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Standard Abbreviations 

 

CV: cyclic voltammogram 

LSV: linear sweep voltammogram 

RDE: rotating disk electrode 

HMRDE: hanging meniscus rotating disk electrode 

STM: scanning tunneling microscopy 

XPS: X-ray photoelectron spectroscopy 

XAFS: X-ray adsorption fine structure 

XANES: X-ray absorption near edge structure 

EXAFS: extended X-ray absorption fine structure 

RDF: radial distribution function 

WL: white line 

PEFC: polymer electrolyte fuel cell 

DMFC: direct methanol fuel cell 

SHE: standard hydrogen electrode 

HOR: hydrogen oxidation reaction 

HER: hydrogen evolution reaction 

MOR: methanol oxidation reaction 

ORR: oxygen reduction reaction 

OER: oxygen evolution reaction 
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catalyst from Pt nanoparticles composed of (100) planes.63 Yamamoto et al. also prepared highly active 

ORR catalyst than bulk Pt by using dendrimer as template to prepare 1 nm sized Pt clusters.64  

Pt alloyed with transition metals such as Ni, Fe and Co shows high activities against ORR.65-71 

Markovic et al. investigated the relationship between the d-band center position of Pt in Pt alloyed with 3d 

Chemical reduction64 

Chemical reduction63 

Pt on noble metals/Galvanic displacement81 

Pt-Co, Pt-Ni, Pt-Fe/Sputtering and electrochemical treatment67 

Pt-CeOx/Chemical reduction82 

Pt-NbO2/Chemical reduction83 

Pd on Au/Electrodeposition55, 76 

Pd-Co alloy/Galvanic displacement79 

Pd-Co and Pd-Ti alloy/Sputtering and electrochemical treatmentt74, 75 

Tl on Au(111)/Electrodeposition56 

Ag nanoparticle/Chemical reduction58 (alkaline solution) 

Co and Fe porphyrin/Synthesis84, 86 

Co and Fe phthalocyanine/Synthesis88 

Cu complex with triazole ligands/Synthesis87 

Decomposition of a mixture of metal salts and  
organic materials90-94 

Chemical vapor deposition96, decomposition of polymer99  

Chemical vapor deposition97 

Table 1-2. Summary of the ORR active catalysts. 
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transition metals. A relation between experimentally measured specific activity for the ORR on Pt based 

alloys in 0.1 M HClO4 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.71 The difference of adsorption ability of Pt between Pt based alloys against 

oxygen species was also confirmed by EC-XPS72 and theoretical approach.73 Watanabe et al. reported that 

the surface coverage of OH on Pt-Fe alloy is lower than that on pure Pt during ORR.72  

Pd based alloys such as Pd-Co and Pd-Ti show ORR activity comparable to Pt.74, 75 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.76 The difference in geometric and electronic structures between Pd submonolayer on Au and bulk Pd 

were confirmed by surface X-ray scattering (SXS)77 and second harmonic generation (SHG) 

measurements.78 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.79-81 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.79 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-CeOx and Pt-NbO2 is 

different from that of metallic alloy catalysts.82, 83 In the case of the Pt-CeOx, Pt oxide formation at positive 

potential region is inhibited by the oxidation reaction of Ce3+ to Ce4+.82 In the case of the Pt-NbO2, the 

repulsion between OH on Pt and oxygen species of NbO2 surface causes reduction of OH adsorption on 

Pt.83  
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Figure 1-12. (a) Schematic structures of fused porphyrine tapes. (b) Their ultraviolet-visible-infrared 
spectra.106 

Figure 1-13. (a) A schematic structure of graphene ribbon. (b) and (c) STM images of 
graphene ribbons.109  

Figure 1-14. STM images of graphene ribbons prepared on Au(111) surface.110  
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1.5     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 UHV 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.60, 112, 113 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. 
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spectroscopic methods such as infrared reflection absorption spectroscopy (IRRAS),22, 36 sum frequency 

generation (SFG)114-116 and surface enhanced Raman scattering (SERS)117-119 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 

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.82, 120-122  

 

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 K2PtCl4 and RuCl3.  

   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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Scheme 2-1. Synthesis of pepy.  
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Figure 2-10. A schematic illustration of the optical setup at BL14 of SPring-8. 
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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 

K2PtCl4 and RuCl3 (denoted as Pt-Rumix/Au).  

