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Abstract 

 

Structure control of electrocatalysts 

for enhanced ORR in PEMFC cathode 
 

Weon-Doo Lee 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

 Polymer electrolyte membrane fuel cell(PEMFC) has received 

considerable attention for transportation applications due to its high energy 

density, relatively low operation temperature, zero or low emission of 

pollutants, and minimal corrosion problems. However, the commercial 

viability of PEMFC is still hindered by several problems, including poor 

kinetics of cathodic reactions and high costs of Pt-based electrocatalysts. It is 

well known that most of performance losses due to the deviation from the 

thermodynamic potential of PEMFC come from the cathodic reaction. In 

order to improve in oxygen reduction reaction(ORR), the highly active 

PEMFC cathodic catlyst will be developed. 

Highly dispersed Pt nanoparticles supported on carbon were 

synthesized by modified polyol reduction. Based on the XRD and TEM 

results, we confirmed that the reduction time and the ethylene glycol 
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concentration affected the size of Pt nanoparticles. 20Pt/C(M-10), which had 

the smallest Pt particles among all the catalysts prepared with various 

reduction conditions, had an average Pt particle size of 1.2 nm with quite a 

narrow distribution between 0.5 and 2 nm. Moreover, this catalyst showed 

the greatest EAS area, the highest MOR activity, and the highest ORR 

activity because of the smallest Pt nanoparticles. In addition, 40Pt/C(M) 

catalyst synthesized by the optimized reduction condition showed higher 

EAS and better catalytic activity than a commercial one in PEMFC. The 

method used in this study provided an easy and reproducible procedure for 

the preparation of Pt nanoparticles supported on carbon. 

An effective method was developed for the preparation of size-

controlled Ce0.5Zr0.5O2 in Pt/Ce0.5Zr0.5O2-C electrocatalyst for low-

temperature fuel cell. From XRD patterns and TEM images, Pt and 

Ce0.5Zr0.5O2 nanoparticles were well-dispersed on the carbon support. 

Catalysts containing Ce0.5Zr0.5O2 showed higher electrochemical activity for 

oxygen reduction reaction (ORR) than the catalysts without Ce0.5Zr0.5O2 

addition because desorption of OH adsorbed on Pt occurred easily. The IR 

spectra result showed that the ORR activity increased with increasing the 

amount of coordinated hydroxyl groups on CeO2. It suggested that CeO2 

enhanced the ORR activity due to the lateral repulsion between OH adsorbed 

on Pt and OH coordinated on its neighbor Ce0.5Zr0.5O2. 

 Core-shell typed PtPd nanoparticles on carbon support were 

developed to increase the alloyed active surface area. In order to prepare a 

core-shell structure, all the catalysts were prepared by polyol reduction with 
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a concentration of 27 μM NaOH. In this NaOH concentration, most of Pd 

precursor changed to Pd(OH)2. During the polyol reduction prodecure, core 

was formed from Pt precursor and remaining Pd precursor, and then the 

formed Pd(OH)2 was reduced on the surface of the core. The Pd atoms 

reduced from Pd(OH)2 was placed on the outside of the nanocores. 

Resultantly, core(Pt-rich)-shell(Pd)-typed nanoparticles could be prepared by 

polyol reduction. In order to observe the relation between metal composition 

and ORR activity, several catalysts with different Pt/Pd ratio were prepared. 

Among the catalysts, 5Pt1Pd/C showed the highest ORR activity in the 

kinetic current region (0.85~0.90 V) in spite of larger particle size than that 

of 7Pt1Pd/C because the 7Pt1Pd/C had insufficient Pd atoms in the shell. 

From the CO-stripping test, it was observed that Pd atoms in the shell 

decreased the OH adsorption on the Pt surface. 

 

Keywords: Polymer electrolyte membrane fuel cell, Pt nanoparticle,  

Ce0.5Zr0.5O2, PtPd nanoparticle, Polyol reduction 

Student Number: 2006-23220 
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1.1. Fuel cell basics 

1.1.1. Fuel cells as a electrochemical energy conversion device 

Electrical energy can be obtained by conversion from chemical energy, which is 

the most practical energy source such as oil and coal. Fuel as an energy source is burnt 

in a combustion engine, such as gasoline or diesel engine, and then, can be converted 

to mechanical energy and following electrical energy by an electrical generator. This 

multi-step process and the high operating temperature for the production of electricity 

limit the maximum efficiency and induce a considerable emission level, which is an 

important cause for air pollution. Fuel cell also releases heat under the operation 

conditions. However, the heat generated in a fuel cell originates from the energy 

difference between the initial reactants and final product. H2 and O2 as reactants are 

placed at higher molecular state than that of water. This energy difference is converted 

to the heat. Nevertheless, the main output in a fuel cell is not the heat but the electric 

currents. 

Fuel cell is considered as a continuous energy conversion device with an input of 

fuel (H2 and O2) and an output of H2O and electricity. This continuous production of 

electric energy is a key difference between a fuel cell and a battery. A battery is also an 

CHAPTER I 

INTRODUCTION 
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electrochemical energy conversion device. The electrode in a battery is the active and 

oxidizable material that can be charged and discharged. While a battery is required to 

be charged by the outside electricity, a fuel cell continuously operates and produces 

electricity directly from the electrochemical reaction. 

Fuel cells, therefore, combine the advantages of both combustion engines and 

batteries, and at the same time, eliminate the drawbacks of both. Thus, fuel cells 

continuously operate without recharging like batteries. In the most common H2-O2 fuel 

cells, hydrogen gas is fed into the anode catalyst layer, while oxygen gas (or air) is 

supplied to the cathode catalyst layer. The main role of electrocatalysts is to bring a 

redox potential at the electrodes as close as possible to the equilibrium potentials of 

hydrogen oxidation reactions (HOR) and oxygen reduction reactions (ORR). Hydrogen 

gas supplied to the anode is splitted to protons and electrons. Protons and electrons go 

to the cathode layer through a polymer electrolyte membrane and external path, 

respectively. At the cathode, molecular oxygen is reduced to water by the protons and 

electrons generated at the anode. 

Fuel cell also possesses some serious disadvantages. Because of prohibitive prices, 

its competitive power is lower than that of combustion engine or battery. Although the 

power density of fuel cell has been improved over the past decades, combustion 

engines and batteries generally outperform fuel cells on a volumetric power density 

basis (power per unit volume). Furthermore, operational temperature should be 
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concerned to the durability of fuel cells. 

1.1.2. Polymer electrolyte membrane fuel cell (PEMFC) 

Fuel cells are typically classified according to the electrolyte employed. There are 

five major types of fuel cells, as follows: 

1. Polymer electrolyte membrane fuel cell (PEMFC) 

2. Phosphoric acid fuel cell (PAFC) 

3. Alkaline fuel cell (AFC) 

4. Molten carbonate fuel cell (MCFC) 

5. Solid-oxide fuel cell (SOFC) 

Characteristics of each fuel cell are briefly described in Table 1 [1]. These fuel cells 

follow the same underlying electrochemical principles. However, all the fuel cells 

operate at different temperatures, incorporate different materials, and often have 

different fuel tolerance and performance, as shown in Table 1. Usually, operation 

temperature is limited up to about 200 °C due to the high water vapor pressure of 

aqueous electrolytes and the rapid degradation at high temperatures. While the low-

temperature fuel cells with aqueous electrolytes are restricted to H2 as a fuel, at high 

temperature, CO and CH4 can be used as fuels because of their rapid reaction kinetics. 

Fig. 1 shows typical cell potential vs. current density plots for a PEMFC and the 

other fuel cells [2]. All fuel cells exhibit all forms of overpotential losses (activation, 

mass transport, and ohmic). During operation of a fuel cell, the single cell potential (E) 
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is diminished by the losses in overpotential at the anode and cathode, and in the 

electrolyte. Therefore, E can be expressed by the following equation: 

, , , ,r act a act c ohm mt a mt cE E h h h h h= - - - - -              (1-1) 

Where, Er is the thermodynamic reversible potential, ,act ah  and ,act ch  are the 

activation overpotentials at the anode and cathode, respectively. ,mt ah  and ,mt ch  are 

the mass-transport and concentration overpotentials at the anode and cathode, 

respectively. ohmh  is the ohmic overpotential in the cell. These all overpotentials are 

dependent on activation, mass transport, and ohmic overpotentials. Slow charge-

transfer steps in electrocatalytic reactions contribute to activation overpotentials. 

Reactants with low solubility such as hydrogen or oxygen gas are limited to reach the 

electrode surface by diffusion, migration, and convection. This limitation contributes to 

mass transport overpotentials. Finally, ohmic overpotential arises predominantly 

during the passage of an electric current and it is due to electrical resistances for the 

transport of ions from one electrode to the other in an electrochemical cell. In the case 

of PEMFCs, the oxygen reduction reaction (ORR) limits the overall cell efficiency due 

to its sluggish kinetics, i.e., large activation overpotential. 

PEMFC, which is the primary candidate for light duty vehicles, for building, and 

potentially for much smaller applications such as replacements for rechargeable 

batteries, operate at about 80 °C. The solid electrolyte used in PEMFC is a solid 
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organic polymer (polytetrafluoroethylene, PTFE), which acts as a proton conductor. 

These cells have several advantages compared to the other types; low operating 

temperature, fast response to power demand, and minimal corrosion due to the solid 

electrolyte. In PEMFCs, water management has a critical importance for the efficient 

performance. The membrane should be always hydrated for the proton-transfer to 

prevent it from drying. Although PEMFCs have many advantages, these cells also have 

disadvantages such as CO-poisoning and high costs. 

As mentioned above, PEMFCs employ a thin polymer membrane as an electrolyte. 

Protons are the ionic charge carrier in a PEMFC membrane. The electrochemical half 

reactions in a PEMFC are as follows: 

+ -
2H 2H +2e®                                  (1-2) 

+ -
2 2

1
O +2H +2e H O

2
®                            (1-3) 

The dissociation of hydrogen gas occurs in the anode layer, and the oxygen gas is 

reduced to form water in the cathode layer. 

