxygen generated from RuO,. Figure 3-16 (c) shows the linear
sweep voltammograms of 32-Pt-Ru/Au (blue, A), Pt-Runi/Au (red, B) and Pt-Rumix/Au (H,) (pink, C) in
the OER region. This result clearly shows that Pt-Runi/Au showed a higher OER activity than

32-Pt-Ru/Au and Pt-Rup,x/Au (Hy), suggesting the formation of RuO, in Pt-Ru,i/Au, which has bulk RuO,
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Figure 3-16. CVs of (a) Pt-Ruy,x/Au and (b) Pt-Ruy,ix/Au (Hy) in 0.1 M HCIO, solutions. (b) LSVs of
32-Pt-Ru/Au (blue, A) Pt-Rumi/Au (red, B) and Pt-Rupix/Au (H,) (pink, C) in 0.1 M HCIO, solutions. Scan
rate=50 mVs .
3.24 Comparison of electrocatalytic activity of Pt-Ru alloy prepared from Pt-Ru complex with that of
other electrocatalysts
3.241 MOR
Figures 3-17 (a) and (b) show the CVs and current decay curves at 0.4 V vs. Ag/AgClI for poly Pt (green,
A), 32-Pt-Ru/Au (blue, B), Pt-Rumix/Au (red, C) 24-Pt/Au (black, D), and Pt-Rupi/Au (H,) (pink, E) in 0.1

M HCIO, solutions with 1 M methanol. The current was normalized using the Pt surface area estimated
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Figure 3-17. (@) CVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Ruy/Au (red, C), 24-Pt/Au
(black, D), and Pt-Rupmi/Au (H,) (pink, E) in 0.1 M HCIO, solutions with 1 M methanol. Scan rate = 50 mV
s, (b) Current decay curved of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Rupi/Au (red, C), 24-Pt/Au
(black, D), and Pt-Rumi/Au (H,) (pink, E) in 0.1 M HCIO, solutions with 1 M methanol at 0.4 V vs.
Ag/AgCI. The current was normalized by the surface area of Pt determined from the charge of hydrogen
adsorption.
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Figure 3-18. (@) CVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Rupmix/Au (red, C), and 24-Pt/Au
(black, D) in 0.1 M KOH solution with 1 M methanol. Scan rate = 50 mV s *. (b) Current decay curved of
the poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Ruy,ix/Au (red, C), and 24-Pt/Au (black, D) in 0.1 M KOH
solutions with 1 M methanol at —0.2 V vs. Ag/AgCI. The current was normalized by the surface area of Pt
determined from the charge of hydrogen adsorption.
from the hydrogen adsorption charge. The peak current densities and peak potentials of MOR for poly Pt,
32-Pt-Ru/Au, Pt-Rumix/Au, 24-Pt/Au and Pt-Rum/Au (H,) in (a) 0.1 M HCIO, solutions are summarized in
Table 3-4 (a). For 32-Pt-Ru/Au and Pt-Rup/Au (H,), the MOR current began flowing at a more negative
potential than the other electrodes. On the other hand, no significant enhancement of MOR current was
observed with Pt-Rup,x/Au. Although the peak current for MOR with Pt-Runix/Au (Hy) is the highest
among the five measured electrodes, the MOR current deteriorated to the same level as Pt-Rup;/Au after

300 s (Figure 3-17 (b)). 32-Pt-Ru/Au exhibited a higher MOR activity and durability than Pt-Ru alloys,
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prepared from the mixture of K,PtCl, and RuCl; on Au(111). Figures 3-18 (a) and (b) show the CVs and
current decay curves at —0.2 V vs. Ag/AgCI for poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Rumix/Au (red,
C), and 24-Pt/Au (black, D) in 0.1 M KOH solutions with 1 M methanol. The peak current densities and
peak potentials of MOR for poly Pt, 32-Pt-Ru/Au, Pt-Rumi/Au, and 24-Pt/Au in (a) 0.1 M KOH solutions
are summarized in Table 3-4 (b). In the case of MOR in alkaline solutions, 24-Pt/Au exhibited the highest
activity and durability for MOR of the four measured electrodes in a 0.1 M KOH solution. From the peak
current densities of the MOR forward scan in 0.1 M HCIO, (Iy) and 0.1 M KOH (lk) solutions, the ratio of
peak current densities (Ix/ly) was estimated to be 1.3 (poly Pt), 8.9 (32-Pt-Ru/Au), 5.3 (Pt-Rupmix/Au) and
21.5 (24-Pt/Au). It has been reported that the MOR activity of poly Pt is higher in alkaline solutions than in
acidic solutions.** Au(111) modified with foreign metals, especially 32-Pt-Ru/Au and 24-Pt/Au had high
MOR activity in alkaline solution.

The enhancement may be caused by the difference in electronic structure of Pt and OH adsorbed on
Au(111). The XPS results in the Pt 4f region (Figure 3-6 and 3-12) showed that the electronic structure of

Pt in 32-Pt-Ru/Au and 24-Pt/Au might be affected by the Au substrate. The peak positions of Pt 4f;, are

Table 3-4. Summary of peak potentials and current densities of MOR of poly Pt, 32-Pt-Ru/Au,
Pt-Rupmix/Au, 24-Pt/Au, and Pt-Rumi/Au (H,) in () 0.1 M HCIO, and (b) 0.1 M KOH solutions.

Positive scan Negative scan
Sample . . . N
Eu!V Lo / MA cm E !V Lo / MA cm
poly Pt +0.65 +3.80 +0.46 +3.68
(a) 32-Pt-Ru/Au +0.60 +5.40 +0.46 +3.42
Pt-Ru,_ . /Au +0.66 +3.36 +0.53 +2.33
24-Pt/Au +0.64 +2.67 +0.47 +0.75
Pt-Ru, /Au(H,)  +0.66 +8.84 +0.53 +5.13
Positive scan Negative scan
Sample i ) 2
E !V Lo / MA e~ Epu !V Lo / MA cm
(b) poly Pt -0.12 +5.21 -0.23 +2.64
32-Pt-Ru/Au -0.05 +48.30 -0.11 +17.61
Pt-Ru, ;. /Au -0.08 +17.80 -0.17 +7.47
24-Pt/Au -0.01 +57.50 -0.07 +28.02
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71.2 eV (poly Pt), 70.5 eV (32-Pt-Ru/Au), 70.5 eV (24-Pt/Au) and 70.9 eV (Pt-Rupx/Au) (c.f. section
4.2.2). The catalysts with peak positions for Pt 4f;,, that were more negative had high MOR activity in
alkaline solutions. Lipkowski et al. reported that OH adsorption on Au(111) starts at —0.36 V vs. Ag/AgCl
in 0.1 M KCIO,4 with 1 mM KOH solution. The adsorbed OH on Au(111) may accelerate MOR on Pt. In
alkaline solution, the enhancement by Au was so strong that any enhancement by Ru was difficult to

observe.

3.2.4.2 CO oxidation reaction

The CO tolerance of poly Pt, 32-Pt-Ru/Au, Pt-Rupix/Au and 24-Pt/Au in 0.1 M HCIO, solution was
investigated. Figure 3-19 shows the CO stripping voltammograms of poly Pt in a 0.1 M HCIO, solution
(first cycle: black, second cycle: gray). The potential was swept from 0.2 V to negative potential and then
swept back to positive potential. In Figure 3-19 (a), the Pt surface was poisoned with CO for 10 s. In the
first cycle, the current of hydrogen adsorption/desorption on Pt was decreased as a result of CO poisoning.
The poly Pt surface was easily covered with CO by CO bubbling for only 10 s. The surface coverage of CO

can be estimated as follows

bco=Qn2/Qrr  (3-6)

where Qu; and Qu, are the charges of hydrogen adsorption/desorption before and after CO poisoning,
respectively. The surface coverage of CO in Figure 3-19 (a) was estimated to be 90%. The adsorbed CO
can be removed in the more positive potential region where OH adsorption proceeds on the Pt surface. An
irreversible oxidation current corresponding to a CO oxidation reaction started to flow at 0.45 V. In the
second cycle, a reversible current, corresponding to hydrogen adsorption/desorption on Pt and a
quasi-reversible current corresponding to OH adsorption/desorption on Pt were observed around 0 V and
0.6 V, respectively. After the oxidative removal of CO from the Pt surface, a typical CV of poly Pt was
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obtained. The poly Pt surface was completely poisoned by CO with CO bubbling for more than 60 s.

Figure 3-20 shows the CO stripping voltammograms of 32-Pt-Ru/Au in a 0.1 M HCIO, solution (first
cycle: black, second cycle: gray). The potential was swept from 0.2 V to negative potential and then swept
back to positive potential. 32-Pt-Ru/Au had s better tolerance against CO than poly Pt. The CO oxidation

current began to flow at ca. 0.64 V. The CO coverage on the Pt in 32-Pt-Ru/Au after CO bubbling for 30 s
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Figure 3-19.  CO stripping voltammograms of poly Pt in 0.1 M HCIO, solutions. Poison time: (a) 10 s, (b)
30's, (c) 120 s and (d) 300 s. Scan rate = 50 mV s .
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Figure 3-20.  CO stripping voltammograms of 32-Pt-Ru/Au in 0.1 M HCIO, solutions. Poison time: (a) 10
s, (b) 30's, (c) 120 s, (d) 300 s and (e) 600 s. Scan rate =50 mV s 2.
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was estimated to be 60%. The Pt surface of 32-Pt-Ru/Au was completely covered with CO bubbling for
more than 300 s.
Figure 3-21 shows the CO stripping voltammograms of Pt-Run,ix/Au in a 0.1 M HCIO, solution (first

cycle: black, second cycle: gray). The potential was swept from 0.2 V to negative potential and then swept
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Figure 3-21.  CO stripping voltammograms of Pt-Rupx/Au in 0.1 M HCIO, solutions. Poison time: (a) 10
s, (b) 30's, (c) 120 s, (d) 300 s and (e) 600 s. Scan rate =50 mV s *.
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Figure 3-22. CO stripping voltammograms of 24-Pt/Au in 0.1 M HCIO, solutions. Poison time: (a) 10 s,
(b) 30s, (c) 120 s, (d) 300 s and (e) 600 s. Scan rate =50 mV s .
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back to positive potential. The CO oxidation current started to flow at ca. 0.38 V. Pt-Ruy,/Au also had a
better CO tolerance than poly Pt. The CO coverage on the Pt in Pt-Rupi/Au after CO bubbling for 30 s was
estimated at 65%. The Pt surface of Pt-Rup/Au was completely covered with CO by CO bubbling for
more than 600 s.

