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Direct alcohol fuel cells (DAFCs), which use low-molecular weight alcohols as fuel, have attracted
the attention of many scientists as alternative power sources for portable electrical appliances. Ethanol
is one of the most attractive alcohol fuels for DAFCs due to its low toxicity and high energy density.
Ethanol is also a carbon-neutral fuel and easily obtained via the fermentation of sugar-containing raw
materials. However, ethanol oxidation reaction (EOR) has very sluggish kinetics. Particularly, the C—
C bond is difficult to break, which inhibits the oxidation to CO; and limits the practical use of DEFCs.
For these issues, many studies have been done on the electrocatalysis of noble metals for EOR. Among
them, Pt is known as the most common noble metal with high EOR activity. However, Pt is easily
poisoned by carbonaceous intermediates formed in EOR. Bimetallic electrocatalysts can reduce the
content of noble metals, which brings low cost, and can exhibit higher catalytic activity than original
noble metals due to the positive effect of the second metals. Various second metals have been proposed
for use in Pt-based bimetallic catalysts. Recently, many scientists have expressed that Sn was the best
partner for Pt in EOR. It was reported in studies on EOR using PtSn and PtSnOy that Pt accelerated
the dissociative adsorption of ethanol molecules, whereas Sn species including SnOx provided OH
sources to oxidize the carbonaceous intermediates adsorbed on Pt, which is known as a bi-function
effect. Meanwhile, Rh is also a valuable metal because it can promote the C—C bond cleavage of

ethanol molecules although Rh itself does not have impressive catalytic activity. The activity and




durability for EOR of bimetallic nanoparticle electrocatalysts including Sn and Rh as the second metal
have been reported so far, but kinetics and mechanism of EOR have also been discussed without
detailed analysis. In this study, Pt with different SnO, coverages and PtRhi solid solutions with
different compositions were prepared as a model electrode and used for precisely analyzing the
kinetics and mechanism of EOR and discussing the role of each element.

On the other side, Pd is known as a promising metal for EOR in alkaline media because Pd had
higher EOR activity than Pt in alkaline media. Pd-based binary catalysts have also been prepared to
reduce the content of expensive Pd and improve the catalytic activity. The modifications with Au, Ni,
Sn, etc. have been proved to facilitate the EOR activity. For more effective cost of binary catalyst and
the formation of intermetallic compound, inexpensive zinc as a favorable element for Pd-based binary
catalyst is promising. However, since Zn is easily soluble in the alkaline medium, few papers have
mentioned the stability of PdZn on EOR in alkaline media. In this study, two types of PdZn
electrocatalysts including the intermetallic compound and substitutional solid solution were prepared
and employed for the EOR in the alkaline medium.

This thesis contains five chapters, and the content of each chapter is as follows:

Chapter 1 reviews the research background knowledge, purpose, and summary of the current
research work.

In chapter 2, PtRhi« solid solutions with different compositions (Pto76Rho24, PtossRho4s, and
Pto27Rho.73) were prepared by the arc-melting method. The bulk and surface compositions of each
solid solution were determined by energy-dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS), respectively. The lattice constant as a function of bulk composition
followed the Vegard equation, indicating that all the Pt,Rh;x alloys formed solid solutions. For each
solid solution, the surface composition estimated by XPS is quite similar to the bulk composition
estimated by EDX. The CO-stripping voltammograms demonstrated that the onset potential (Eonse;) of
CO oxidation shifted negatively as the Pt content in the solid solutions decreased, which indicated an
enhancement of CO-poisoning resistance for the solid solutions with lower Pt contents. The EOR
activity of each alloy was evaluated with the linear sweep voltammogram (LSV) in an Ar-saturated
(0.1 M HCIO4 + 1 M ethanol) solution. Among the alloys, Pto.saRho.46 gave the highest specific activity
of 312 uA ¢cm? which was about 1.8 to 2.5 times higher than Pt and Rh, whereas the E,us. of each
solid solution was lower than that of Pt. The change was attributed to the ligand effect because the
alloying of Pt and Rh altered the electronic state of Pt. The in situ infrared reflection-absorption
spectroscopy clearly illustrated the increase of a peak at 2343 cm’! assigned to CO; at potentials above
0.5 V for Pt,Rhi« electrodes, suggesting the enhancement in CO selectivity of PtyRhi.x solid solutions
compared to Pt electrode.