 

3.2     Results and Discussions 

3.2.1    Effect of the number of adsorption/heat treatment cycles of Pt-Ru complex on the surface 

coverage and MOR activity of Pt-Ru alloy 

3.2.1.1  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.  

 

3.2.1.1  XPS 

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.  

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 (Ebias = 
0.1 V, I tc = 0.5 nA).  
 

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.  
 
 

Au 4f 

C 1s 

Au 4d 
Au 4p  O 1s 
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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 4f7/2 

and Pt 4f5/2 overlapped with the Au 5p1/2 were observed at 73.3 and 76.6 eV, respectively. This was 2.1 eV 

higher than bulk Pt(0),37 suggesting that Pt is bivalent. In the Ru 3d region, two peaks were observed at 

280.8 and 285.8 eV, corresponding to Ru 3d5/2 and Ru 3d3/2 with C 1s overlap, respectively. The peak 

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 3d5/2 was 0.7 eV higher than that of bulk Ru(0),37 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.38 The peak in the N 1s region was observed at 399.7 eV and corresponds to pyridine-like 

nitrogen coordinated to metal.39 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(II)  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 3d5/2 and Ru 3d3/2, respectively. The peak 

intensity of Ru 3d3/2 was smaller than that of Ru 3d5/2, but it overlapped with the C 1s peak. The peak 

position of Ru 3d5/2 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.40 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 ºC under 

O2 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 4f7/2 and Pt 4f5/2 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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Thin foreign metals on noble metals and noble metal nanoparticles often have different physical 

properties and electrocatalytic activities from bulk metals.45-57 Our group revealed the differences in 

geometric and electronic structures between submonlayer Pd on Au and bulk Pd using surface X-ray 

scattering (SXS)45 and second-harmonic generation (SHG)46 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 oxidation47 and oxygen reduction reactions.48  

 

Table 3-2.  Summary of peak potentials and peak current densities of MOR of Pt-Ru 
alloys in 0.1 M HClO4 solutions.  
 

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

Figure 3-9.  Plots of the peak current densities of MOR at positive scan (Ipeak) against surface coverages of 
Pt-Ru alloy. (a) MOR in 0.1 M HClO4 solutions. (b) MOR in 0.1 M KOH solutions.  
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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.  

 

 

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

   Au(111) modified with Pt was prepared 

from Pt-Pt complex shown in Figure 3-1 (b) to 

investigate the contribution of Ru to MOR 

activity in the Pt-Ru alloys prepared from the 

Pt-Ru complex. Figure 3-12 shows 

narrow-scan XP spectra in the Pt 4f region of 

(a) Au modified with Pt-Pt complex, (b) 

1-Pt/Au, and (c) 24-Pt/Au. In Figure 3-12 (a), 

two peaks corresponding to Pt 4f7/2 and Pt 4f5/2 overlapped with Au 5p1/2 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 4f7/2 shifted negatively and split into two 

peaks (70.5 eV and 72.2 eV), corresponding to metallic Pt(0) and Pt(II) oxide, respectively.60  

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. 
 
 

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. 
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back to positive potential. The CO oxidation current started to flow at ca. 0.38 V. Pt-Rumix/Au also had a 

better CO tolerance than poly Pt. The CO coverage on the Pt in Pt-Rumix/Au after CO bubbling for 30 s was 

estimated at 65%. The Pt surface of Pt-Rumix/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 HClO4 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-Rumix/Au and 24-Pt/Au 

against CO poison time. 32-Pt-Ru/Au and Pt-Rumix/Au had higher tolerances against CO than poly Pt and 

24-Pt/Au. However, 32-Pt-Ru/Au and Pt-Rumix/Au had poor tolerances against CO compared to the 

reported results of CO oxidation reaction on Pt-Ru alloys.8, 65  

   The peak potentials, peak current densities, charges of CO stripping (QCO), and ratios of hydrogen 

adsorption and CO oxidation reaction (QCO/QH) charge for poly Pt, 32-Pt-Ru/Au, Pt-Rumix/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.50 The 

adsorption of CO on RuO2 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/QH of 32-Pt-Ru/Au, Pt-Rumix/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 RuO2.66, 67 CO can adsorb on 

RuO2, and the adsorbed CO on RuO2 is oxidized at a more positive potential than the CO adsorbed on Ru 

metal.67 RuO2 in Pt-Ru alloys may be poisoned by CO and cannot act as a good promoter to remove CO 
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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 K2PtCl4 and RuCl3. The 

Pt-Ru alloy prepared from Pt-Ru complex showed poor activity against the CO oxidation reaction, HOR 

under H2 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.1-7 

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.5, 6, 8-14 Uosaki et al. 

reported that Au single crystal electrodes modified with submonolayer Pd show high activity for 

formaldehyde oxidation5 and oxygen reduction reactions.6 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.8-10 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,15 

this method is not usable to prepare various alloys.  