Figure 3-22 shows the CO stripping voltammograms of 24-Pt/Au in a 0.1 M HCIO, solution (first
cycle: black, second cycle: gray). The potential was swept from 0.2 V to negative potential and then swept
to positive potential. The CO oxidation current started to flow at ca. 0.6 V. 24-Pt/Au had a better CO
tolerance than poly Pt, and the CO coverage on Pt after CO poisoning for 30 s was estimated to be 80%.
The Pt surface of the 24-Pt/Au was completely poisoned by CO with CO bubbling for more than 120 s.

Figure 3-23 shows the plots of CO coverage for poly Pt, 32-Pt-Ru/Au, Pt-Rumi/Au and 24-Pt/Au
against CO poison time. 32-Pt-Ru/Au and Pt-Ru/Au had higher tolerances against CO than poly Pt and
24-Pt/Au. However, 32-Pt-Ru/Au and Pt-Run,/Au had poor tolerances against CO compared to the
reported results of CO oxidation reaction on Pt-Ru alloys.? ®

The peak potentials, peak current densities, charges of CO stripping (Qco), and ratios of hydrogen
adsorption and CO oxidation reaction (Qco/Qn) charge for poly Pt, 32-Pt-Ru/Au, Pt-Rumi/Au and 24-Pt/Au
are summarized in Table 3-5. The peak potential of CO oxidation reaction for 32-Pt-Ru/Au was the most
positive among the four measured electrodes, in spite of its high tolerance against CO and MOR activity.
According to results reported by Strbac et al., the peak potentials of CO oxidation reaction at Pt on Au(111)
depends on the size of Pt. The peak potential of a CO oxidation reaction on small Pt is small is more
positive than on poly Pt. The peak potential shifted negatively as the size of Pt on Au(111) increased.*® The
adsorption of CO on RuO, in the Pt-Ru alloys can also affect the activity of CO oxidation reaction on Pt-Ru
alloys. As shown in Table 3-5, the Qco/Qn of 32-Pt-Ru/Au, Pt-Runmix/Au, and 24-Pt/Au is greater than that
of poly Pt, suggesting that CO is adsorbed not only on Pt but also on Au and RuO,.%* ® CO can adsorb on
RuO,, and the adsorbed CO on RuO, is oxidized at a more positive potential than the CO adsorbed on Ru
metal.®” RuO, in Pt-Ru alloys may be poisoned by CO and cannot act as a good promoter to remove CO
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adsorbed on Pt.
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Figure 3-23. The plots of CO coverage of poly Pt (white triangle), 32-Pt-Ru/Au (black
circle), Pt-Rup,ix/Au (white square), and 24-Pt/Au (gray square) against poison time.

Table 3-5. Summary of peak potentials, peak current densities and charges of CO stripping of poly Pt,
32-Pt-Ru/Au, Pt-Ruy,i/Au, and 24-Pt/Au.

Sample Epa!V Iy / HA e Oco/HC Oco ! On
Poly Pt +0.56 +197 +237.36 1.37
32-Pt-Ru/Au +0.74 +59 +8.31 4.37
PtRu_ /Au  +0.53 +56 +9.20 2.73
24-Pt/Au +0.68 +64 +14.19 3.37

3.243 HOR

Figures 3-24 (a), 3-25 (a), and 3-26 (a) show the CVs of poly Pt, 32-Pt-Ru/Au, and Pt-Rupm/Au,
respectively, in Ar saturated 0.1 M HCIO, solutions at a scan rate of 50 mV s with and without rotation at
500 rpm. The reversible redox peaks corresponding to hydrogen adsorption/desorption, and
quasi-reversible redox peaks, corresponding to OH adsorption/desorption were observed at 0 VV and 0.6 V,
respectively. It was confirmed that the solution was completely purged with Ar. After O, removal from the
electrolyte solution was confirmed, the solution was saturated with H,.

Figure 3-24 (b) shows LSVs of poly Pt in a 0.1 M HCIO, solution saturated with H,. The potential was
swept from —0.26 V/ to 0.8 V at a scan rate of 10 mV s and a rotation rate between 500 and 3000 rpm. The
HOR current started to flow at ca. —0.26 V. It increased as the electrode potential became more positive,
and the limiting current was observed. The current began to decrease at 0.5 V as a result of OH adsorption
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Figure 3-24. (a) CVs of poly Pt in H,-free 0.1 M HCIO, solutions with (gray) and without rotation (black)
at 500 rpm. Scan rate =50 mV s *. (b) LSVs of poly Pt in 0.1 M HCIO, solutions saturated with H.
Scan rate = 10 mV s %, (c) Levich plot at 0.1 V vs. Ag/AgCI.
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Figure 3-25. (a) CVs of 32-Pt-Ru/Au in H,-free 0.1 M HCIO, solutions with (gray) and without rotation
(black) at 500 rpm. Scan rate = 50 mV s *. (b) LSVs of 32-Pt-Ru/Au in 0.1 M HCIO, solutions saturated
with H,. Scan rate = 10 mV s ™. (c) Levich plot at 0.1 V vs. Ag/AgCl.
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Figure 3-26. (a) CVs of Pt-Ruy,x/Au in H,-free 0.1 M HCIO, solutions with (gray) and without rotation
(black) at 500 rpm. Scan rate = 50 mV st (b) LSVs of the Pt-Rumi/Au in 0.1 M HCIO, solutions saturated
with H,. Scan rate = 10 mV s *. (c) Levich plot at 0.1 V vs. Ag/AgClI.

on the Pt surface. The relationship between the diffusion-limiting current density and rotation rate is given

by the Levich equation:

iL= Bo™ = 0.62nFCr Doav Y0'?  (3-7)
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where i is the diffusion-limiting current

w | =m====2 >
_—
density, n is the number of electrons in the <
< A
= !
HOR (n = 2), F is the Faraday constant (F = j? 5] ': A
2 ! B
96490 C mol™), Cy," is the bulk hydrogen S .
B o
concentration, D is the diffusion coefficient of 3
hydrogen molecules in a 0.1 M HCIO, solution 0.0 0.5 1.0

E/Vvs. Ag/AgCl

(D =36 x 10° em’ s7)," and v is the  Eioire 327, LSVs of poly Pt (green, A), 32-Pt-RU/Au
(blue, B), and Pt-Rumix/Au (red, C) in 0.1 M HCIO,

kinematic viscosity of the electrolyte (v = 0.01 solutions saturated with H,. Scan rate = 10 mV s,
Rotation rate = 2500 rpm.

cm, s7%).%° From the Levich plot (i, versus »*?)

for the limiting current at 0.1 V shown in Figure 3-24 (c), the bulk hydrogen concentration was estimated to
be 8.4 x 10* M, and this value was quite close to the value that other authors determined in another
electrolyte.” Figures 3-25 (b) and 3-26 (b) show the LSVs of 32-Pt-Ru/Au and Pt-Rumi/Au in 0.1 M
HCIO, solutions saturated with H,, respectively. The potential was swept from —0.26 V to 0.8 V at a scan
rate of 10 mV s and a rotation rate between 500 and 3000 rpm. The limiting current started to decrease at
a potential more negative than that of poly Pt, suggesting that OH adsorption on Pt-Ru alloys begins at a
more negative potential than Pt.

Figure 3-27 shows the LSVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), and Pt-Rupix/Au (red, C) in
0.1 M HCIO, solutions saturated with H, at scan rates of 10 mV s and rotation rates of 2500 rpm. The
current densities for HOR of poly Pt, 32-Pt-Ru/Au and Pt-Ru,x/Au at 0.4, 0.5, 0.6 and 0.7 V were obtained

Table 3-6. Summary of HOR current densities of poly Pt, 32-Pt-Ru/Au, and Pt-Ru./Au at various
potentials.

Sample poly Pt 32-Pt-Ru/Au Pt-Ru,; /Au
EIV i/ mA cm™ i/ mA cm™ i/ mA cm™
0.4 3.97 3.89 3.56
0.5 3.83 3.65 332
0.6 3.58 322 2.94
0.7 2.27 247 3.13
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from the results in Figure 3-27 and summarized in Table 3-6. The limiting current of Pt-Rupx/Au decreased
at a potential more negative than poly Pt or 32-Pt-Ru/Au. Pt in Pt-Ruy,x/Au probably has a higher
adsorption ability for OH than Pt in 32-Pt-Ru/Au.