1.1.3 Electrode reactions 

Electrode kinetics are of vital importance in determining the performance of fuel 

cells. The series of steps involved in electrode reactions in the fuel cells are as follows: 

(a) Dissolution of the reactant gases in the electrolyte 

(b) Diffusion of the dissolved reactant gas to the active sites on the electrode 

(c) Adsorption reactants and/or intermediate species formed by adsorption on the 
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electrode from the electrolyte 

(d) Charge transfer between reactant and electrode or form the above mentioned 

adsorbed species to the electrode 

(e) Diffusion of species away from the electrode 

(f) Transfer of conducting ions from one electrode to the other through the 

electrolyte 

(g) Transfer of electrons from one electrode to the other throught the external load 

Among these steps, adsorption and charge transfer steps in the interface between a 

solid electrode and an electrolyte are briefly described. 

The anode reaction is referred to hydrogen oxidation reaction (HOR). The 

mechanism of this reaction is by far the most thoroughly investigated electrochemical 

reaction system [3-5] and containes three elementary steps [6], i.e., Tafel step 

(recombination reaction), Volmer step (charge transfer reaction), and Heyrovsky step 

(ion-plus-atoms reaction). Among various reaction routes proposed so far, the 

following two routes are generally accepted. 

(a) The Tafel-Volmer route  * * +
2H 2H ,  H H +e« «              (1-4) 

(b) The Heyrovsky-Volmer route  2 * + * +H H +H +e,  H H +e« «    (1-5) 

Where, * denotes the adsorbed state, H+ is proton in the solution, and e is a free 

electron at the Fermi level in the electrode. 

The cathode reaction is oxygen reduction reaction (ORR), in which molecular 
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oxygen adsorbs to the electrode surface such as Pt and reduced to water through four-

electron direct pathway [7]. However, oxygen reduction is considerably more complex 

than hydrogen oxidation because of the strong O-O bond, the formation of highly 

stable Pt-O or Pt-OH species, and the generation of hydrogen peroxide (H2O2). In a 

PEMFC, as in the case of other low or intermediate temperature fuel cells (PAFC, 

AFC), Pt and Pt alloy are the best electrocatalysts. The overpotential for the HOR is 

considerably lower than that for the ORR on cathode catalysts; for example, in a 

PEMFC operating at current densities of 1 Acm-2, the overpotential at the anode is 

about 20 mV and at the oxygen electrode is in the range of 300-400 mV. About one 

half of the overpotential at the cathode is due to its loss at open circuit. Thus, the 

departure of the potential of the PEMFC from the reversible value is due to the 

extremely low cathodic exchange current density (i0). To reveal this sluggish kinetics, 

various theories have been proposed. 

The overall ORR in an acid medium is shown as follows: 

+-
2 2O +4e +4H 2H O« ,   (E0

NHE)298K = 1.229 V          (1-6) 

The ORR is highly irreversible reaction even on Pt surface, because the ORR 

operates at high potential region under severe corrosive environment. Even if Pt has the 

high surface-nobleness, it is natural that Pt surface forms the adsorption of various 

intermediates containing oxygen such as O, OH, and OOH. In early work on O2 

electrochemistry, before reliable thermodynamic data were available, the potential 1.08 
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V vs. RHE was considered as the reversible value for reaction (1-6). After that, 

thermodynamics contribute to indirect determination of the equilibrium potential 

(1.229 V) based on the free energy of formation of liquid water from the equilibrium 

potentials of a metal-insoluble metal oxide couple, i.e., Ag-Ag2O or Hg-HgO, together 

with the free energy of formation of the metal oxide. However, many researchers tried 

to reveal the nature of irreversible rest potential of most “ordinary” platinum and other 

noble metal electrodes in the presence of O2 in the solution. Among various theories 

for explaining the nature of the irreversible rest potential, the concept of a mixed 

potential is generally accepted. It means that some anodic reaction simultaneously 

occurs with the four-electron cathodic reduction. Among various anodic reactions, the 

formation of surface oxides, the anodic dissolution, and the oxidation of a metal by 

oxygen diffusion into the bulk of a metal are regarded as the main reason for the mixed 

potential. Recently, it has been founded that high surface coverage of adsorbed OH 

blocks the active sites for the O2 adsorption and following reduction to water [8]. This 

site-blocking effect of OH can be decreased and optimized by forming “Pt-skin” Pt-M 

(M = Fe, Co, Ni) alloys due to the optimization of the binding energies of oxygenated 

species such as O2, O, OH, and OOH. This control of binding energy between oxygen 

and metal surface has been explained by the downshift of d-band center of surface Pt. 
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Table 1. Description of major fuel cell types [1] 

 PEMFC PAFC AFC MCFC SOFC 

Electrolyte 
Polymer 

membrane 

Liquid H3PO4 

(immobilized) 

Liquid KOH 

(immobilized) 

Molten 

carbonate 
Ceramic 

Charge carrier H+ H+ OH- CO3
2- O2- 

Operating temperature 80 °C 200 °C 60–220 °C 650 °C 600–1000 °C 

Catalyst Pt Pt Pt Ni 
Perovskites 

(ceramic) 

Cell components 
Carbon 

based 
Carbon based Carbon based 

Stainless 

based 

Ceramic 

based 

Fuel compatibility H2, Methanol H2 H2 H2, CH4 H2, CH4, CO 
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Fig. 1. Plots of cell potential vs. current density for the leading types of fuel cells [2]. 
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1.2. Electrocatalyst 

1.2.1. De-alloying in bimetallic systems 

De-alloying in transition metal nanoalloys are induced by various reasons, i.e., 

segregation and dissolution of one component, interaction between adsorbing 

intermediates and surface atoms, and phase separation due to oxide formation. Because 

these de-alloying behaviors are strongly dependent on environmental and preparation 

conditions, in this section, we focused on the segregation phenomenon. The degree of 

segregation and mixing in A-B nanoalloys depends on the following factors [9]: 

(1) Relative strengths of A-A, B-B, and A-B bonds. To a first approximation, if A-

A bonds are strongest, this favors mixing; otherwise, segregation is favored, with the 

species forming strongest homonuclear bonds tending to be at the center (core) of the 

cluster. 

(2) Surface energies of bulk elements A and B. The element with lowest surface 

energy tends to segregate to the surface. 

(3) Relative atomic sizes. Smaller atoms tend to occupy the more sterically 

confined core, especially in icosahedral or cubooctahedral clusters, where the core 

undergoes compression. 

(4) Charge transfer. Electron transfer from less to more electronegative elements 

favoring mixing. 
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(5) Strength of binding to surface ligands (surfactants). For supported or passivated 

clusters, the element that binds most strongly to the support or ligands may be pulled 

out toward the surface. 

(6) Specific electronic/magnetic effects. Certain sizes, compositions, and/or 

segregation arrangements may be stabilized by electronic shell structure (as in the 

jellium model) or electron spin interactions. 

Segregation behavior has been well understood through density functional theory 

(DFT) calculations, assuming that segregation occurs by only the interaction between 

two metals. One metal component alloyed with another may enrich the surface region 

depending on the heat of segregation and the surface mixing energy [10]. This 

segregation phenomenon is of interest as it may enhance or suppress electrocatalytic 

reactions [11,12]. For catalysts in fuel cells, Pt has become the most widely used 

electrocatalyst, and has been applied in the type of nanoalloys used for large 

electrochemical active surface area (EAS) and for maximum activity of an 

electrocatalytic reaction; therefore, surface segregation of Pt is of vital importance in 

electrocatalysis 

In preparation of Pt-based alloy nanoparticles, when dissolved Pt ions are co-

reduced with precursors of other metals, such as Ni, Co, and Ru, by various reducing 

agents, one observes the low surface composition of Pt, even in the presence of 

stabilizers, mainly due to the higher redox potential of Pt relative to other transition 
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metals, with the exception of Au [13,14]. Discrepancy between surface and bulk 

compositions in as-prepared nanoalloys may be related to many factors, such as a 

redox priority of metal precursors [15], surface energy of each metal component 

[16,17], and interaction with various adsorbing species present during a preparation 

procedure [18-20]. A surface with low Pt concentration results in low catalytic activity 

due to decreased EAS and the increased number of the second metal, which binds 

strongly with oxygen-containing species [21]. When using proper stabilizers that 

induce stronger binding with Pt relative to the second metal, enrichment of the second 

metal in the surface can be suppressed. However, observance of the higher surface 

concentration of Pt relative to the nominal value is difficult. It is therefore required that 

the surface concentration of Pt be increased by use of several techniques, such as 

thermal heating in an appropriate atmosphere [22-24], or chemical leaching of the non-

noble metal [25-28] in the surface layer. Heat treatment can be used not only for 

removing residual impurities and unwanted oxides, but also for segregating Pt atoms at 

the surface. Pt segregation by heat treatment can be a novel method for improving 

undesirable surface composition. 

Numerous theoretical studies have been carried out to elucidate the driving force and 

the tendency of Pt-based alloys toward surface segregation [10,11,16,23,29-37]. First-

principles approaches are usually implemented based on density functional theory 

(DFT). Using this method, trends in segregation energies in transition metal alloys 
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have been reported. Christensen et al. [10] constructed surface phase diagrams from 

surface energy as a function of the surface composition and calculated the heat of 

segregation and the surface mixing energy. In the same line with Christensen et al., 

Ruban et al. [11,33] improved the accuracy of theoretical surface segregation energies 

and tabulated the qualitative picture of segregation energies containing various solvent 

and solute transition metals. According to their results, late-group transition metals as 

solute in the host of early-group transition metals usually show negative values. In 

addition, in the hosts of Fe, Ru, and Os, noble metal solutes with more than half-filled 

d-bands (e.g. Pd, Pt, Ag, and Au etc.) have more negative segregation energies for 

lower surface energy, dependent mainly on the amount of surface core-level shifts 

(SCLSs). Recently, Greeley et al. [38] showed that trends in the thermodynamics of 

surface alloy dissolution in acidic media generally follow trends in surface segregation 

energies, and that the dissolution potential of Pt in “Pt-skins” produced by surface 

segregation of Pt3M alloys (M = Fe, Co, or Ni) is higher than that of Pt3M alloy 

surfaces. The increased dissolution potential of “Pt-skin” surface is consistent with the 

positive shift of OH adsorption to higher potential in the findings of Stamenkovic et al. 