The structure of electrocatalysts can be changed by preparing from various starting materials.16, 17 In 

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 K2PtCl4 and RuCl3. The difference of activity 

against oxygen evolution reaction suggests the structure of RuO2 in the Pt-Ru alloys prepared from Pt-Ru 

complex are different from those prepared from the mixture of K2PtCl4 and RuCl3. It is considered that the 

difference in structure of RuO2 affects MOR activity of Pt-Ru alloys.  
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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 RuO2. The shoulder peak observed at 465.8 eV originates from hydrous RuO2.19 Some 

Figure 4-2. XP spectra in the Pt 4f, Ru 3p3/2, 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 4f7/2, Ru 3p3/2, and O 1s, full width at half maximums (FWHM) and 
ratios of peak area of XP spectra shown in Figure 4-2.  
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Figure 4-3. XP spectra in the Pt 4f, Ru 3p3/2, O 1s, and Cl 2p regions of Pt-Rumix/Au (a) before and (b) after 
ORC.  

Table 4-2. The peak positions of Pt 4f7/2, Ru 3p3/2, and O 1s, full width at half maximums (FWHM) and 
ratios of peak area of XP spectra shown in Figure 4-3.  
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deficiency than that in Pt-Rumix/Au.  

 

4.2.3    XAFS 

Ru K edge XAFS measurements were carried out 

for 32-Pt-Ru/Au and Pt-Rumix/Au without any 

electrochemical treatment in air in order to determine 

the precise structure in the vicinity Ru in the Pt-Ru 

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

of RuO2 (black), 32-Pt-Ru/Au (blue), Pt-Rumix/Au 

(red), Ru metal (green), RuCl3 (pink) and Pt-Ru 

complex (orange). The XANES spectrum of 

Pt-Rumix/Au shows no significant difference from 

that of RuO2, indicating that the structure of the 

RuO2 in the Pt-Rumix/Au is similar to that of the 

RuO2. On the other hand, the white line intensity of 

32-Pt-Ru/Au was higher than that of RuO2 and 

Pt-Rumix/Au, suggesting the RuO2 in 32-Pt-Ru/Au 

contains H2O. According to the results reported by 

Russell et al., the white line intensity of hydrous 

RuO2 is higher than that of anhydrous RuO2.23 Figure 

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

radial distribution functions (RDFs) of RuO2 (black), 32-Pt-Ru/Au (blue), Pt-Rumix/Au (red), Ru metal 

(green), RuCl3 (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.23-26 The frequency of the EXAFS oscillations of 32-Pt-Ru/Au and Pt-Rumix/Au are different from 

those of Ru metal, the RuCl3 and Pt-Ru complex but similar to that of the RuO2. This result shows the 

Figure 4-4. Ru K edge XANES spectra of 
RuO2 (black, A), 32-Pt-Ru/Au (blue, B), 
Pt-Rumix/Au (red, C), Ru metal (green, D), 
RuCl3 (pink, E), and Pt-Ru complex (orange, 
F).  
 

Figure 4-5.   EXAFS oscillations of RuO2 
(black, A), 32-Pt-Ru/Au (blue, B), Pt-Rumix/Au 
(red, C), Ru metal (green, D), RuCl3 (pink, E), 
and Pt-Ru complex (orange, F).  
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during heat treatment.  

Next, the DBA layer with low coverage was prepared on Au(111) by immersing Au(111) in 

low-concentrated DBA in dichloromethane for 10 s. Au(111) modified with DBA was heat treated at 460 ºC. 

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 ºC, 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.  

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 250ºC (c) and 460ºC (d). (Ebias = 0.3 V, 
I tc = 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 (60º). 

These results suggest that the adlayer structure of DBA on Au(111) is a (6 × 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 ºC. The 

ordered DBP adlayer on Au(111) disappeared with heat treatment, and aggregated structures (height 1 nm) 

were observed.  

 

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

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

Figure 5-20. (a) STM images of Au(111) 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 460ºC. (Ebias = 0.3 V, I tc = 0.8 
nA) 


