The effect of CO on HOR activity on various electrodes was also investigated. Figure 3-28 shows the
LSVs of (a) poly Pt, (b) 32-Pt-Ru/Au, and (¢) Pt-Rumi/Au in 0.1 M HCIO, solutions saturated with H,
containing 0.2% CO. The potential was swept from —0.2 V to 0.8 V. Compared to the LSVs in 0.1 M HCIO,
solutions without CO, oxidation current started to flow at a more positive potential because of CO
poisoning on the Pt surface. After the removal of CO from the Pt surface, a large oxidation current
corresponding to the HOR and CO oxidation reaction started to flow at 0.5 V. 32-Pt-Ru/Au and
Pt-Rumix/Au did not have high HOR activities under a H, atmosphere with CO compared to Pt-based alloys

reported by other authors.?
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Figure 3-28. LSVs of (a) poly Pt, (b) 32-Pt-Ru/Au, and (¢) Pt-Ruy,ix/Au in 0.1 M HCIQ, solutions saturated
with H, containing 0.2% CO. Scan rate = 10 mV s .

Figure 3-29 shows the LSVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), and Pt-Rum/Au (red, C) in
0.1 M HCIO4 solutions saturated with H, containing 0.2% CO at a scan rate of 10 mV st and a rotation rate
of 2500 rpm. On Pt-Rumix/Au, the oxidation current corresponding to HOR started to flow at the most
negative potential. The onset potential for HOR (current density = 0.3 mA cm ) in poly Pt, 32-Pt-Ru/Au,
and Pt-Runmix/Au was 0.49, 0.56, and 0.40 V, respectively. The order of HOR activity under H, atmosphere
containing CO was the same as the peak potential of CO stripping. Because of the low amount of CO

contained in the gas, 32-Pt-Ru/Au showed poor HOR activity.
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Figure 3-29. LSVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), and Pt-Ru,/Au (red, C) in
0.1 M HCIO, solutions saturated with H, containing 0.2% CO. Scan rate = 10 mV st
Rotation rate = 2500 rpm.

3244 ORR

Figure 3-30 (a) shows the LSVs of poly Pt in 0.1 M HCIO, solutions saturated with O, at a scan rate of
10 mV s* and a rotation rate between 500 and 3000 rpm. The potential was swept from 0.8 V to —0.2 V.
The reduction current corresponding to ORR started to flow at 0.7 V. In the more positive potential region,
ORR was inhibited by adsorbed OH on Pt.”""? The ORR increased as the electrode potential became more
negative, and the limiting current was observed. It started to decrease around 0 V because the two electron
ORR process becomes dominant in the hydrogen adsorption region.”> " The bulk concentration and
diffusion coefficients of oxygen molecules in the 0.1 M HCIO, solution are 1.9 x 10° M and 1.2 x 10°®
cm? s, respectively.>* The number of electrons transferred in the overall reaction process was estimated to
be 3.90 at 0.3 V by Levich plot (Figure 3-30 (b)).

Figure 3-31 shows the LSVs of 32-Pt-Ru/Au in 0.1 M HCIO, solutions saturated with O, at a scan rate
of 10 mV s and a rotation rate between 500 and 2500 rpm. The potential was swept from 0.8 V to —0.2 V.
The reduction current corresponding to ORR started to flow around 0.65 V. The number of electrons
transferred in the overall reaction process was estimated to be 3.90 at 0.1 V according to the Levich plot
(Figure 3-31 (b)).

Figure 3-32 (a) shows the LSVs of Pt-Run,i/Au in a 0.1 M HCIO, solution saturated with O, at a scan

rate of 10 mV s and a rotation rate between 500 and 3000 rpm. The potential was swept from 0.8 V to
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Figure 3-30. (a) LSVs of poly Pt in 0.1 M HCIO, solutions saturated with O.
Scan rate = 10 mV s . (b) Levich plot at 0.3 V vs. Ag/AgCl.
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Figure 3-31. (a) LSVs of 32-Pt-Ru/Au in 0.1 M HCIO, solutions saturated with O,.
Scan rate = 10 mV s . (b) Levich plot at 0.1 V vs. Ag/AgCl.
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Figure 3-32. (a) LSVs of Pt-Rumi/Au in 0.1 M HCIO, solutions saturated with O,. Scan
rate = 10 mV s *. (b) Levich plot at 0.1 V vs. Ag/AgCl.

—0.2 V. The reduction current corresponding to ORR started to flow around 0.62 V. The number of electrons

transferred in the overall reaction process was estimated to be 3.11 by Levich plot at 0.1 V (Figure 3-32

(b)).
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Figure 3-33 shows the LSVs of bare Au(111) in 0.1 M HCIO, solutions saturated with O, at a scan rate
of 10 mV s and a rotation rate between 500 and 2500 rpm. The potential was swept from 0.8 V/ to —0.2 V.
A cathodic current was first observed around 0.25 V and increased as the electrode potential became
negative, but limiting currents were not observed in the solution because of hydrogen evolution reaction.
This result agrees with the previous reports that Au shows poor ORR activity in acid solutions.*®

Figure 3-34 shows the LSVs of poly Pt (green, A), 32-Pt-Ru/Au (blue, B), Pt-Ruy,ix/Au (red, C), and
bare Au(111) (black, D) in 0.1 M HCIO, solutions saturated with O, at a scan rate of 10 mV s and a
rotation rate of 2500 rpm. Although the ORR activity of Au(111) was significantly improved with Pt-Ru
alloy modification, the ORR activity of 32-Pt-Ru/Au and Pt-Rup/Au was less than that of poly Pt. Another

author reported that Pt-Ru alloys’* and Pt on Au(111)> have less ORR activity than Pt.
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Figure 3-33 LSVs of bare Au(111) in 0.1 M Figure 3-34 LSVs of poly Pt (green, A),
HCIO, solutions saturated with O,. Scan rate = 32-Pt-Ru/Au (blue, B), Pt-Rupi/Au (red, C),
10mVv st and the bare Au(111) (black, D) in 0.1 M

HCIO, solutions saturated with O,. Scan rate =
10 mV s™*. Rotation rate = 2500 rpm.

The kinetic current and rate constants for ORR were analyzed using the following Koutecky-Levich

(K-L) equation:

1/i = 1/ic + 1/Bo™?  (3-8)

where iy is the current in the absence of any mass transfer, and is given by as follows:
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ik = nFAkCOZ. (3'9)

Y2 should be liner and can be extrapolated to 1/w"? = 0 to yield 1/ix. Then, the rate

A plot of 1/i versus 1/w
constant can be obtained from eq. 3-9. Figure 3-35 shows K-L plots of (a) poly Pt, (b) 32-Pt-Ru/Au, and (c)
Pt-Rumix/Au using data from Figures 3-30, 3-31, and 3-32, respectively. The kinetic current and rate
constants determined at various potentials are summarized in Table 3-7. At 0.4 V, poly Pt had rate constants
5.1 and 8.3 times larger than 32-Pt-Ru/Au and Pt-Rumi/Au, respectively. 32-Pt-Ru/Au had a larger rate
constant for ORR than Pt-Rupy,/Au.

The difference in HOR and ORR activity between 32-Pt-Ru/Au and Pt-Rup,ix/Au shows the difference

of OH adsorption ability in Pt. Pt in 32-Pt-Ru/Au has less adsorption ability for OH than Pt in Pt-Rup,x/Au.

The difference in the adsorption ability of OH on Pt probably affects MOR activity and CO tolerance.

it /mA™ o’

Figure 3-35 Koutecky-Levich plots of (a) poly Pt, (b) 32-Pt-Ru/Au, and (¢) Pt-Ru,/Au at
various potentials.

Table 3-7.  The kinetic currents (iy) and rate constants (k) of poly Pt, 32-Pt-Ru/Au, and Pt-Rup/Au at
various potentials.

Sample poly Pt 32-Pt-Ru/Au Pt-Ru,;/Au
EIV i /mAcm? k/cms! i /mAcm™ k/cm s i /mAcm™? k/cms!
0.3 —18.52 0.040 —12.98 0.035
0.35 —142.86 0.311 —12.05 0.025 —7.09 0.019
0.4 —41.67 0.091 —8.33 0.018 —4.00 0.011
0.45 —23.81 0.052 —4.50 0.011 —2.26 0.006
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3.3 Conclusion

Pt-Ru alloys with various coverage were prepared by repeating the cycle of Pt-Ru complex adsorption
and heat treatment on Au(111). The Pt-Ru alloys with monoatomic height had unique electrochemical
properties that were different from the Pt-Ru alloy with a few atomic heights. The MOR activity of Pt-Ru
alloy in acidic solution showed no correlation with the surface coverage of Pt-Ru alloy. On the other hand,
the MOR activity of Pt-Ru alloy in alkaline solution showed correlation with the surface coverage of Pt-Ru
alloy. The peak current density of MOR of Pt-Ru alloy was much higher in alkaline solution than in acidic
solution. The enhancement of MOR activity in alkaline solution may be caused by the Au substrate. The
Pt-Ru alloy with high coverage on Au(111) had higher MOR activity and durability in acidic solution than
poly Pt, Au(111) modified with Pt and Pt-Ru alloy prepared from a mixture of K,PtCl, and RuCls. The
Pt-Ru alloy prepared from Pt-Ru complex showed poor activity against the CO oxidation reaction, HOR

under H, atmosphere containing CO, and ORR.
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Chapter 4
ORIGIN OF ENHANCEMENT OF ELECTROCATALYTIC ACTIVITY AND
DURABILITY OF PT-RU ALLOY PREPARED FROM HETERO BI-NUCLEAR

PT-RU COMPLEX FOR METHANOL OXIDATION REACTION

4.1 Introduction

The size, shape, thickness and local structure of electrocatalysts strongly affect their catalytic activity.*”
Therefore, it is very important to prepare structural controlled electrocatalysts. The increase of specific
surface area of metal electrocatalysts leads to the increase of current and electromotive force of fuel cell
systems. The shape of metal electrocatalysts is important because electrocatalytic activities of metals
depend on their surface crystal structures. Thin metal films on foreign metals which are easily prepared by
electrodeposition and galvanic displacement often show high electrocatalytic activities.> ® ®* Uosaki et al.
reported that Au single crystal electrodes modified with submonolayer Pd show high activity for
formaldehyde oxidation® and oxygen reduction reactions.® Adzic et al. prepared Pd and Pt monolayer on
foreign metals and revealed that their electronic structures are affected by foreign metals and the difference
affects their ORR activities.®™® The size, shape and thickness of electrocatalysts can be controlled by
parameters such as concentration, reaction time and temperature. However, it is very difficult to control the
local structure of electrocatalysts by the electrochemical technique. Although Behm et al. reported that
randomly mixed and ratio controlled Au-Pd alloys can be prepared by co-deposition of Au and Pd salts,*
this method is not usable to prepare various alloys.