[39] for Pt3Ni(111). Therefore, surface segregation energy is one of the most important 

factors to be considered in the initial choice of alloy systems. 

Surface segregation of Pt can be of significance in electrocatalytic activities such as 

the methanol oxidation reaction (MOR) [22] and oxygen reduction reaction (ORR) 
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[24,39], because surface Pt atoms are active sites for electrochemical reactions. 

Furthermore, modification of d-character of surface Pt atoms by segregation is 

normally desirable for stable electrode materials with higher dissolution potential in 

fuel cells [38], because the surface energy of the alloy can be lowered by Pt 

segregation to the surface, as mentioned above. Ma et al. [11] reported Pt surface 

segregation energies for 16 metals. In their results, the surface segregation energy for 

Pt3Ru(111) alloys is -0.83 eV. The value is more negative when compared to that of 

other transition metals, with the exception of Re and Mo. This means that Pt 

enrichment at the surface can readily occur in the Pt-Ru alloy system. Experimental 

results of Pt segregation in several alloy systems, including Pt-Ru, have already been 

reported [22,23]. Despite this, electrochemical measurements of Pt segregation in 

carbon-supported Pt-Ru nanoparticles were scarce. 

1.2.2. Electronic and geometric effects on electrocatalyst 

The rate of electrochemical reaction and the chemisorptions are dependent on two 

basic properties of the electrocatalyst surface, i.e., the electronic and geometric 

characters. Although the electronic and geometric structures of a surface usually cannot 

be varied independently, it is very useful to consider the two as the independent factors 

on the reactivity of the catalyst surface. The primary way to influence the activity of a 

catalyst is through a change in the electronic factor [40]. Transition metals are mainly 

used as electrocatalysts. In particular, the valence band structure has the most impact 
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on the interaction with neighboring atoms. The modification in the electronic structure 

controls the binding energy of reactant molecules on surface atoms. The geometric 

effect correlates to the surface structure of the catalysts and its relationship to the 

reactant species. Thus, the separation of the surface atoms, strain, and defects (i.e., 

steps and twins) can affect on the catalytic activity. 

1.2.2.1. Electronic effect 

Density functional theory (DFT) calculations have become an important tool for 

understanding the properties of metal surfaces and their reactivity, including the effects 

of structure, alloying, and adsorption. This theoretical approach has begun to suggest 

the design of surfaces with specific catalytic properties of interest. In fuel cells, the 

electrochemical reactions such as HOR and ORR have been explained by this 

theoretical approach. In the case of the ORR, it is truly needed to reduce a large 

overpotential even on Pt. Nørskov et al. have already shown the origin of the ORR [41]. 

Furthermore, they suggested the promising candidates with the enhanced ORR rate and 

the higher stability [42]. 

Alloying Pt with other transition metals can downshift the d-band center position 

of surface Pt [43]. This shift dominates the trends in the trends in binding energy of 

adsorbates, i.e., oxygen-containing species. In the d-band model, the simplest one-

electron description of the quantum mechanics of atoms and molecules interacting with 

a metal surface is assumed and provide the essential physics for understanding the 
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concept of the interaction between metal and adsorbates. The narrow d bands are a 

consequence of the small coupling matrix element Vdd between the localized d states; 

one of the important conclusions from tight binding theory is that the band width is 

proportional to Vdd [21,40]. Since d bands are narrow, the interaction of an adsorbate 

state with the d electrons of a surface gives rise to bonding and antibonding states just 

as in a simple two-state problem, as shown in Fig. 2. 

In general, the coupling of the adsorbate states to the metal d-bands will depend on 

a number of parameters, i.e., the energy of the adsorbate state(s), the d-density of states 

projected onto the metal atoms, and the coupling matrix element. Therefore, changes in 

the position of d-band cannot fully explain trends in reactivity of all transition metals. 

However, if surface metal is fixed (for instance, an oxygen atom bonding to a Pt atom), 

its reactivity with different substrates can be conceptually explained with this model. 

This thesis is focused on the oxygen reduction reaction. Therefore, the binding energy 

of oxygen is representative of the activity, because oxygen has the scaling relationship 

with O2, OH, and OOH. 

As the d-band center shifts up, a distinctive antibonding state appears above the 

Fermi level. The antibonding states above the Fermi level are empty, and the bond 

becomes increasingly stronger as their numbers increase. Thus, strong bonding occurs 

if the antibonding states are shifted up through the Fermi level (and become empty), 

and weak bonding occurs if antibonding states are shifted down through the Fermi 
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level (and become filled). Consequently, a Pt overlayer on different substrates (surface 

alloys) can result in different reactivities in the ORR. 

The oxygen reduction reaction can occur only when dissolved oxygen molecules 

diffuse and adsorb to metal surface. Nørskov et al. suggested two simple mechanisms 

of the ORR, i.e., dissociative and associative mechanisms. The first intermediate of O2 

determines the mechanism [41,42]. 

+ - * + - * + -
2 2

* + -
2 2

O (g)+4H +4e HOO +3H +3e H O+O +2H +2e

H O(l)+HO +H +e 2H O(l)

« «

« «
      (1-7) 

+ - * + - * + -
2

* + -
2 2

O (g)+4H +4e 2O +4H +4e 2HO +2H +2e

H O(l)+HO +H +e 2H O(l)

« «

« «
          (1-8) 

Where, * denotes an adsorbed state. Pt and Pd usually follow the associative 

mechanism, and their rate-limiting step is a water formation. This implies that OH* is a 

stable adsorbate on Pt or Pd. This reaction pathway for the associative mechanism is 

obtained from the free energy change diagram in Fig. 3 [42]. As can be seen in this 

diagram, Pt-based alloy shows the increased free energy change at the OOH* formation 

step. However, the transfer rate to remove OH* from the surface to form water is 

increased due to the increased free energy change of OH*. Based on the overview of 

the reaction mechanism, the electronic modification of d-character of surface Pt is 

closely connected to the binding energy of oxygen and the subsequent ORR activity. 
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1.2.2.2. Geometric effect 

The chemisorptions and reaction properties of a metal surface depend on the 

electronic as well as the geometric structures of the surface. Although the electronic 

and geometric structures of a surface usually cannot be varied independently in the 

most cases, it is very useful to consider the two as causing independent effects on the 

reactivity of a surface. The geometric effect indicates that adsorbates or reaction 

complexes interact in different geometric arrangements with surface atoms with 

identical local electronic properties. The simplest measure of the geometric effect is 

thus the coordination number of the adsorbate with respect to the surface atoms. 

Therefore, the geometric factors can contain strain, defect, shape, and size effects of 

nanocrystallites. 

Simple molecules such as di-oxygen were considered to be affected by only the 

electronic factor. Balbuena et al. have clearly demonstrated that the enhanced ORR 

activity for the “Pt-skin” Pt3Ni(111) and Pt3Co(111) alloys are not caused by geometric 

effects [11]. On the other side, Markovic et al. have shown that the ORR activity of 

supported Pt nanoparticles depends on the particle size and relating surface 

irregularities such as defects (step and twin) [44,45]. 
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Fig. 2. Schematic illustration of the formation of a chemical bond between an 

adsorbate valence level and the s- and d-states of a transition metal surface [21]. 
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Fig. 3. Free-energy diagrams for the oxygen reduction reaction on Pt-based transition 

metal alloys [42]. 
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2.1. Introduction 

Low-temperature fuel cells have been largely investigated due to their various 

advantages such as high energy efficiency, low pollutant emission, and low operating 

temperature [46,47]. Regardless of these advantages, there are still many obstacles to 

overcome before realizing commercial application [48―51]. One of the major 

problems in low-temperature fuel cells is the use of expensive Pt/C as an 

electrocatalyst. Pt/C is a major catalyst in low-temperature fuel cells due to its high 

activity and superior stability [52,53]. However, catalyst preparation with high Pt 

loading still remains an unsolved problem due to poor reproducibility and low 

dispersion of the metal particles [54].  

Great attention has been paid to the synthesis of small-sized and highly dispersed 

Pt nanoparticles in order to increase their surface availability as well as to reduce the 

cost [55―57]. So far, various preparation methods have been developed such as the 

CHAPTER II 

Preparation of Pt nanoparticles on carbon 

support using modified polyol reduction for low-

temperature fuel cells 
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borohydride reduction [58] and the microemulsion [59] and colloidal methods [60]. 

However, these methods could not provide highly dispersed Pt nanoparticles for a 

catalyst with high Pt loading [61]. 

Recently, polyol reduction using ethylene glycol as both a reducing agent and 

solvent has received great attention since it provides satisfactory size control and 

highly dispersed nanoparticles without needing any additional stabilizers [62―64]. In 

the polyol reduction, the glycolate produced from ethylene glycol oxidation acts as a 

stabilizer for metal colloids. Therefore, well-dispersed Pt-based electrocatalyst are 

obtained. 

In order to enhance the surface area of Pt nanoparticles, variously different 

modified polyol reductions were investigated. Song et al. applied a pulse-microwave 

procedure to avoid the agglomeration of the Pt nanoparticles [65]. Oh et al. adjusted 

the acidity of solution and the sort of purging gas to obtain highly dispersed Pt 

nanoparticles [66]. However, studies on the relation between reduction condition for 

conventional polyol reduction and particle size are rare.  