In chapter 3, Sn was deposited on a polycrystalline Pt electrode at —0.2 V vs. reversible hydrogen

electrode (RHE) in an Ar-saturated 0.1 M H>SO4 solution containing various concentrations of SnCl,



for 30 s, followed by the exposure to air. The coverage of SnO, on Pt (6sa02), which was calculated
based on the electrochemical active surface area (ECSA), was proportional to the SnCl, concentration,
suggesting that s,02 can be controlled by the SnCl, concentration. The CO-stripping voltammograms
of the SnCl,-modified Pt (Pt/SnO,) electrodes with Osno2 < 0.61 demonstrated an increase in the Pt-
SnO; interface, whereas the Pt/SnO; electrodes with fsy02 > 0.61 showed a decrease in the Pt-SnO;
interface. In addition, kinetic analysis of CO-stripping voltammograms at various sweep rates also
indicated that CO-stripping reaction for the Pt and Pt/SnO; electrodes was a surface reaction and the
rate-determining step of the CO-stripping reaction was one-electron oxidation of water to adsorbed
OH and the coupling of adsorbed CO and OH for the Pt and Pt/SnO; electrodes, respectively. Moreover,
further modification of Pt/SnO; with Rh adatoms expressed the CO-stripping is limited by the surface
diffusion of CO. The EOR activity of Pt/SnO; electrodes was evaluated with LSV in an Ar-saturated
(0.1 M HCIO4 + 1 M ethanol) solution. The specific activity at 0.4 V vs. RHE exhibited the highest
value for Osn02 = 0.61, whereas E,.s; was shifted negatively compared to the Pt electrode. Moreover,
further modification of Pt/SnO, with Rh adatoms also expressed an enhancement in EOR activity.

In chapter 4, the intermetallic and substitutional solid-solution PdZn alloy nanoparticles (NPs) (i-
PdZn/C, s-PdZn/C) were prepared via the wet reduction of palladium and zinc precursors in ethanol
dispersion of carbon black by sodium tetrahydroborate with and without the following heat-treatment
in an autoclave. The structure and average particle size of i-PdZn/C and s-PdZn/C was well-
characterized by X-ray diffractometry, XPS, EDX, and transmission electron microscopy. XPS
analysis illustrated a strong electronic interaction between Pd and Zn in i-PdZn/C because the binding
energy of the peaks assigned to metallic Pd and Zn shifted positively and negatively compared to that
of metallic Pd and Zn sheets, respectively. On the contrary, for s-PdZn/C, the binding energy for Pd
shifted positively, but only a Zn 2p peak for ZnO was observed, suggesting the surface Zn component
was oxidized. The corrosion-resistance tests in 1 M KOH aqueous solution at 20 °C indicated that i-
PdZn/C was much more tolerant to alkaline medium than s-PdZn/C. After the tests, s-PdZn NP resulted
in a structure of porous Pd NP, whereas i-PdZn NP changed to a core-shell structure in which
intermetallic PdZn NP core was covered with a porous Pd shell. Both i-PdZn/C and s-PdZn/C
significantly enhanced the EOR activity compared to Pd NP-loaded carbon black (Pd/C). Moreover,
the potentiostatic electrolysis for 10000 s demonstrated that i-PdZn/C was superior in durability to
Pd/C and s-PdZn/C due to the electronic effect of the intermetallic PdZn core.

Chapter 5 finally summarized previous chapters and gave a general conclusion.
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