The structure of electrocatalysts can be changed by preparing from various starting materials.’® ' 1

n
chapter 3, Pt-Ru alloy prepared from Pt-Ru complex showed higher MOR activity and durability than not
only Pt but also Pt-Ru alloy prepared from the mixture of K,PtCl, and RuCls. The difference of activity
against oxygen evolution reaction suggests the structure of RuO, in the Pt-Ru alloys prepared from Pt-Ru

complex are different from those prepared from the mixture of K,PtCl, and RuCls. It is considered that the

difference in structure of RuO, affects MOR activity of Pt-Ru alloys.
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In this chapter, the difference in structure of RuO; in Pt-Ru alloys prepared from Pt-Ru complex and the
mixture of K,PtCl, and RuCl; was investigated by XPS and Ru K edge XAFS measurements. Based on the
results of the measurements, the origin of enhancement of activity and durability of the Pt-Ru alloy

prepared from Pt-Ru complex for MOR was revealed.

4.2 Results and Discussions
421 STM

Figure 4-1 shows STM images of (a) 32-Pt-Ru/Au and (b) Pt-Rupmix/Au in 0.1 M HCIO, solutions at 0.2
V (vs. Ag/AgCI) after oxidation/reduction cycle (ORC) was carried out between —0.2 and 1.45 V five times
at 50 mV s . At both surfaces, many islands with a height of 0.3-1 nm, corresponding to a few atomic

height were observed. From these results, it was confirmed the formation of thin film.

Figure 4-1. STM images of (a) 32-Pt-Ru/Au and (b) Pt-Ru,,/Au in 0.1 M HCIO, solutions at 0.2 V vs.
Ag/AGCI (Epigs = 0.16 V, I = 0.6 nA).

422 XPS

Figure 4-2 shows XP spectra in the Pt 4f, Ru 3ps;, O 1s, N 1s and S 2p regions of 32-Pt-Ru/Au (a)
before and (b) after ORC between —0.2 and 1.45 V five times at 50 mV s . The peak positions of Pt 4f;,
Ru 3p3;, and O 1s, full width at half maximums (FWHM) and ratios of peak area of 32-Pt-Ru/Au (a) before
and (b) after ORC were summarized in Table 4-1. The peaks due to Pt 4f;, and Pt 4fs;, are composed of
two doublets, overlapped with the peak due to Au 5py, (74.2 eV). The most intensive ones are metallic Pt
(Pt 4f;: 70.5 eV, Pt 4fs;,: 73.8 eV). The second-most intensive ones are Pt(ll) oxides such as PtO and

Pt(OH), (Pt 4f;,,: 72.1 eV, Pt 4f5,: 75.4 eV).18 The peak due to Ru 3ps, is composed of two doublets (462.4
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Figure 4-2. XP spectra in the Pt 4f, Ru 3ps;,, O 1s, N 1s, and S 2p regions of 32-Pt-Ru/Au (a) before and (b)
after ORC.

Table 4-1. The peak positions of Pt 4f;;,, Ru 3psp,, and O 1s, full width at half maximums (FWHM) and
ratios of peak area of XP spectra shown in Figure 4-2.

Pt 4f;;,
Sample . L .
Oxidation state BE/ eV  atomic ratio (%) FWHM / eV
(a) before ORC PH0) 705 69 1.53
Pt{IIy 72.1 31 1.94
{b) after ORC Py} 70.5 65 1.55
Pt{1I) 722 35 215
Ru 3py,
Sampl
Pl Oxidation state BE/eV  atomic ratio (%) FWHM/eV
(a) before ORC Ru(TV) 462.4 77 395
4658 23 394
(b) after ORC Ru(lV} 462.5 8l 4.10
465.9 19 310
Ols
Sample . ) . .
Species BE/eV  atomicratio (%) FWHM/eV
(a) before ORC 0 5204 17
OH- 531.1 49 2.56
H.O 5326 34 2.77
(b} after ORC 0 5204 20 1.81
OH- 530.9 46 223
H,O 5325 34 2.42

eV and 465.8 eV) and the peak position of the most intensive one is 0.9 eV higher than that of bulk Ru (0)

and similar to that of RuO,. The shoulder peak observed at 465.8 eV originates from hydrous RuO,.*® Some
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researchers have assigned this peak to surface-stabilized RuOg, however, bulk RuOg is only stable in the
vapor phase in the temperature between 1200 and 1500 °C."* According to the reports, the peak of O 1s
spectrum which was observed at 531.1 eV can distinguish three oxygen species which correspond to H,O
(532.6 eV), OH™ (531.1 eV) and O* (529.4 eV).” The peak corresponding to H,O is overlapped with
organic contamination as discussed in section 3.2.1.1. It should be noted that the peaks originate from
nitrogen and sulfur which is contained in Pt-Ru complex were not observed, suggesting the pyrolysis of
Pt-Ru complex.

The peak areas of Ru 3ps, and O 1s were slightly decreased after ORC as shown in Figure 4-2 (b).
RuO,, which promotes OER, may dissolve into electrolyte partially during OER.?* On the other hand, the
shape and peak position of XP spectra in the Pt 4f, Ru 3ps, and O 1s regions were not greatly changed,
suggesting the oxidized Pt and Ru are not reduced after ORC.

Figure 4-3 shows XP spectra in the Pt 4f, Ru 3ps;,, O 1s, and CI 2p regions of Pt-Rumix/Au (a) before
and (b) after performing ORC from —0.2 to 1.45 V five times at 50 mV s . The peak positions of Pt 4fy,,
Ru 3ps;, and O 1s, FWHMs and ratios of peak area of the Pt-Rum/Au (a) before and (a) after ORC were
summarized in Table 4-2. Before the electrochemical treatment, almost none of Pt was reduced. Three
doublets of the Pt 4f;;, spectrum are due to metallic Pt (70.9 eV), Pt(ll) oxides such as PtO and/or Pt(OH),
(72.2 eV) and Pt(IV) oxides such as PtO, and/or Pt(OH), (73.9 eV)."® Pt(IV) oxide species are the most
intensive ones. The peak due to Ru 3ps, spectra is composed of two doublets (462.7 eV and 465.8 eV) and
the peak position of the most intensive one is 1.2 eV higher than that of bulk Ru (0) and same as that of
RuO,. The shoulder peak observed at 465.8 eV originates from hydrous RuO,.* The peak of the O 1s
spectrum which was observed at 531.1 eV is composed of three oxygen species, H,O (532.3 eV), OH"
(531.2 eV) and 0% (530.0 eV) and the most intensive one is O*". The peak corresponding to Cl 2p was not
observed.

After the ORC, oxidized Pt, especially Pt(IV) oxide species were mostly reduced to metallic Pt as
shown in Figure 4-3 (b). The peaks due to Pt 4f;, and Pt 4fy, are composed of two doublets. The most

intensive ones are metallic Pt (Pt 4f;,: 70.9 eV, Pt 4fs,: 74.2 eV). The second ones are Pt(11) oxide such as
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Figure 4-3. XP spectra in the Pt 4f, Ru 3psp, O 1s, and Cl 2p regions of Pt-Rup;/Au (a) before and (b) after
ORC.

Table 4-2. The peak positions of Pt 4f;;,, Ru 3psp, and O 1s, full width at half maximums (FWHM) and
ratios of peak area of XP spectra shown in Figure 4-3.

Ptaf,,
Sample L ) . . . ;
Oxidation state BE/eV  atomic ratio (%) FWHM/eV
(a) before ORC Pt 70.9 20 1.53
PHID) 72.2 24 1.53
Pt{IV) 738 56 1.95
(b) after ORC PH0) 709 75 1.63
Pt{1l}y 722 25 2.02
Ru 3p.,
Sample . ] ] )
Oxidation state BE/eV  atomic ratio (%) FWHM/ eV
(a) before ORC Ru(1v) 462.7 71 2.99
465.8 29 342
(b)after ORC RuIV) 463.0 65 2.78
465.8 35 3.80
Ols
Sample . . L
Species BE/eV  atomcratio (%) FWHM/eV
(a) before ORC 02 530.0 36 1.73
OH 531.2 27 2.20
H,O 5323 37 2.26
{b) after ORC 0 5209 20 1.53
OH 531.1 48 215
H,O 532.4 32 238

2
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PtO and Pt(OH), (Pt 4f;,: 72.2 eV, Pt 4fs,: 75.4 eV).