Pure ethylene glycol is generally used as a solvent in the conventional polyol 

reduction, and the particle size of Pt increases with reaction rate for Pt reduction [67]. 

In the present study, aqueous (not pure) ethylene glycol instead of pure one was 

employed as a reducing agent in order to decrease the reducing rate for better particle 
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size control. First, 20 wt% Pt/C catalyst was prepared varying the reaction condition of 

reduction temperature, concentration of reducing agent, and reduction time to 

determine the optimum condition. After determining the optimum condition, a 40 wt% 

Pt/C was synthesized under the optimum reduction condition for a 20 wt% Pt/C 

catalyst to use in a single-cell cathode. The synthesized catalyst was compared with a 

catalyst prepared by the conventional polyol reduction. In order to confirm the particle 

size, the prepared catalysts were analyzed with several analysis tools including X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and X-ray photoelectron 

spectroscopy (XPS). The electrochemical activities of the prepared catalysts were 

evaluated and compared with those of commercial catalysts. 

2.2. Experimental 

2.2.1. Electrocatalyst preparation 

20 wt% Pt/C catalysts for the half-cell test were prepared by a modified polyol 

reduction. 1 g of chloroplatinic acid (H2PtCl6·6H2O, Kojima Chemicals) was dissolved 

in a 200 mL of ethylene glycol (Acros Organics). The solution (6.6 mL) was 

introduced to ethylene glycol aqueous solution (150 mL) with 0.05 g of carbon 

(Vulcan XC-72, Cabot Co.) in a Teflon bottle. Then, a 1 M NaOH (Daejung 

Chemicals) aqueous solution was slowly added to increase the pH of the mixture to 13. 

Subsequently, the mixture was refluxed at 90 ℃ with N2 purging to remove the organic 
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by-products and oxygen. After cooling to room temperature, a 3 M HCl (Matsunoen 

Chemicals) aqueous solution was added until the pH reached 2. The Teflon bottle was 

placed in a stainless steel vessel and sealed tightly, and hydrothermal treatment was 

performed in an oven at 160  ℃ for 10 h. After the hydrothermal treatment, the mixture 

was filtered, washed using distilled water, and dried in a vacuum oven for 24 h. Finally, 

the dried powder was heat-treated in air at 160 ℃ for 24 h to completely remove the 

solvent, which negatively affects the catalytic activity. During the hydrothermal and 

heat treatment, Pt nanoparticle reduced by modified polyol reduction was not oxidized 

to PtO or PtO2 because temperatures of the treatment are not high enough to oxidize Pt 

[68]. In the 20 wt% Pt/C preparation, the concentration of the reducing agent and the 

reduction time were controlled to determine the optimum reduction condition of the 

modified polyol reduction. The catalysts, which were prepared with various 

concentrations of the reducing agent (ethylene glycol:H2O = 1:4, 1:2, 1:1, 2:1, and 4:0) 

and a constant reduction time (10 h), were denoted as 20Pt/C(M―α), where α 

represents the volume ratio of ethylene glycol to H2O. In addition, the catalysts 

prepared with various reduction times (10, 13, and 16 h) and a constant concentration 

of reducing agent (ethylene glycol:H2O = 1:1) were denoted as 20Pt/C(M―β), where β 

represents the reduction time in hours. The 40 wt% Pt/C catalyst for the single-cell test 

was also prepared by the modified polyol reduction described above under the 

optimum reduction condition for the 20 wt% Pt/C catalyst to confirm the applicability. 
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The 40 wt% Pt/C catalyst prepared by the modified polyol reduction was denoted as 

40Pt/C(M). For comparison, commercially available 20 wt% and 40 wt% Pt/C were 

used and denoted as 20Pt/C(C) and 40Pt/C(C), respectively. 

2.2.2. Physical characterization 

Structural characteristics of the prepared catalysts were investigated by XRD 

(D/MAX2500, Rigaku) using Cu Kα radiation. The working voltage and current were 

maintained at 40 kV and 200 mA, respectively. The 2θ angular region between the 20° 

and 90° range was explored at a scan rate of 2°/min. The surface morphology of the Pt 

nanoparticles on the carbon support was studied with TEM (JEM-2000EX, JEOL) 

operated at 200 kV. Particle size distribution of the Pt nanoparticles was obtained by 

measuring the sizes of 300 Pt particles inside a TEM images. TGA measurements were 

done on a thermal analyzer (SDT Q-600, TA Instruments) at 30 ~ 800 °C in an air flow 

(100 ml/min) using an alumina sample pan. The surface chemical state and binding 

energy of the catalyst were analyzed by X-ray photoelectron spectroscopy (XPS) 

(VGESCALAB 220i-XL, Fisons) at 450 W with a pass energy of 50 eV and using Mg 

Kα radiation as the exciting source. The XPS spectra were calculated with respect to 

the Au 4f7/2 core level (83.8 eV). The peak fitting of the XPS spectra was done with a 

Shirley function and Gaussian-Lorentzian function by the XPS PEAK 4.1 software. 

2.2.3. Electrochemical activity 
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In the half-cell test, electrochemical measurements were done with a potentiostat 

(PC4/750, Gamry Instrument). The CV curve was observed in a conventional three-

electrode cell using 3 mm diameter glassy carbon (010422, BASi) as a working 

electrode, Pt mesh (219810, Princeton Applied Research) as a counter electrode, and 

Ag/AgCl (MF-2052 RE-5B, BASi) as a reference electrode. The catalyst ink was 

prepared as follows: 10 mg of the catalyst was mixed with 5 wt% Nafion solution 

(1100 EW, Dupont) and isopropyl alcohol (Malinkrodt) with vigorous stirring. The 

weight ratio of catalyst to Nafion in the catalyst ink was 3:1. The catalyst ink was 

dropped onto the polished glassy carbon, and dried at room temperature. In the half-

cell test, potentials were recorded with respect to the normal hydrogen electrode (NHE). 

Before the electrochemical measurement, all electrolytes were purged with N2 gas for 

20 min to remove any dissolved oxygen, and the potential was cycled between 0.0 and 

1.2 V (vs. NHE) at 100 mV/s to remove any impurities from the Pt surface. The H2 

adsorption/desorption curves were done in 0.5 M H2SO4 aqueous solution as an 

electrolyte with a scan rate of 20 mV/s at 25 . In the methanol oxidation reactio℃ n 

(MOR), 0.5 M H2SO4 and 2 M CH3OH solution were used as electrolytes with a scan 

rate of 20 mV/s at 40 .℃  

2.2.4. Single-cell test 
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Activities of the 40 wt% Pt/C catalysts were evaluated using a single-cell of the 

polymer electrolyte membrane fuel cell (PEMFC). The membrane electrode assembly 

(MEA) was fabricated from a commercial membrane (Nafion 112, DuPont) according 

to the standard membrane cleaning procedure [69,70]. In order to prepare the MEA, the 

catalyst ink was sprayed on the membrane using the catalyst-coated membrane (CCM) 

method [71]. Electrochemical activity of the single-cell was carried out using the 40 

wt% Pt/C catalysts as the cathode and the commercial 20 wt% Pt/C catalyst as the 

anode. The geometric electrode area of the single-cell was 5 cm2 and the loading 

amount of Pt on the anode and cathode were both 0.15 mg/cm2 to avoid interference 

from the membrane and anode. After the gas diffusion layers (TGPH-060, Toray Inc.) 

were placed on the anode and cathode sides of the membrane, the MEA was mounted 

in a single-cell with a graphite carbon plate. In this study, the operation temperature of 

the single-cell was fixed at 80 , and the flow rates of the feeding materials for the ℃

anode and cathode were fixed at 100 mL/min. Cyclic voltammetry experiment for the 

half-cell test was applied to the single-cell cathode to observe the relationship between 

the small-sized Pt particles and the enhanced EAS. In this experiment, N2 was used as 

a cathode feeding material instead of O2, and H2 was used as an anode feeding material. 

For the measurement of the H2 adsorption/desorption curve, the potential was cycled 

between 0 and 1.2 V with a scan rate of 20 mV/s using a potentiostat (PGSTA302, 

Autolab). Single-cell performances were observed using the 40 wt% Pt/C catalysts as 
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the cathode and a commercial 20 wt% Pt/C catalyst as the anode. H2 and air were used 

for the anode and cathode feeding materials, respectively. These gases were humidified 

in a bubbling humidifier before entering the fuel cell. The humidification temperatures 

for the anode and cathode gases were 80 and 67 , respectively. Each prepared single℃ -

cell performance was measured on a commercial fuel cell test station (SMART II 

PEM/DM Hybrid Fuel Cell Test System, WonATech Co.) 

2.3. Results and discussion 

2.3.1. 20 wt% Pt/C catalyst characterization 

2.3.1.1. Physical characterization 

The XRD patterns of the 20 wt% Pt/C catalysts synthesized by the modified 

polyol reduction with various concentrations of the reducing agent and a constant 

reduction time (10 h) are shown in Fig. 4. The diffraction peak at 25° is associated to 

the carbon (002) plane, and the peaks centered at about 40°, 46°, 68°, and 81° are 

attributed to the Pt (111), (200), (220), and (311) crystalline planes, respectively, 

corresponding to the face-centered cubic (fcc) structure of the crystalline Pt. This result 

shows that the Pt precursor was successfully reduced by the modified polyol reduction 

at 90  although the reduction temperature was much lower than that of the ℃

conventional polyol reduction at 160 . Based on the XRD results, the average ℃
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crystallite sizes were evaluated using the full width at half-maximum (FWHM) of the 

Lorentzian-fitted Pt (220) peaks by Scherrer’s equation [72,73]. All the catalysts 

synthesized with different concentrations of the reducing agent had similar-sized Pt 

crystallites (1.3 nm) except for 20Pt/C(M―1:4), which had a 4.2 nm sized Pt 

crystallites. In the modified polyol reduction, ethylene glycol was used as both a 

solvent and a reducing agent. In addition, a unique property of polyol reduction is that 

the preparation method does not require stabilizers to produce small-sized metal 

nanoparticles since glycolate produced from the ethylene glycol oxidation interact with 

the metal nanoparticles and hence act as a stabilizer [66]. Therefore, the result shows 

that ethylene glycol in the modified polyol reduction could have a similar stabilizing 

effect on the Pt nanoparticles irrespective of the ethylene glycol concentration when 

the concentration of ethylene glycol stayed above 33 vol%. On the other hand, the 

catalyst prepared with low ethylene glycol concentration (<33 vol%) shows larger-

sized Pt crystallite than the others. This result suggests that insufficient amount of 

stabilizer would not show sufficient stabilizing effect resulting in insufficient reduction 

of crystallite size. Ethylene glycol in the modified polyol reduction acts as a solvent as 

well as a reducing agent. Moreover, the ethylene glycol is related to the stabilizing 

effect on Pt nanoparticles because the stabilizer is glycolate produced from ethylene 

glycol. Crystallite growth is prevented by the interaction between stabilizer and Pt 

crystallite. On the other hand, H2O does not have stabilizing effect in the modified 
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polyol reduction [74]. Therefore, only the catalysts prepared with high ethylene glycol 

concentration did not show crystallite growth because the Pt surface was completely 

covered with stabilizer produced from a threshold or higher concentration of ethylene 

glycol.  

