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For exploring sustainable and green substitutes of fossil fuels, polymer electrolyte fuel
cells (PEFCs) are one of the most promising future energy candidates because they have
significant advantages, such as zero emission, reproducible fuel resources, and high energy
conversion efficiency. In PEFCs, hydrogen molecules are oxidized on the anode and electrons
are transferred to the cathode for oxygen reduction, thus outputting electric energy as power
sources for many applications. Because the main bottleneck to be overcome for large-scale
application is the sluggish kinetics of oxygen reduction reaction (ORR) on the cathode, it is
both scientifically and practically important to develop cost-effective, high-performance, and
durable ORR catalysts.

The synthesis of electrocatalysts has been extensively studied in recent years, although
platinum (Pt) and Pt-based materials are still considered to be state-of-the-art catalysts for
PEFCs. Alloying of Pt with transition metals has been basically proven to be an effective way
to achieve high performance electrocatalysts, but most of them suffer from either complicated
manufacturing process, insufficient intrinsic activity, or dealloying corrosion under acid
conditions. Furthermore, owing to scarcity and huge cost of Pt, both maximization of the Pt
efficiency and minimizing its usage are also required for large-scale commercialization.
Herein, we synthesize a series of ordered Pt compounds nanoparticles (NPs) as electrocatalysts
with superior activity and durability to satisfy the requirement of widespread application
prospect of PEFCs.

Chapter 2. PtP; nanoparticles on N, P Doped Carbon with Self-Converting Process to
Core-Shell Pt/PtP; as Highly Active and Robust ORR Catalyst

PEFCs are one of the promising alternative candidates for fossil fuel to generate
electricity. It has been a challenge that limited ORR kinetics on the cathode remains the main
bottleneck to increase the whole performance. The size-controllable monodisperse PtP> NPs on
nitrogen- and phosphorus-doped carbon (NPC) were synthesized and showed initial ORR mass
and specific activities of 0.466 A/mgp; and 0.438 mA/cm?p at 0.9 V in 0.1 M HCIOy4 solution,
respectively. The mass and specific activities increased to 0.724 A/mgp; and 0.508 mA/cm?p,,
respectively, after 3000 potential cycles and remain stable within further 20000 cycles,

showing an obvious improvement over commercial Pt benchmark (0.098 A/mgp; and 0.142




mA/cm?piat 0.9 V, respectively). Enhanced ORR activity of PtP> NPs encapsuled in NPC after
incipient circles of stability test was caused by the self-transformation from PtP> NPs to
PtP,@Pt core@shell NPs with a thin (=1 nm) Pt-rich shell, leading to the significant strain
effect of Pt-rich skin which contributes to both robustness and catalytic efficiency of the
catalysts. In addition, computational analysis indicates that the PtP>@Pt core@shell structure
enhances the ORR activity by a more feasible rate-determining step by lowering d-band center
value of Pt.
Chapter 3. Highly Ordered L1o-Type Pt(M,Zn) Electrocatalysts for Cathodic Oxygen
Reduction Reaction in Fuel Cells

Recently it has been found that Pt-based intermetallic compound NPs show superior
activity and durability even under a highly acidic conditions for the ORR in PEFCs. Although
the Pt-based alloy NPs with the Llo crystal structure have been well studied, further
improvement of ordering degree has been required to drastically enhance the catalytic activity
and durability for ORR. Synthesis of Llo-ordered PtM (M : 3d transition metals) NPs is
typically conducted by high-temperature annealing of disordered 41-type PtM NPs to induce
the disorder—order transformation, which leads to unfavorable NP aggregation. Considering
that the L1o-PtZn phase requires much lower phase transformation temperature than other L1o-
PtM, we incorporated Zn as an ordering promoter to lower the phase transformation
temperature of L1o-Pt(M,Zn) NPs as well as to suppress aggregation and increase average
ordering degree of NPs. In this work, sub-6 nm L1o-Pt(M,Zn) NPs with high ordering degree
were synthesized through a facile wet-chemical method, followed by low-temperature
annealing. Lattice constant of L1o-Pt(M,Zn) NPs was controlled by precisely tuning the
composition, demonstrating a positive correlation between the surface strain effect and the
ORR activity, in which highly ordered L1o-PtsCo4Zn; and L1o-PtsNisZn; NPs showed excellent
specific activities of 1.71 and 1.40 mA/cm?p;, respectively, almost comparable to that of L1o-
PtCo NPs.
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