The peak areas of Ru 3ps, and O 1s were decreased. The peak due to Ru 3ps;, is composed of two
doublets and their peak positions and peak ratios were not changed by ORC. Meanwhile, the ratio of O* in
oxygen species was decreased and the ratio of OH was increased. These results suggest that RuO, became
rough and more OH™ was generated on the RuO, surface because of dissolution of RuO, during OER.

From XPS data, it was revealed that the relative amounts of Pt, Ru and oxygen species of 32-Pt-Ru/Au

and Pt-Rup/Au are given by the following equation.?

CalCg = ((IM/RA)/(Ie/Re)  (4-1)

Where C is concentration, | is peak area which was obtained from XPS spectrum and R is relative
sensitivity factor of elements. The relative sensitivity factors of Pt 4f;,, Ru 3ps;, and O 1s are 2.55, 1.30
and 0.66, respectively.?” The atomic ratios of Pt, Ru and oxygen species were determined as shown in Table

4-3.

Table 4-3. The peak ratio of Pt, Ru and oxygen species of 32-Pt-Ru/Au and Pt-Ru,/Au.

Sample Co/Cri  (Cor-+ Cop)/Cry  Cou/Cor-
32-Pt-Ru/Au before ORC 0.32 1.58 2.86
32-Pt-Rw/Au after ORC 0.48 1.56 2.38

Pt-Ru,;/Au before ORC 0.39 2.95 0.72
Pt-Ru,;/Au after ORC 1.02 3.40 2.33

In the case of 32-Pt-Ru/Au, the atomic ratios of Pt, Ru and oxygen species were not significantly
changed by ORC. The estimated Pt/Ru ratio was lower than 1, suggesting that Pt is partially diffused into
Au(111) during the heat treatment. The atomic ratio of oxygen species/Ru was about 1.6.

In the case of Pt-Rupmix/Au, the atomic ratios of Pt/Ru and oxygen species/Ru were increased by ORC as
a result of dissolution of RuO,. The atomic ratio of oxygen species/Ru was estimated as 3.4. The atomic

ratio of oxygen species/Ru expected from pure bulk RuO, is 2. The RuO, in 32-Pt-Ru/Au had more oxygen
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deficiency than that in Pt-Rup/Au.

423 XAFS

Ru K edge XAFS measurements were carried out
for 32-Pt-Ru/Au and Pt-Runi/Au without any
electrochemical treatment in air in order to determine
the precise structure in the vicinity Ru in the Pt-Ru

0.5
alloy. Figure 4-4 shows Ru K edge XANES spectra

Normalized Intensity / a. u.

0.04

22080 22100 22120 22140 22160 22180
Photon Energy / eV

Figure 4-4. Ru K edge XANES spectra of
RuO, (black, A), 32-Pt-Ru/Au (blue, B),
Pt-Rupix/Au (red, C), Ru metal (green, D),

L . RuCl; (pink, E), and Pt-Ru complex (orange,
Pt-Rupmix/Au shows no significant difference from F).

of RuO, (black), 32-Pt-Ru/Au (blue), Pt-Rupix/Au
(red), Ru metal (green), RuCl; (pink) and Pt-Ru

complex (orange). The XANES spectrum of

that of RuO,, indicating that the structure of the

A
W X2
RuO, in the Pt-Runi/Au is similar to that of the W
YWY
RuO,. On the other hand, the white line intensity of % | p
~ [ X2
32-Pt-Ru/Au was higher than that of RuO, and F M X2
Pt-Rumix/Au, suggesting the RuO, in 32-Pt-Ru/Au . : :

2 4 6 8

2
contains H,O. According to the results reported by k/A

Figure 4-5. EXAFS oscillations of RuO,
(black, A), 32-Pt-Ru/Au (blue, B), Pt-Rupyx/Au

L 23 . (red, C), Ru metal (green, D), RuCl; (pink, E),

Russell et al., the white line intensity of hydrous

4-5 and Figure 4-6 show EXAFS oscillations and

radial distribution functions (RDFs) of RuO, (black), 32-Pt-Ru/Au (blue), Pt-Runix/Au (red), Ru metal
(green), RuCls (pink) and Pt-Ru complex (orange). Table 4-4 shows the fitting results obtained from the
RDFs shown in Figure 4-6. The obtained bond lengths of the standard materials are close to the reported
ones.?? The frequency of the EXAFS oscillations of 32-Pt-Ru/Au and Pt-Rum/Au are different from

those of Ru metal, the RuCl; and Pt-Ru complex but similar to that of the RuO,. This result shows the
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formation of Ru oxide and agrees with the XPS results. The first nearest atom of Ru in Pt-Rup/Au is
oxygen and the obtained bond length of Ru—O of the Pt-Ru/Au (1.98 A) is quite close to that of the RuO,.
On the other hand, the bond length of Ru-O of 32-Pt-Ru/Au (2.07 A) is longer than that of RuO, and
Pt-Rumix/Au. This can be explained by the formation of Ru—OH, bond.? %% |t is reported that the bond
lengths of Ru—O of Ru(OH,)s>" and Ru(OH,)s** are 2.03 A and 2.12 A, respectively.?® %" The XPS results
of 32-Pt-Ru/Au in O 1s region did not show that H,O is dominant oxygen species. The bond strength of
Ru-OHj is so weak that H,O bonded to Ru can be evaporated in UHV and not detected correctly by XPS,
but the bond of Ru-OH, was observed by the XAFS measurement which was performed at room
temperature in air. The RuO; in 32-Pt-Ru/Au had oxygen deficiency and H,O was coordinated to Ru. The
XPS results show that the O 1s peak corresponding to H,O is observed not only in 32-Pt-Ru/Au but also

Pt-Rupmi/Au. The H,0 in Pt-Rumix/Au may be present between RuO, domains.? *°

1.5 35
Ru-O B A Ru-O
/A M
C
J i Ru-Ru
5 =
a8}
- - E Ru-Cl
051 1
F Ru-N, Ru-S
0.0 04
o 1 2 3 4 5 6 0 1 2 3 4 5 6
r/ A r/A

Figure 4-6. RDFs of RuO, (black, A), 32-Pt-Ru/Au (blue, B), Pt-Rumi/Au (red, C), Ru
metal (green, D), RuCl; (pink, E), and Pt-Ru complex (orange, F).

Table 4-4. The bond lengths estimated by fitting results obtained from RDFs in Figure 4-6

Sample Bond length / A
32-Pt-Ru/Au Ru-O 2.07
Pt-Ru,; /Au Ru-O 1.98

RuO, Ru-O 1.97

Ru metal Ru-Ru 2.68

RuCl, Ru-Cl 2.20

Pt-Ru complex Ru-N 2.10
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424 Origin of enhancement of activity and durability of Pt-Ru alloy prepared from Pt-Ru complex
for MOR

Previous works suggested that Pt-Ru alloys which contain hydrous Ru oxide show high MOR activity.**
1 pt-Ru alloys, which are composed of Pt and Ru oxide, are reported to be totally reduced after
electrochemical treatment®>3* but the RuO, in 32-Pt-Ru/Au is not reduced even after the electrochemical
treatment. According to the bi-functional mechanism of MOR, Ru—OH is a critical component to remove
CO adsorbed on a Pt surface. The surface Ru—OH is formed as a result of oxidative adsorption of H,O to
Ru. The XPS results showed that the RuO, in 32-Pt-Ru/Au has oxygen deficiency and the XAFS results
suggested that Ru—OH, bond is formed in 32-Pt-Ru/Au. The coordination site of H,O to Ru is probably
formed by the oxygen deficiency and MOR active Ru—-OH is easily formed at the potential where MOR

proceeds as follows.

—sg —O0\
Ru—OH, —— Ru—OH +H*+e
7 # /
—0 —0
4.3 Conclusion

The origin of enhancement of activity and durability of the Pt-Ru alloy prepared from the Pt-Ru
complex for MOR was revealed based on the results of XPS and XAFS measurements. These
measurements showed that the structure of RuO, in the Pt-Ru alloy prepared from the mixture of K,PtCl,
and RuCl; was very similar to that of bulk RuO,. Meanwhile, the RuO, in the Pt-Ru alloy prepared from
the Pt-Ru complex had oxygen deficiency and H,O was coordinated to Ru. The coordinated H,O to Ru in
the Pt-Ru alloy prepared from the Pt-Ru complex became Ru—OH easily under electrochemical condition.
This coordinated H,0 is the origin of the enhancement of Pt-Ru alloy prepared from the Pt-Ru complex for

MOR activity and durability.
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Chapter 5
PREPARATION OF METAL FREE NITROGEN DOPED CARBON MATERIALS

FOR OXYGEN REDUCTION REACTION CATALYST BY BOTTOM-UP METHODS

51 Introduction

As described in Chapter 1, the nitrogen doped carbon materials have been focused on as less expensive
ORR catalysts. Generally, these materials are prepared by chemical vapor deposition (CVD)," ? NH;
treatment for carbon materials,®* or the pyrolysis of organic materials with transition-metals catalysts such
as Fe and Co as catalysts.”® Controlling nitrogen concentrations and C—N bonding configurations found in
pyrrole, pyridine, and graphite-like nitrogen is very important because ORR activity depends on these
parameters.’ However, it is difficult to control the C—N bonding configurations and nitrogen concentrations
of products, because the methods require high temperatures. In addition, these methods often need
transition-metals as catalysts to prepare nitrogen doped carbon materials. These transition metals, which
can act as ORR active sites and catalyze the decomposition of H,O,, may remain in the nitrogen doped
carbon materials.® ** Any remaining transition metals can make difficult to understand the ORR active
sites in nitrogen doped carbon materials, and they can also allow the formation of a superoxide from H,0O,,
which damages electrodes and polymer electrolyte membranes. With nitrogen doped carbon materials,
ORR can proceed with more than two electrons. For example, on nitrogen doped carbon materials prepared
by catalytic CVD using acetonitrile, the electron number for the ORR is 2.3" and on those materials
prepared by the pyrolysis of ionic liquids, the electron number for the ORR is 3.2,'2 suggesting the
formation of not only H,O but also H,0, during ORR. To not only understand the ORR active site but also
to improve ORR activity, the preparation of nitrogen doped carbon materials with controlled nitrogen
concentration and C-N bonding configurations is required without using transition metals.