Additional XRD analysis was done to observe the relationship between the 

reduction time and the particle size. The XRD patterns of 20 wt% Pt/C catalysts 

synthesized by the modified polyol reduction with various reduction times and a 

constant concentration of the reducing agent (ethylene glycol:H2O=1:1) are shown in 

Fig. 5. For comparison, the pattern of a commercial catalyst (20Pt/C(C)) is also shown 

in the same figure. All the catalysts including the commercial one exhibited typical 

diffraction peaks for the carbon and the fcc structured Pt crystallites. The diffraction 

peak of Pt became broader as the reduction time decreased, which indicates a decrease 

in the particle size. It was also observed that the intensity of the Pt (220) peak 

gradually diminished as the reduction time decreased. The disappearance of the Pt 

(220) peak for 20Pt/C(M―10) means that the crystallite size of Pt in this catalyst was 

much smaller than those of the others [75]. The resulting particle size obtained from 

the XRD results are shown in Table 2. Among the prepared catalysts, 20Pt/C(M―10) 

had the smallest sized Pt crystallite and its crystallite size was about 1.3 nm. In the 

polyol reduction, ethylene glycol oxidizes to glycolate, which has a stabilizing effect 

on the metal nanoparticles. However, the concentration of glycolate decreases in an 
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acid solution since the glycolate is changed to its protonated form in an acid solution 

[76]. Therefore, the change in crystallite size was believed to be related to the pH of 

the solution decreasing during the polyol reduction. In order to observe the influence of 

acidity on the crystallite size, the pH of each solution was observed before the filtration 

process and shown in Table 2. The acidity of the solution increased as the reduction 

time increased since the solution received more H+ from the ethylene glycol oxidation. 

Thus, a larger amount of ethylene glycol could be changed to glycolic acid and the 

stabilizing effect would be diminished. Among the various reduction conditions, the 

reduction condition of the 20Pt/C(M―10) was determined to be the optimum 

reduction condition (reduction temperature = 90 ℃, ethylene glycol:H2O concentration 

= 1:1, and reduction time = 10 h) for the modified polyol reduction due to the smallest 

crystallite size. 

Fig. 6 shows TEM images and the corresponding size distribution histograms of 

the commercial and the optimum 20 wt% Pt/C catalysts. TEM images (Fig. 6(a)) of the 

commercial catalyst shows partly large-sized Pt nanoparticles (4―6 nm) and particle 

agglomerations. The average size of Pt particles was around 2.4 nm. On the other hand, 

The Pt nanoparticles of the optimum catalyst were well dispersed on the carbon 

support without particle aggregation, and they had a narrow particle size distribution 

between 0.5 and 2.0 nm (Fig. 6(b)). The average Pt particle size measured from the 

TEM images was around 1.6 nm, which is very close to the Pt crystallite size 
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calculated from the XRD result. The similarity between the particle and crystallite 

sizes shows that most of the Pt nanoparticles existed as a single crystallite. Based on 

the XRD and TEM results, the 20Pt/C(M―10) catalyst has higher EAS and catalytic 

activity than the commercial catalyst as shown later. 

2.3.1.2. Electrochemical characterizations in a half-cell 

In order to estimate the EAS of the prepared catalysts, a cyclic voltammetry 

experiment was carried out. The potential was cycled between 0 and 1.2 V (vs. NHE) 

at 20 mV/s in a 0.5 mol/L H2SO4 aqueous solution purged with N2 at 25 °C. In Fig. 7, 

all the catalysts exhibited well-defined H2 adsorption/desorption peaks in the potential 

range of 0.0–0.3 V. From the integrated charge in the H2 adsorption/desorption region, 

the EAS values of the catalysts can be calculated as suggested by Gasteiger et al. [77]. 

The observed EAS values are also summarized in Table 2. The EAS value of the 

20Pt/C(M―10) was higher than those of the other catalysts including the commercial 

one. This improved EAS is attributed to the high Pt surface utilization by the highly 

dispersed Pt nanoparticles on the carbon support, as shown by the XRD result (Table 

2). In addition, the higher EAS value of the smaller-sized Pt nanoparticles suggests that 

the surface of the small-sized Pt nanoparticles could be an active site for 

electrochemical reactions. 
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Fig. 4. X-ray diffraction patterns of 20 wt% Pt/C catalysts prepared by modified polyol 

reduction with various concentrations of reducing agent. 
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Fig. 5. X-ray diffraction patterns of 20 wt% Pt/C catalysts prepared by modified polyol 

reduction with various reduction times. 
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Table 2. The pH values after reduction process and the physical and electrochemical 

properties of the prepared 20 wt% Pt/C catalysts 

Catalyst 
pH of solution 

after reduction 

Crystallite size 

of Pt / nm 

Electrochemical activity 

EAS / m2 gPt
-1 MOR / mA mgPt

-1 

20Pt/C(C) - 1.9 69.2 185.1 

20Pt/C(M-16) 4.2 4.2 10.1 37.8 

20Pt/C(M-13) 6.1 1.8 68.9 183.5 

20Pt/C(M-10) 7.8 1.2 76.7 228.8 
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Fig. 6. TEM images and histograms of the particle size distribution of (a) 20Pt/C(C) 

and (b) 20Pt/C(M-10). 
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Fig. 7. Cyclic voltammograms for the prepared and the commercial 20 wt% Pt/C 

catalysts to observe the electrochemical active surface area. 
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In order to confirm the enhanced EAS, the electrochemical activities toward MOR 

were characterized using the CV experiment at 40  with a N℃ 2-purged mixed solution 

of 2 M CH3OH and 0.5 M H2SO4 as the electrolyte. The current values were 

normalized by both the loading amount of Pt and the active surface area, considering 

that methanol adsorption and dehydrogenation occur only on the Pt surface [73,77]. As 

shown in Fig. 8(a), the order of activities for the mass-normalized MOR (229, 185, 184, 

and 38 mA/mgPt for the 20Pt/C(M―10), 20Pt/C(C), 20Pt/C(M―13), and 

20Pt/C(M―16) at 0.7 V, respectively) was same to that of the EAS. This result means 

that the enhanced EAS increases the MOR activity and shows that the catalyst prepared 

under the optimum reduction condition had a more extensive Pt surface than that of the 

other catalysts due to the smaller sized Pt nanoparticles. 

In addition, all the catalyst had a very similar onset potential and activity for the 

area-normalized MOR shown in Fig. 85(b). It is well known that methanol 

dehydrogenation on a Pt surface produces CO as an intermediate. The CO is strongly 

adsorbed onto the Pt surface and blocks the continuous adsorption and 

dehydrogenation of methanol molecules [78―82]. When the potential increased in the 

CV experiment, the OH in the electrolyte was adsorbed on the Pt surface and 

transformed the adsorbed CO to CO2, releasing the Pt surface [82,83]. Thus, the similar 

onset potential and MOR activity means that the OH adsorption of each catalyst 

occurred at a similar potential. It has already been reported that the OH adsorption on a 
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Pt surface is related to the Pt d-band vacancy, i.e. electron density [84]. Therefore, it is 

believed that the onset potential for MOR would change if the preparation condition or 

particle size has an effect on the electron density of the Pt surface. The result of the 

area-normalized MOR activity suggests that the influence by the reduction condition 

on the electron density was negligible whereas EAS was greatly affected. 

2.3.2. 40 wt% Pt/C catalyst characterization 

2.3.2.1 Physical characterization 

In order to confirm the applicability of the single-cell, 40 wt% Pt/C catalysts 

were prepared. 40Pt/C(M) was prepared by the modified polyol reduction under the 

optimum reduction condition (reduction temperature = 90 ℃, ethylene glycol:H2O 

concentration = 1:1, and reduction time = 10 h) for the 20 wt% Pt/C catalyst. For 

comparison, the 40Pt/C(P) was also prepared by the conventional polyol reduction 

[66,76]. Fig. 9 shows the XRD patterns for the commercial and prepared 40 wt% Pt/C 

catalysts. All the catalysts exhibited the typical diffraction peaks for the carbon and Pt 

crystallites. This shows that the platinum precursor was successfully reduced and the 

prepared Pt nanoparticles were well supported on the carbon. The average Pt crystallite 

sizes were calculated from the Pt (220) diffraction peaks by Scherrer’s equation. The 

crystallite sizes of the Pt for the 40Pt/C(C), 40Pt/C(P), and 40Pt/C(M) were 2.8, 2.9 

and 1.3 nm, respectively. TGA-DSC analysis was used to confirm the complete 
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reduction of the Pt precursor to Pt nanoparticles. For the 40Pt/C(M), 39.1 wt% 

components remained as residue after carbon combustion, which was the reduced Pt. 