It is thought that such materials can be prepared by the heat treatment of new organic materials or
synthesized from aromatic molecules. Recently, nitrogen doped carbon materials with high ORR activity
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were prepared without transition metals by the
(a)

pyrolysis of ionic liquids™ and silk.">* L 0

aC [
OO homocoupling ™ T ™ dehydrogenation | T 7

However, studies of the synthesis of nitrogen — 0 ——
doped carbon materials with controlled nitrogen B ; 1 "

concentrations and C—N bonding configurations
are still limited. Graphene, which is a
two-dimensional carbon materials can be

prepared by various methods, including

synthesis from aromatic molecules.*® On the

metal surface, it is possible to prepare large

amounts of graphene with controlled structures. Figure 5-1. (a) A proposed mechanism of

grapherization of polyaromatic molecules on
Fasel et al. synthesized graphene structures on Au(111) surface. (b) STM images of graphene
ribbons prepared by the method shown in

metal single crystal surfaces under ultra high Figure 5-1 (a).

vacuum (UHV) conditions using polyaromatic molecules with halogen groups.*® Graphene structures can
be obtained by heat-induced coupling and dehydrogenation reactions of molecules adsorbed on metal
surfaces (Figure 5-1). The metal surface acts as catalysts for the dissociation of C-halogen bonds and
substrates of graphene. The reactions proceed at a relatively mild temperature that will not cause the
decomposition of organic molecules (400 °C), and the method can be used to prepare nitrogen doped
graphene structures with well-controlled nitrogen concentrations and C—N bonding configurations.

In this chapter, two different approaches were tried to obtain metal-free ORR catalysts. First, a novel
polyaromatic molecule, penta-2-(p-ethynylphenyl)-ethynylpyridine (pepy) (Figure 5-2) was modified on
highly oriented pyrolytic graphite (HOPG) and then decomposed by heat treatment at various temperatures
under Ar flow. The effect of temperature on their structure and ORR activity was investigated by XPS,
Raman spectroscopy, and electrochemical measurements. The HOPG surface modified with pepy was heat
treated at 500, 600, 700 and 800 °C for 30 min under Ar flow. Pepy heat treated at 500, 600, 700, and 800

90



°C is denoted as 500py, 600py, 700py, and 800py, respectively in this chapter. Secondary, polyaromatic
molecules with bromo groups shown in Figure 5-3 (9,10-dibromoanthracene (DBA), 10,10¢-dibromo,
9,9¢-bianthryl (DBBA), and 5,15-dibromo, 10,20-diphenylporphine (DBP)) were used to prepare the
graphene structures. These molecules were modified on Au(111) by a wet process and heat treated under

Ar flow.

Figure 5-2. Astructure of pepy.

(a) (b) (c) O
2

Br

o FR.

Br ‘

Figure 5-3. Structures of (a) DBA, (b) DBBA and (c) DBP.

5.2 ORR Catalyst Prepared by Pyrolysis of Penta-2-(p-ethynylphenyl)-ethynylpyridine
521 Structural characterization

XPS measurements were carried out to investigate the effect of heat treatment temperature on C-N
bonding configurations and nitrogen concentration in heat treated pepy. Figure 5-4 shows wide-scan XP
spectra of (a) bare HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py, (e) 700py, and (f) 800py. The peaks
corresponding to O 1s and C 1s were clearly observed, and they originate from HOPG.
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Figure 5-5 shows narrow-scan XP spectra in
the N 1s region of (a) bare HOPG, (b) pepy on
HOPG, (c) 500py, (d) 600py, (e) 700py and (f)
800py. The peak from the N 1s of pepy on HOPG
appeared at 400.6 eV. The peak position in pepy
was 2.1 eV higher than that of the pyridine-like
nitrogen (398.5 eV). It was previously reported
that the peak position of N 1s in acridine is 0.7 eV
higher than that of pyridine like nitrogen.®® The
binding energy of N 1s in pyridine-like nitrogen in
a highly m-conjugated molecules can be more
positive than pyridine alone. The peak position of
N 1s did not change with heat treatment,
suggesting that the C-N bonding configuration of
heat treated pepy is totally pyridine-like nitrogen.
However, the peak area of N 1s decreases as heat
treatment temperature increases.

Figure 5-6 shows the plot of heat treatment
temperature against the ratio of nitrogen remaining
after heat treatment. At 500°C, the peak area of N
1s was only 60 % of the peak area of non-treated
pepy, and the ratio of remaining nitrogen was
heat treatment

gradually decreased as the

temperature increased.
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Figure 5-4. Wide-scan XP spectra of (a) bare

HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py, (e)
700py and (f) 800py..
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Figure 5-5. Narrow-scan XP spectra in N 1s
region of (a) bare HOPG, (b) pepy on HOPG,
(c) 500py, (d) 600py, (e) 700py and (f) 800py.
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Figure 5-6. A plot of heat treatment temperature against the ratio
of remaining nitrogen after heat treatment.
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Raman measurements were carried out to investigate

the crystallinity of heat treated pepy. Figure 5-7 shows N2
Raman spectra of (a) pepy, (b) 500py, (c) 600py, and (d) f ®)
700py on SiO,. No peaks from pepy were observed in g 1 ()
= 1@
Figure 5-7 (a). In Figures 5-7 (b)-(d), peaks corresponding ]
500 1000 ls'oqI 2000
to the D band (1330 cm™) and G band (1590 cm ) were Raman Shift / cm

: ) . Figure 5-7. Raman spectra of (a) pepy, (b)
observed. Figure 5-8 (a) shows the peak ratios of D and G 500py, (c) 600py and (d) 700py on SIO,,
bands (I(D)/I(G)) for 500py, 600py, and 700py. The ratio
can be used to determine the crystallinity of carbon materials (Figure 5-8 (b)).?* The I(D)/I(G) of heat

treated pepy increased as the heat treatment temperature increased, which suggests that the crystal structure

changes from amorphous carbon to nanocrystalline graphite.
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Figure 5-8. (a) A plot of heat treatment temperature against the ratio of intensities of D and G bands. (b)
Relationship between carbon bonding configuration and Raman spectra of carbon materials from ref 21.
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The surface structure of HOPG modified with heat treated pepy was investigated by STM. Figure 5-9
shows the STM images of (a) 600py and (b) 700py. Aggregations with an average diameter of 20 nhm and
height of 10 nm likely correspond to nanocrystalline graphite. The size of obtained nitrogen doped carbon

material is small and the STM results agree with the Raman results.

200 200

100 100

0 100 200 0 100 200
nM nM

Figure 5-9. STM images of (a) 600py and (b) 700py. (Epias = 0.4 V, I = 0.1 nA)

5.2.2 ORR activity

The ORR activity of heat treated pepy was investigated. Figure 5-10 shows the CVs of (a) HOPG, (b)
pepy on HOPG, (c) 500py, (d) 600py, (e) 700py and (f) 800py in 0.1 M HCIOQ, solutions saturated with Ar
(black curve) or O, (red curve). The reductive current corresponding to ORR was observed and started
flowing at around 0 V. The ORR activity of pepy was less than that of HOPG. Although the ORR activity of
pepy was improved with heat treatment, heat treated pepy still did not have a high ORR activity in acidic
solutions.

Figure 5-11 shows the CVs of (a) HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py, () 700py, and
800py in 0.1 M KOH solutions saturated with Ar (black curve) or O, (red curve). The reductive current
corresponding to ORR was observed and began to flow at around —0.2 V. In alkaline solutions, heat treated
pepy, especially, 600py and 700py, had large reductive currents corresponding to ORR. Their ORR
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Figure 5-10. CVs of (a) bare HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py, (e) 700py, and (f)
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Figure 5-11. CVs of (a) bare HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py;, (e) 700py, and (f)
800py in 0.1 M KOH solutions under Ar (black) and O, (red). Scan rate =10 mV s

activities in alkaline solution were investigated by rotating disk electrode measurements. Figure 5-12 shows
LSVs of (a) HOPG, (b) pepy on HOPG, (c) 500py, (d) 600py, (e) 700py, and 800py in 0.1 M KOH solutions
saturated with O,. The potential was swept from 0.02 V/ to —1.20 V at a scan rate of 10 mV s * and rotation
rate from 500 to 2500 rpm. The ORR current of HOPG modified with heat treated pepy started to flow at ca.

-0.20 V. It increased as the electrode potential became more positive and then the limiting current was
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Figure 5-13. LSVs of bare HOPG (blue, A), pepy on HOPG. (red, B), 500py (pink, C), 600py (black, D),
700py (green E), and 800py (orange, F) in 0.1 M KOH solutions saturated with O,. Scan rate = 10 mV s .
Rotation rate = 1500 rpm.

observed for 600py and 700py. Figure 5-13 shows LSVs of HOPG, pepy on HOPG, 500py, 600py, 700py,
and 800py in 0.1 M KOH solutions saturated with O, at a scan rate of 10 mV s and a rotation rate of 1500
rpm. In the more positive potential region, 600py had the highest ORR activity. The relationship between
the diffusion-limiting current density and rotation rate is given by the Levich equation, shown in Chapter 3,
using a bulk oxygen concentration (Co, = 1.2 x 10° cm? s%)?? and the diffusion coefficient of oxygen

molecules in 0.1 M KOH solution (D = 1.9 x 10°° cm? s %).?? From the Levich plot (i, versus o™

) shown in
Figure 5-14 for the limiting current at —1.10 V, the number of electrons in the ORR was estimated to be
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2.22 for 600py and 2.29 for 700py, and these results show that O, undergoes a two electron reduction

process (5-1).

0O,+H,0+2¢e — HO, + OH

(5-1)

The kinetic current and rate constant for ORR were analyzed with the Koutecky-Levich (K-L) equation

shown in Chapter 3. Figure 5-15 shows the K-L plots of (a) 500py, (b) 600py, (c) 700py, and (d) 800py

using the data at various potentials from Figure 5-13. The kinetic currents and rate constants determined at

various potentials are summarized in Table 5-1. The 600py had the largest rate constant for ORR at -0.4 V

and -0.5 V.
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Figure 5-14. Levich plots of (a) 500py, (b) 600py, (c) 700py, and (d) 800py at —1.1 V vs. Ag/AgCI.

The effect of structure on the ORR activity of heat treated pepy was investigated. The Kinetic current at
—0.5 V was plotted against the concentration of remaining nitrogen and the I(D)/1(G) of heat treated pepy

(Figure 5-16). XPS results showed that the concentration of nitrogen expected to be ORR active decreased
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as the heat treatment temperature increased. The concentration of nitrogen in 800py was so low that 800py
showed poor ORR activity. Meanwhile, 500py, which had the highest nitrogen concentration of the
prepared catalysts, also showed poor ORR activity. Raman results showed that the crystalline structure of
500py was close to amorphous carbon, and the amorphous carbon was converted to nanocrystalline
graphite at higher heat treatment temperatures. These results show that both nitrogen concentration and the
crystallinity of nitrogen doped carbon materials affect ORR activity. Heat treated pepy with a high nitrogen

concentration and high crystallinity, i.e., 600py and 700py, had high ORR activity.
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Figure 5-15. Koutecky-Levich plots of (a) 500py, (b) 600py, (c) 700py, and (d) 800py at —0.4 (red
circle), —0.5 (blue triangle), 0.6 (pink triangle), —0.7 (green diamond), —0.8 (black triangle) and 0.9 V

(orange triangle).

Table 5-1. The kinetic currents (ik) and rate constants (k) of the 500py, 600py, 700py and 800py at various

potentials.

Sample 300py 600py T00py 800py

E/V i /mAcm? k/ems! i/ mAem? k/cms! ip/mAcm? k/cms! i /mAcm? k/em s
0.4 —-0.53 0.004 —2.94 0.024 —-2.33 0.019 -1.11 0.009
—0.5 —-1.45 0.012 —5.56 0.044 —5.26 0.042 -222 0.018
—0.6 -2.13 0.017 —6.67 0.053 —6.99 0.056 —2.27 0.018
0.7 —4.08 0.032 -10.00 0.080 —11.36 0.091 —3.51 0.028
—0.8 —5.88 0.047 -13.89 0.111 -21.74 0.174 —6.25 0.050
09 —-13.33 0.107 -31.25 0.250 -52.63 0.421 —-11.11 0.089
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5.3 ORR Catalyst Prepared by Heat Induced Chemical Reaction of Polyaromatic Molecules
with Bromo Group
5.3.1 9,10-dibromoanthracene (DBA)

The preparation of a graphene structure was attempted by heating DBA on Au(111). Figure 5-17 (a)
shows the STM images of Au(111) modified with DBA. A long range ordered adlayer was clearly observed.
The elongated spots ca. 1 nm in length and ca. 0.3 nm in width correspond to the DBA molecules. The
longest distance between each bright spot was estimated to be ca. 1.5 nm, which is close to five times the
Au lattice distance (0.29 nm),? and the shortest nearest distance between each bright spot was estimated to
be ca. 1.2 nm, which is close to four times the Au lattice distance. The lattice angle of DBA adlayer was the
same as that of Au (60°). These results suggest that the adlayer structure of DBA on Au(111) has a (4 x 5)
structure as shown in Figure 5-17 (b). The ordered DBA adlayer on Au(11l) disappeared with heat
treatment. Figures 5-17 (c) and (d) show the STM images of DBA modified Au(111) after heat treatment at
250°C and 460°C, respectively. Instead of the anticipated ribbon structures, aggregations were observed.
Fasel et al. reported that the height of graphene ribbons estimated by STM was 0.16 nm, which is shorter
than that of regular graphene.’® It is possible that the obtained DBA layer was so densely-packed that DBA
had marginal mobility, and the anticipated intermolecular coupling reaction did not proceed efficiency
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Figure 5-17. (a) STM images of Au(111) modified with DBA. (b) A proposed ad-structure of DBA on
Au(111). STM images of Au(111) modified with DBA heat treated at 250°C (c¢) and 460°C (d). (Epjas = 0.3V,
le = 0.8 nA)

during heat treatment.

Next, the DBA layer with low coverage was prepared on Au(111) by immersing Au(11l) in
low-concentrated DBA in dichloromethane for 10 s. Au(111) modified with DBA was heat treated at 460 °C.
Figure 5-18 (a) shows an STM image of Au(111) modified with low-coverage DBA. The image observed
from Au(111) modified with DBA was similar to that of a phase separated structure than Au(111) modified
with DBA shown in Figure 5-17 (a). The individual DBA molecules were not observed. After heat
treatment at 460 °C, aggregated structures and Au(111) surface reconstruction structures appeared (Figure
5-18 (b)). Considering the anticipated grapherization steps, a diradical, which is very unstable, could form

from DBA during heat treatment on Au(111). A molecule that can form a more stable radical, such as

DBBA, could be used for the preparation of graphene ribbon structures.
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Figure 5-18. STM images of (a) Au(111) modified with low-coverage DBA and (b) heat treated DBA on
Au(111) at 460°C. (Epjas = 0.3V, I, = 0.8 nA)

5.3.2 10,10°-dibromo, 9,9¢-bianthryl (DBBA)

Figure 5-19 (a) shows an STM image of Au(111) modified with DBBA. An ordered structure of DBBA
adlayer was not observed. Figure 5-19 (b) shows an STM image of Au(111) modified with heat treated
DBBA at 460 °C. Aggregated structures together with bright spots 1 nm in diameter, were observed in the
enlarged STM image (inset of Figure 5-19 (b)). The size of bright spots was very similar to the size of
DBBA, suggesting that the intermolecular reaction does not proceed well during heat treatment. Next, a
low coverage DBBA layer was prepared on Au(111), and Au(111) modified with DBBA was heat treated at
460°C. Figure 5-19 (c) shows an STM image of Au(111) after DBBA modification and its heat treatment at
460°C. Instead of graphene ribbon structures, aggregations were observed and in the region without

aggregations, Au(111) surface reconstruction structures appeared. The Au surface may have less interaction

Figure 5-19. STM images of (a) Au(111) modified with DBBA, (b) heat treated DBBA on Au(111) at 460°C
and (c) heat treated DBBA with low coverage on Au(111) at 460°C. (Epies = 0.3 V, lie = 0.8 nA)
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with generated radicals, and the intermolecular coupling reaction may not proceed well on the Au(111)

surface.

5.3.3 5,15-dibromo, 10,20-diphenylporphine (DBP)

The preparation of graphene structures containing nitrogen was attempted by heating Au(111) modified
with DBP. Figure 5-20 (a) shows the STM images of Au(111) modified with DBP. A long range ordered
adlayer can be clearly observed. A high-resolution image (inset of Figure 5-20 (a)) showed that the size of
the bright spots (diameter 0.2 nm) was much smaller than those of previously reported porphyrines. The
assembly of 16 bright spots ordered in a diamond shape probably corresponds to one DBP molecule. The
longest distance between each bright spot was estimated to be ca. 2.0 nm, which is close to 7 times the Au
lattice distance and the shorter nearest distance between each bright spot was estimated as ca. 1.7 nm,
which is close to six times the Au lattice distance. The lattice angle of DBA adlayer is the same as Au (60°).
These results suggest that the adlayer structure of DBA on Au(111) is a (6 x 7) structure, shown in Figure
5-20 (b). Figure 5-20 (c) shows an STM image of Au(111) modified with heat treated DBP at 460 °C. The
ordered DBP adlayer on Au(111) disappeared with heat treatment, and aggregated structures (height 1 nm)

were observed.

Figure 5-20. (a) STM images of Au(11l) modified with DBP. (b) A proposed ad-structure of DBP on
Au(111). (c) An STM image of Au(111) modified with DBA heat treated at 460°C. (Epjss = 0.3 V, I,c = 0.8
nA)

Figures 5-21 (a) and (b) show the gap-mode Raman spectra of DBP and heat treated DBP at 460°C on

Au(111), respectively. In Figure 5-21 (a), peaks from porphyrin were observed and summarized in Table

102



5-2.% After the heat treatment at 460°C, the peaks observed in Figure 5-21 (a) completely disappeared,

suggesting the decomposition of DBP (Figure 5-21 (b)).

Table 5-2. Peak identification of DBP

@ obtained in Figure 5-21.
1 (a

Intensity / a.u.