The TGA result shows that the used preparation method could reduce most of the Pt 

precursor even though the amount of Pt precursor was increased by two times. 

The TEM image of the 40Pt/C(M) catalyst is shown in Fig. 10. Highly 

dispersed Pt nanoparticles on the carbon support were also observed as in the 20 wt% 

Pt/C prepared under the optimum reduction condition. As shown in the histogram, the 

40Pt/C(M) had a very narrow size distribution and the average particle size was 

estimated as 1.7 nm, which was also very close to the crystallite size from the XRD 

result.  

Oxidation of nanoparticles differs substantially within the same process for planar 

metal single crystals or films at least in the dependence of the work function on the 

particle size [84]. Therefore, XPS analysis was used to observe the surface of the Pt 

nanoparticles prepared by the modified polyol reduction. Fig. 11(a) shows that XPS 

spectra of the Pt 4f for the 40Pt/C(M) after heat treatment in air at 160 ℃ for 24 h. The 

spectrum shows a doublet peak containing a low energy band (Pt 4f7/2) and a high 

energy band (Pt 4f5/2) at 71.1 and 74.4 eV, respectively. In order to identify the 

oxidation states of the Pt, the spectrum was deconvoluted into three pairs of 

overlapping curves, which can be assigned to Pt(0), Pt(II), and Pt(IV). The most 
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intense peak at 71.0 eV for Pt 4f7/2 was assigned to the metallic Pt. The second peak, 

observed at a binding energy of 1.9 eV higher than that of the Pt(0), was assigned to 

the Pt(II) as in PtO or Pt(OH)2, and the third one corresponded to the Pt(IV) species 

[86]. The percentages of Pt(0), Pt(II), and Pt(IV) calculated from the relative intensity 

were 76.2, 18.9, and 4.9%, respectively. From this result, metallic Pt(0) was the 

predominant species in the catalyst (>75%) with a smaller amount of an oxidized 

platinum species (<25%). In the electrochemical reaction, the Pt(0) surface provides 

the active site for electrochemical reaction rather than the Pt(II) and Pt(IV) species [87]. 

In Fig. 8(b), Pt(0) peak for Pt 4f7/2 at 71.0 eV with no change in binding energy, but the 

relative amounts of Pt(0), Pt(II), and Pt(IV) change to 78.3, 17.2, and 4.4%, 

respectively. In the comparison between 40Pt/C(M) and 40Pt/C(P), it was observed 

that small-sized Pt nanoparticle has more amount of oxidation state in the Pt surface 

than large-sized one because of the size effect as reported elsewhere [86]. Nevertheless, 

the ORR activity was higher in 40Pt/C(M) than 40Pt/C(P) due to much larger EAS of 

40Pt/C(M). The size-dependent oxidation was reported by Han et al. and attributed 

slightly to the increased low-coordinated sites on smaller particles, which can bind 

more strongly with oxygen-containing species than terrace site [88]. It was also 

reported that the small-sized Pt nanoparticles show higher binding energy than large-

sized Pt nanoparticles [89]. However, 40Pt/C(M) and 40Pt/C(P) showed deconvoluted 

peaks at similar binding energies although 40Pt/C(M) had smaller Pt nanoparticles than  
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Fig. 8. (a) Mass-normalized and (b) area-normalized activity for methanol oxidation of 

the 20 wt% Pt/C catalysts. 
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Fig. 9. X-ray diffraction patterns of the prepared and the commercial 40 wt% Pt/C 

catalysts. 
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Fig. 10. TEM image and the corresponding size distribution diagram of the 40Pt/C(M). 
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Fig. 11. XPS spectra of Pt 4f for (a) 40Pt/C(M) and (b) 40Pt/C(P). 
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40Pt/C(P). It suggests that there would be a threshold size difference which shows a 

detectable size effect, and that therefore no size effect is shown under the threshold size 

difference (about 1 nm) [90]. 

Based on the XRD, TGA, TEM, and XPS results, it was confirmed that the 

40Pt/C(M) was successfully prepared by the modified polyol reduction without Pt loss 

and particle aggregation. 

2.3.2.2 Electrochemical characterization in a single-cell 

The CV experiment for the half-cell test was applied to the single-cell system 

to confirm the EAS in an actual PEMFC. In the experiment, a modified single-cell 

system, which was very similar to the two electrode cell of the half-cell test, was 

designed. Humidified N2 was used as a cathode feeding material instead of O2, and H2 

was used as an anode feeding material. A commercial 20 wt% Pt/C catalyst on the 

anode side could act as reference and counter electrodes, and Nafion membrane could 

act as an electrolyte. In this modified single-cell system, the anode of the fuel cell was 

connected to the potentiostat using the reference electrode and counter electrode cables, 

simultaneously. Thus, the cathode, which was connected to the working electrode cable, 

could be evaluated as a working electrode using a potentiostat. For comparison, the 

40Pt/C(C) and 40Pt/C(P) catalysts were also evaluated under the same experiment 

conditions. In Fig. 12, all the catalysts exhibited well-defined H2 adsorption/desorption 
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peaks at 0―0.3 V. Based on the H2 adsorption/desorption peaks, the calculated EAS of 

the 40Pt/C(M) (23.0 m2/g) was higher than those of the 40Pt/C(P) (16.4 m2/g) and the 

40Pt/C(C) (17.0 m2/g). This result shows that the highly dispersed Pt nanoparticles 

prepared by the modified polyol reduction not only enhanced the EAS in the half-cell 

test, but also increased the active sites in the single-cell system. 

The performances of the PEMFC using the prepared and the commercial 

catalysts were evaluated as a cathode and shown in Fig. 13. All the catalysts had very 

similar open circuit voltages (OCV) and single-cell performance in the low current 

density region (0―300 mA/cm2). In the I―V curve, the current for ORR could be 

divided into the kinetic- and diffusion-controlling regions [91]. At the kinetic-

controlling region (0.8―1.0 V), the electron density of the Pt nanoparticles is 

important in enhancing the ORR activity since the electron density affects the OH 

desorption potential. The OH adsorbed on the Pt surface inhibits the ORR, and this 

adsorbed OH is not derived from the reduction of O2 but rather from the reaction 

between H2O and Pt [92]. On the other hand, mass-transfer can be neglected at the 

kinetic-controlling region because its effect on the current in the kinetic-controlling 

region was very small [93]. Therefore, a similar OCV and current in the kinetic-

controlling region denotes that the small-sized Pt nanoparticles prepared by the 

modified polyol reduction did not have any effects on the electron density. The mass 

activity of the 40Pt/C(M) in the diffusion-controlling region (0.4―0.8 V) was higher 
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than that of the 40Pt/C(P) since the 40Pt/C(M) showed a lower polarization loss than 

that of the 40Pt/C(P). The measured current densities at 0.6 V for 40Pt/C(M) and 

40Pt/C(P) were 678 and 630 mA/cm2, respectively. At the diffusion-controlling region 

(0.0―0.8 V), the ORR activity was affected by mass-transfer instead of the OH 

desorption because most of the OH adsorbed on Pt surface already desorbed by 

potential descent. In addition, the decrease of EAS increases mass-transfer resistances 

[94]. Therefore, the catalyst with higher EAS shows higher ORR activity in only the 

diffusion-controlling region because the catalyst prepared by the modified polyol 

reduction increases EAS of the single-cell without the influence on the electron density. 

This result is well matched to the mass- and area-normalized activity for the MOR 

activity in the half-cell test. 
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Fig. 12. Cyclic voltammograms of the prepared and the commercial 40 wt% Pt/C 

catalysts as a cathode of the PEMFC. 
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Fig. 13. Performances of the single-cell from PEMFCs using the prepared and the 

commercial 40 wt% Pt/C catalysts as a cathode. 
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2.4. Conclusions 

Highly dispersed 20 wt% Pt/C catalysts with 1~4 nm size were successfully 

synthesized by the modified polyol reduction with different concentrations of a 

reducing agent and reduction time to control the size of Pt nanoparticles. TEM and 

XRD results revealed that the optimized 20 wt% Pt/C had very small-sized Pt 

nanoparticles (about 1.2 nm) with quite a narrow distribution between 0.5 and 2 nm. 

The optimized catalyst showed the highest EAS and MOR activity due to the highly 

dispersed Pt nanoparticles. In order to confirm the applicability of the preparation 

method for a single-cell catalyst, a 40 wt% Pt/C was synthesized using an optimum 

reduction condition (temperature = 90 ℃, ethylene glycol:H2O concentration = 1:1, 

and reduction time = 10 h). The 40 wt% Pt/C synthesized by the modified polyol 

reduction had a higher EAS than a commercial catalyst in a single-cell system. In 

addition, the synthesized 40 wt% Pt/C catalyst had better single-cell performance than 

a commercial catalyst. The method used in this study provided an easy and 

reproducible procedure for the preparation of Pt nanoparticles supported on carbon. 
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3.1. Introduction 

The most suitable electrocatalyst is Pt metal supported on carbon in the low-

temperature fuel cell such as polymer electrolyte membrane fuel cell (PEMFC) and 

direct methanol fuel cell (DMFC). But Pt, which is expensive and restrictive, is not a 

very good catalyst for cathode material due to easy poison by strongly adsorbed OH. 

The hydrogen oxidation reaction (HOR) has low oxidation over potential due to ease of 

hydrogen oxidation and the kinetics limitation of the oxygen reduction reaction (ORR). 

Therefore, in low-temperature fuel cell, improving the catalytic activity for the ORR is 

crucial to increase overall fuel cell efficiency. 