1553 cm’! UCCp)
] (b) 1378 cm’! UPyr half-ring)_.,
1317cm” o(Pyr half-ring),,,
1256 cm’! uC=C)
1000 1500 2000 1089 cm!  &CgH)
<k -1 - 1045cm?  UC=C)
Raman Shift/ cm iB0em? DOV I

1004 cm! W Pyr breathing) -

Figure 5-21. Gap-mode Raman spectra of (a) DBP
and (b) heat treated DBP on Au(111) at 460°C.

Figure 5-22 shows wide-scan XP spectra of (a) DBP and (b) heat treated DBP on Au(111) at 460°C. The
peaks corresponding to Au and C were also observed.

Figure 5-23 shows narrow-scan XP spectra of

Au 4f
N 1s, C 1s, and Br 3ds;, for (a) DBP and (b) heat ] Audd
:% | (a) Au 4p
treated DBP on Au(L11) at 460°C. In Figure 5-23 s cn :’5"
(a), peaks from N 1s and C 1s, corresponding to 2 4®
pyrrole-like nitrogen® and aromatic carbon,? were - - =
’ 1000 500 0

Binding Energy / eV

observed at 400.0 and 284.9 eV, respectively, ) ]
Figure 5-22. Wide-scan XP spectra of (a) DBP

. . and (b) heat treated DBP on Au(111) at 460°C.
suggesting the adsorption of DBP on Au(111). The

peak corresponding to Br 3ds, (70 eV) was not observed. Bent et al. reported that the C-I bond of
iodobenzene adsorbed on Cu(111) can be cleaved at temperatures lower than 300 K under UHV.?" The
C-Br bond of DBP may cleave in the solvent and air. After heat treatment at 460°C, the peak corresponding
to N 1s disappeared, and the peak from C 1s shifted negatively, suggesting the complete decomposition of
DBP. The heat induced coupling reaction of DBP did not proceed well on the Au(111) surface.

Finally, the ORR activity of heat treated DBP was investigated. Figure 5-24 shows the LSVs of bare Au
(111) (black, A), Au(111) modified with DBP (blue, B) and heat treated DBP at 460°C (red, C). Au(111)
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modified with DBP had less ORR activity than Au(111), suggesting the inhibition of ORR by ad-molecules.
The ORR activity of DBP improved with the heat treatment at 460°C but was less than that of Au(111). The
Raman and XPS results show that DBP decomposed, and the composites did not contain nitrogen. The

ORR active catalyst was not obtained by heating DBP on Au(111).

N 1s ,Cls , Br3d,
@ . ) ()
< = (11 o -M‘H\\w
= = ) > ] (b
5 | () 51 (b S m\w«
410 405 400 395 295 290 285 280 75 70 65
Binding Energy /eV Binding Energy / eV Binding Energy / eV
Figure 5-23. Narrow-scan XP spectra in N 1s, C 1s, and Br 3ds;, regions of (a) DBP and (b) heat treated
DBP at 460°C on Au(111).
“.‘E 0-
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Figure 5-24. LSVs of bare Au(111) (black, A), Au(111) modified with DBP (blue, B) and (c)
heat treated DBP on Au(111) at 460°C in 0.1 M HCIO, solutions saturated with O,. Scan rate =
10mvVs™
5.4 Conclusion

Nitrogen doped carbon materials, which consist of pyridine-like nitrogen, were prepared from pepy.
XPS and Raman spectroscopy results showed that the nitrogen concentration decreased while the
crystallinity of nitrogen doped carbon materials increased with heat treatment at higher temperatures. The

ORR activity of pepy, especially in alkaline solution, improved with heat treatment. 600py and 700py,
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which possessed higher nitrogen concentrations and higher crystallinity had higher ORR activity than
500py and 800py. RDE measurements showed that ORR on nitrogen doped carbon materials prepared from
pepy proceeds by a two electron reaction. In addition, the layer of bromo group containing aromatic
molecules was prepared on Au(111), and attempts were made to convert it to graphene structures, but the
graphene ribbon structure was not observed. The STM, Raman, and XPS results showed that the molecules

decomposed during heat treatment.
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Chapter 6

GENERAL CONCLUSION AND FUTURE PROSPECT

In this thesis, noble metal based and metal-free based electrocatalysts were prepared from molecules by
bottom-up methods and their structure and activity were characterized by scanning tunneling microscope
(STM), X-ray photoelectron spectroscopy (XPS), X-ray adsorption fine structure (XAFS), Raman
spectroscopy and electrochemical measurements.

In chapter 3, Pt-Ru alloys with various coverage were prepared by repeating Pt-Ru complex adsorption
and heat treatment cycle on Au(111) surface and their activities for MOR, CO oxidation reaction, HOR and
ORR were investigated. STM showed that Pt-Ru alloys with low coverage were monoatomic height. The
surface coverage, size and height of Pt-Ru alloys were increased by repeating the cycle of Pt-Ru complex
adsorption and heat treatment cycle on Au(111) surface. XPS showed that Pt-Ru complex was decomposed
by the heat treatment at 300°C under O, flow and Pt-Ru alloy composed of metallic Pt and RuO, was
obtained. Pt-Ru alloy with a monoatomic height had no MOR activity in acidic but in alkaline solution.
Pt-Ru alloys with a few atomic heights had MOR activity in acidic solution. Electrocatalytic activity of
Pt-Ru alloy with high coverage prepared from Pt-Ru complex was compared with other electrodes. By
repeating Pt-Ru complex adsorption and heat treatment cycle on Au(111) surface for 32 times, Pt-Ru alloy
with higher MOR activity and durability than Pt-Ru alloy prepared from a mixture of K,PtCl; and RuCls
was obtained. In alkaline solution, Au(111) modified with Pt showed higher MOR activity and durability
than Pt-Ru alloy on Au(111) prepared from Pt-Ru complex. In alkaline solution, OH adsorption on Au
probably accelerates MOR activity at Pt. CO stripping measurements were carried out to investigate CO
tolerance of Pt-Ru alloy. The Pt-Ru alloy prepared from Pt-Ru complex showed poorer activity against CO
oxidation reaction than Pt-Ru alloy prepared from the mixture of K,PtCl, and RuCl; and poly Pt. RuO; in
Pt-Ru alloy may be poisoned by CO and can not supply CO active oxygen species. The Pt-Ru alloy
prepared from Pt-Ru complex showed higher ORR and HOR activity than the Pt-Ru alloy prepared from
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the mixture of K,PtCl, and RuClz, suggesting the difference of OH adsorption ability at Pt.

In chapter 4, XPS and Ru K edge XAFS measurements were performed to reveal the origin of
enhancement of MOR activity and durability of Pt-Ru alloy prepared from Pt-Ru complex. XPS results
showed that RuO; in Pt-Ru alloy prepared from the mixture of K,PtCl, and RuCls; is similar to bulk RuO,
but RuO, in the Pt-Ru alloy prepared from Pt-Ru complex has oxygen deficiency. Ru K edge XAFS
measurements showed that the Ru—O distance of the Pt-Ru alloy prepared from Pt-Ru complex was longer
than that of the latter, suggesting the presence of the weakly coordinated oxygen species, i.e., H,0O, in the
Pt-Ru alloy prepared from Pt-Ru complex. H,O coordinated to Ru can be an active oxidant, i.e., surface
Ru—OH, under electrochemical conditions and enhance MOR activity and durability.

In chapter 5, nitrogen doped carbon materials which are expected to be metal-free ORR catalysts were
prepared from organic molecules. In first example, nitrogen doped carbon materials were prepared form
penta-2-(p-ethynylphenyl)-ethynylpyridine by the pyrolysis at various temperatures under Ar flow. XPS
results showed that nitrogen doped carbon materials prepared from pepy consist of pyridine-like nitrogen.
Nitrogen concentrations decreased as heat treatment temperature increased. Raman spectroscopy results
showed that crystallinity of nitrogen doped carbon materials increased as heat treatment temperature
increased. Penta-2-(p-ethynylphenyl)-ethynylpyridine heat treated at 600 and 700°C under Ar flow with
high nitrogen concentration and high crystallinity had high ORR activity. In second example, the
preparation of graphene structures was tried by the heat-induced coupling and dehydrogenation reactions of
polyaromatic molecules adsorbed on Au(111). Although an ordered molecular layer was prepared on
Au(111) from 9,10-dibromoanthracene and 5,15-dibromo, 10,20-diphenylporphine, the ordered molecular
layer was not converted to graphene ribbon structures. The STM, SERS, and XPS measurements showed
that the molecules decomposed during heat treatment and the composites did not have high ORR activity.

In this thesis, electrocatalysts were prepared by bottom-up methods and characterized by various
techniques. The careful analysis showed not only merits in preparing electrocatalysts by bottom-up
methods but also problems of prepared electrocatalysts. Although Pt-Ru alloy with high MOR activity was
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prepared from Pt-Ru complex on Au(11l), the height and size of Pt-Ru alloy is heterogeneous. It is
necessary to control the size of Pt-Ru alloy to improve the MOR activity of Pt-Ru alloy. Nitrogen doped
carbon materials composed of pyridine-like C-N bonding configuration were prepared from
penta-2-(p-ethynylphenyl)-ethynylpyridine. The studies on preparation of nitrogen doped carbon materials
from polyaromatic molecules are limited. Novel molecules containing pyrrole and graphite-like nitrogen
with large molecular weight should be synthesized and used as starting materials for preparation of nitrogen
doped carbon materials. XPS and Raman results showed that not only nitrogen concentrations but also
crystallinity of nitrogen doped carbon materials affects ORR activity. Development of new method to avoid

nitrogen desorption at high temperature is required.
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