    Two biggest issues on cathode catalyst for the last decade are as follows: one is 

the increase of active surface area for ORR to reduce the Pt loading. The other is 

development of Pt based alloy catalysts with transition metal to enhance ORR activity 

[94-108]. Although the former catalysts showed high methanol tolerance, their 

catalytic activities and stabilities were poor [109, 110]. The latter alloy catalysts 

CHAPTER III 

Preparation and characterization of  

Pt/Ce0.5Zr0.5O2-C catalyst for ORR 
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showed improved ORR activities of Pt-based alloy catalysts have been demonstrated 

by structural, ensemble, and electronic effects [97, 102, 111, 112]. Mukerjee et al. [97] 

and Jalan et al. [113] maintained that the increased catalytic activity of Pt-based alloy 

catalysts was related to the combination of electronic effect such as d-band vacancy 

and geometric effect such as shortening of Pt-Pt bond distance. Stamenkovic et al. 

[104] reported the activity enhancement for the ORR on 1Pt3Ni and 1Pt3Co alloy 

surfaces was correlated to the inhibition of Pt-OHads formation on Pt sites surrounded 

by oxide covered Ni and Co atoms. Some other research groups have tried to improve 

the ORR activity of the Pt catalyst by mixing metal oxide such as WO3 [114-115]. 

Among the tested metal oxides, CeO2 seems to have an interesting property [116]. 

CeO2 is a fluorite oxide whose cations can switch between +3 and +4 oxidation states 

and can be an oxygen buffer as CeO2 can release oxygen reversibly [117, 118]. And 

also CeO2 has demonstrated oxygen storage capability, promoted the water-gas shift 

reaction and stabilized the metal dispersion [119, 120]. The addition of CeO2 to Pt/C 

catalyst for cathode electrode has been studied to our group to increase the local 

oxygen concentration. Our recent work has confirmed that the Pt/C catalyst physically 

mixed with nano-sized CeO2 increased the local oxygen concentration in air 

atmosphere, leading to enhanced single-cell performance of direct methanol fuel cell 

[121]. Recently, it was reported that addition of Zr in CeO2 increases the oxygen 

storage capacity of the CeO2 and the thermal stability. The insertion of Zr into the 
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CeO2 lattice distorts the oxygen sublattice, making mobile oxygen available for redox 

processes [122]. 

In this study, we tried to know the effect of Ce0.5Zr0.5O2 addition using size-

controlled Ce0.5Zr0.5O2 nanoparticles. Pt/Ce0.5Zr0.5O2-C catalysts were synthesized by 

hydrothermal treatment and polyol reduction, and solvent and reaction time of the 

hydrothermal treatment were controlled to control the size of Ce0.5Zr0.5O2. 

3.2. Experimental 

3.2.1. Preparation of Pt/Ce0.5Zr0.5O2-C  

The Pt/Ce0.5Zr0.5O2-C was prepared by hydrothermal treatment and conventional 

polyol reduction. The Pt/Ce0.5Zr0.5O2-C catalysts were prepared by continuous two 

steps in this study. First, nano-sized Ce0.5Zr0.5O2 particles deposited on carbon support 

were prepared by hydrothermal treatment using CeCl3·7H2O (Aldrich) and ZrCl4 

(Aldrich) as precursors for Ce0.5Zr0.5O2. The preparation procedure was as follows; 

0.0140 g of CeCl3·7H2O and 0.0087 g of ZrCl4 were dissolved into 100 ml mixture of 

solvent (H2O and methyl alcohol) and 0.1 g of carbon black (Vulcan XC-72, Cabot 

Co.) in a Teflon bottle, then 5 M NaOH aqueous solution was slowly added until the 

pH reached to 11. The teflon bottle was held in a stainless steel vessel and tightly 

sealed. The temperature of hydrothermal treatment is 150 ℃, and two kinds of reaction 
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time (3 or 13 h) were applied. After the hydrothermal treatment, the mixture was 

filtered, washed using distilled water, and dried in a vacuum oven for 24 h. 20 wt% 

Pt/Ce0.5Zr0.5O2-C catalysts were prepared by conventional polyol reduction. 1 g of 

chloroplatinic acid (H2PtCl6·6H2O, Kojima Chemicals) was dissolved in a 200 mL of 

ethylene glycol (Acros Organics). The solution (6.6 mL) was introduced to ethylene 

glycol (30 mL) with 0.05 g of prepared support. Subsequently, the mixture was 

refluxed at 160 ℃ with N2 purging to remove the organic by-products and oxygen. 

After cooling to room temperature, a 3 M HCl (Matsunoen Chemicals) aqueous 

solution was added until the pH reached 2. After the polyol reduction, power could be 

obtained by filtration and drying procedures. 

3.2.2. Physical characterization 

Structural characteristics of the prepared catalysts were investigated by XRD 

(D/MAX2500, Rigaku) using Cu Kα radiation. The working voltage and current were 

maintained at 40 kV and 200 mA, respectively. The 2θ angular region between the 20° 

and 90° range was explored at a scan rate of 2°/min. The surface morphology of the Pt 

nanoparticles on the carbon support was studied with TEM (JEM-2000EX, JEOL) 

operated at 200 kV. Particle size distribution of the Pt nanoparticles was obtained by 

measuring the sizes of 300 Pt particles inside a TEM images. TGA measurements were 

done on a thermal analyzer (SDT Q-600, TA Instruments) at 30 ~ 800 °C in an air flow 
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(100 ml/min) using an alumina sample pan. TPR (BEL-CAT, BEL) was performed 

using a fixed bed tubular reactor unit equipped with thermal conductivity detector. A 

mixture gas of 5% H2/Ar with a flow of 25 ml/min was used to reduce the catalyst with 

raising the temperature from 25 to 1000  at 10 /min of heating rate. ℃ ℃  

3.2.3. Electrochemical activity 

In the half-cell test, electrochemical measurements were done with a 

potentiostat (PC4/750, Gamry Instrument). The CV curve was observed in a 

conventional three-electrode cell using 3 mm diameter glassy carbon (010422, BASi) 

as a working electrode, Pt mesh (219810, Princeton Applied Research) as a counter 

electrode, and Ag/AgCl (MF-2052 RE-5B, BASi) as a reference electrode. The catalyst 

ink was prepared as follows: 10 mg of the catalyst was mixed with 5 wt% Nafion 

solution (1100 EW, Dupont) and isopropyl alcohol (Malinkrodt) with vigorous stirring. 

The weight ratio of catalyst to Nafion in the catalyst ink was 3:1. The catalyst ink was 

dropped onto the polished glassy carbon, and dried at room temperature. In the half-

cell test, potentials were recorded with respect to the normal hydrogen electrode (NHE). 

Before the electrochemical measurement, all electrolytes were purged with N2 gas for 

20 min to remove any dissolved oxygen, and the potential was cycled between 0.0 and 

1.2 V (vs. NHE) at 100 mV/s to remove any impurities from the Pt surface. The H2 

adsorption/desorption curves were done in 0.5 M H2SO4 aqueous solution as an 
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electrolyte with a scan rate of 20 mV/s at 25 . ℃ The catalytic activity for ORR were 

measured with rotating disk electrode (RDE) (AFMSRX modulated speed rotator, Pine 

Instruments) installed with a glassy carbon (GC) RDE tips electrode (ARE3T050GC, 

Pine Instruments). A conventional three-electrode cell, in which reference, counter, and 

working electrodes were separated, was used for the ORR test for the catalysts in 1 M 

HClO4 electrolyte solution. 

3.3. Results and discussion 

3.3.1. 10 wt% Ce0.5Zr0.5O2-C support characterization 

Fig. 14 shows the XRD patterns of Ce0.5Zr0.5O2/C powders synthesized by the 

modified hydrothermal treatment. Four diffraction peaks at 29.3ο, 34.0ο, 48.9ο, and 

58.0ο were indentified as Ce0.5Zr0.5O2 (101), Ce0.5Zr0.5O2 (110), Ce0.5Zr0.5O2 (221), and 

Ce0.5Zr0.5O2 (211), respectively. The reaction condition and average crystallite size 

calculated from Ce0.5Zr0.5O2 (101) by Scherrer’s equation was shown in Table 3. In 

comparison between CZO-C-1 and CZO-C-2, crystallite size of Ce0.5Zr0.5O2 increases 

with reaction time in hydrothermal treatment. In addition, the Ce0.5Zr0.5O2 prepared in 

MeOH solvent showed smaller-sized crystallite than the Ce0.5Zr0.5O2 prepared in H2O 

solvent because boiling point of MeOH is lower than H2O.  



 

- ５９ -  
 
 

TEM images of CZO-C supports prepared by the hydrothermal treatment are 

presented in Fig. 15. Each support has different sized Ce0.5Zr0.5O2 nanoparticles, and 

CZO-C-1 among the prepared supports shows the largest-sized Ce0.5Zr0.5O2. Particle 

sizes of the supports were, in a decreasing order: CZO-C-1 > CZO-C-2 > CZO-C-3. 

This result is well matched to the crystallite size calculated from XRD data. 

Considering the similar sizes estimated from XRD and TEM data, each crystallite 

seemed to form an individual particle. 

3.3.2. 20 wt% Pt/Ce0.5Zr0.5O2-C catalyst characterization 

3.3.2.1. Physical characterization 

Fig. 16 shows the TGA data of the Pt-Ce0.5Zr0.5O2-C catalysts prepared by polyol 

reduction. Dramatic weight losses observed around between 400 and 450  were ℃

oxidation of carbon support. The combustion was completed at approximately 550 , ℃

leaving about 27 wt% components as residue in the catalysts which were due to the 

supported Pt and Ce0.5Zr0.5O2. This result indicates that all of Pt and Ce0.5Zr0.5O2 were 

successfully loaded on the carbon support by the hydrothermal treatment and the 

polyol reduction because loading amounts of Pt and Ce0.5Zr0.5O2 were 20 wt% and 8 

wt%, respectively. It is clear that our two kind of preparation method guarantees the 

complete preparation of Pt/Ce0.5Zr0.5O2-C. 
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Fig. 14. X-ray diffraction patterns of CZO-C supports prepared by hydrothermal 

treatment. 
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Table 3. Condition of hydrothermal treatment and crystallite size calculated from XRD 

pattern 

Support 

Condition of hydrothermal treatment Crystallite size of 

Ce0.5Zr0.5O2 / nm Solvent Time / h 

20Pt/10CZO-C-1 H2O 13 3.1 

20Pt/10CZO-C-2 H2O 3 1.9 

20Pt/10CZO-C-3 CH3OH 3 1.4 
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Fig. 15. TEM images of (a) CZO-C-1, (b) CZO-C-2, and (c) CZO-C-3. 
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Fig. 16. TGA curves of Pt/CZO-C catalysts.
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In order to observe addition effect of Ce0.5Zr0.5O2 on ORR activity, catalysts were 

prepared by polyol reduction using the Ce0.5Zr0.5O2 added carbon as a support. XRD 

data of the prepared catalysts were shown in Fig. 17. The peaks centered at about 40°, 

46°, 68°, and 81° are attributed to the Pt (111), (200), (220), and (311) crystalline 

planes, respectively, corresponding to the face-centered cubic (fcc) structure of the 

crystalline Pt. This result shows that the Pt precursor was successfully reduced by the 

polyol reduction. Based on the XRD results, the average crystallite sizes were 

evaluated using the full width at half-maximum (FWHM) of the Lorentzian-fitted Pt 

(220) peaks by Scherrer’s equation [72,73]. As shown in table 3, the solvent and 

treatment time in condition of hydrothermal treatment obviously affected the crystallite 

size of Ce0.5Zr0.5O2, while the Pt crystallite shows similar-sized crystallite size. This 

result indicates that crystallite size of Ce0.5Zr0.5O2 was not changed during the polyol 

reduction, and particle size of Ce0.5Zr0.5O2 on carbon did not affect to the Pt 

nanoparticles prepared by polyol reduction. . It is generally known that Pt nanoparticles 

prepared by polyol reduction are not affected by a support because of stabilizing effect 

of glycolate. Pt nanoparticles covered with the glycolate can not contact to support. 

In order to confirm the support effect on dispersion of Pt nanoparticles, TEM 

image of prepared catalyst including Pt/C catalyst prepared by polyol reduction were 

observed as shown in Fig. 18. All the catalysts showed that well-dispersed 

nanoparticles were on the carbon support, and difference in dispersion of nanoparticles 
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is not observed. Thus, it suggested that size of Ce0.5Zr0.5O2 also did not affect to the 

dispersion of Pt nanoparticles.  

3.3.2.2. Electrochemical activity 

The commercial and the prepared catalysts were evaluated in the RDE 

measurement as described in the experimental section to study the ORR kinetics. Fig. 

19 shows voltammograms of the synthesized catalyst including the Pt/C catalyst 

prepared by polyol reduction and commercial Pt/C for ORR obtained at 20  in 1 M ℃

HClO4 aqueous solution saturated with oxygen using RDE at 2500 rpm, As shown in 

Fig. 20, all the Ce0.5Zr0.5O2-added catalysts showed higher mass-normalized activity in 

the kinetic current region than synthesized and commercial Pt/C catalysts, indicating 

that the addition of Ce0.5Zr0.5O2 to Pt/C catalyst resulted in an improvement of ORR 

activity. Moreover, it was observed that the ORR activity increases with particle size of 

Ce0.5Zr0.5O2. This result is also observed in the Tafel-plot (Fig. 21). All the Ce0.5Zr0.5O2 

added catalysts showed higher kinetic currents than the Pt/C catalysts, and the catalyst 

hold the larger-sized Ce0.5Zr0.5O2 showed higher kinetic current for ORR. 

It is generally known that the OH adsorbed on the Pt surface inhibits the ORR, 

and this adsorbed OH is not derived from the reduction of O2 but rather from the 

reaction between H2O and Pt [92]. Therefore, relation between Ce0.5Zr0.5O2 addition 

and enhanced ORR activity could be observed in OH desorption of cyclic voltammetry 
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curve. Fig. 22 showed cyclic voltammetry curve in 0.5 M H2SO4 electrolyte solution at 

25 . In the potential region 0.6℃ ―0.8 V, the peaks of OH desorption which is the 

factor of evaluating how inhibitive of O2 reduction were observed [123]. The peak of 

Pt/Ce0.5Zr0.5O2-C-1 was observed at the highest potential, and the order of peak 

potential is as follows: Pt/CZO-C-1 > Pt/CZO-C-2 > Pt/CZO-C-3 > Pt/C(S). The order 

of peak potential for OHads desorption was well matched with the order of ORR 

activity. Therefore, it indicates that the addition of large-sized Ce0.5Zr0.5O2 accelerates 

the OHads desorption. 

In order to understand correlation between OHads desorption and Ce0.5Zr0.5O2 

addition, surface property of prepared catalysts were observed using FT-IR 

spectroscopy. In Fig. 23, singly-coordinated hydroxyl groups (type I) were observed at 

around 3700 cm-1. This peak is corresponding to the singly coordinated OH adsorbed 

on CeO2. On the other hand, doubly coordinated hydroxyl group (type II) which was 

generally observed at 3653 cm-1 could not be observed because of OHads on the carbon 

support. The Pt/C catalyst prepared by polyol reduction and carbon do not show the 

singly coordinated OH because they do not have Ce0.5Zr0.5O2 nanoparticles. The 

amount of hydroxyl group was increased with increasing particle size of Ce0.5Zr0.5O2 

because large-sized Ce0.5Zr0.5O2 had more Ce-rich phase on the surface than small-

sized one. It was well matched to the activity data. Therefore, enhanced ORR activities 

of the Ce0.5Zr0.5O2-added catalysts were attributed to the decrease of OH coverage on 

Pt due to lateral repulsion between OH adsorbed on Pt and singly-coordinated OH on 

neighbor Ce0.5Zr0.5O2. 
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Fig. 17. X-ray diffraction patterns of Pt/CZO-C and Pt/C catalysts.  
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Table 4. Crystallite size of Pt/C and Pt/CZO-C catalysts 

Catalyst 

Crystallite size / nm 

Pt Ce0.5Zr0.5O2 

Pt/CZO-C-1 1.4 3.1 

Pt/CZO-C-2 1.3 2.3 

Pt/CZO-C-3 1.3 1.7 

Pt/C(S) 1.2 - 
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Fig. 18. TEM images of (a) Pt/C(S), (b) Pt/CZO-C-1, (c) Pt/CZO-C-2, and (d) Pt/CZO-

C-3. 
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Fig. 19. Linear scan voltammograms of Pt/C and Pt/CZO-C catalysts in 1 M HClO4 

saturated with pure oxygen at the scan rate of 1 mV/s and with the rotating speed of 

2500 rpm.  
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Fig. 20. Mass activities at 0.80 and 0.85 V for Pt/C and Pt/CZO-C catalysts. 
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Fig. 21. Tafel plot for Pt/C and Pt/CZO-C catalysts. 
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Fig. 22. Cyclic voltammograms of the Pt/C and Pt/CZO-C catalysts in 0.5 M H2SO4 at 

the scan rate of 20 mV/s. 
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Fig. 23. IR spectroscopy of Pt/C and Pt/CZO-C catalysts.
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3.4. Conclusions 

Highly dispersed Pt and Ce0.5Zr0.5O2 nanoparticles were successfully prepared via 

ethylene glycol reduction and hydrothermal treatment using a commercial carbon as 

support, respectively. In the hydrothermal treatment, the size of Ce0.5Zr0.5O2 was 

affected by solvent and reaction time. However, the size difference of Ce0.5Zr0.5O2 did 

not affect the particle size and the dispersion of Pt. The XRD pattern of the 

Pt/Ce0.5Zr0.5O2-C catalyst showed the peaks of Pt and Ce0.5Zr0.5O2 crystallites giving no 

shift of the position of Pt diffraction peak. This indicates that the addition of 

Ce0.5Zr0.5O2 did not affect the crystallite of Pt. The TEM images of the Pt catalysts 

having different Ce0.5Zr0.5O2 particles also showed well-dispersed Pt and Ce0.5Zr0.5O2 

nanoparticles without any change of Pt nanoparticle dispersion. On the other hand, the 

presence of Ce0.5Zr0.5O2 nanoparticles increased the activity of Pt for ORR. Among the 

prepared Ce0.5Zr0.5O2 nanoparticles, the catalyst having large-sized Ce0.5Zr0.5O2 showed 

higher ORR activity because large-sized Ce0.5Zr0.5O2 had more Ce-rich phase on the 

surface than small-sized one, at which the coordinated hydroxyl groups formed more 

during ethylene glycol reduction. The enhanced ORR activity was attributed to the 

decrease of OH coverage on Pt due to the lateral repulsion between OH adsorbed on Pt 

and OH coordinated on neighbor Ce0.5Zr0.5O2. 
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4.1 Introduction 

In the last decades, Pt-based catalysts have attracted a great deal of attention due 

to their promising application, particularly as the electrode catalyst for low-temperature 

fuel cell and considerable progress were achieved [95, 109]. Although Pt-based 

catalyst have excellent electrocatalytic activity in both methanol oxidation and oxygen 

reduction, some obstacles still remain for the commercialization of fuel cell, such as 

the high cost of Pt and the reduction of the cell performance that originates from the 

mixed potential by liquid fuel crossover from anode to cathode. Consequently, the 

major issues facing low temperature fuel cells are cost-down of electrode and finding a 

new selective oxygen reduction catalyst on cathode electrode. Therefore, many 

research groups have attempted to develop new low-cost electrocatalyst that could 

reduce expensive Pt-based catalysts. 

Recently, two approaches have been extensively investigated to reduce Pt cost in 

fuel cells: one is the increase of active surface area for ORR to reduce the Pt loading. 

CHAPTER IV 

Development of core-shell typed PtPd/C catalyst 

for ORR in PEMFC by polyol reduction 
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The other is development of Pt based alloy catalysts with transition metal to enhance 

ORR activity [94-108]. Although the former catalysts showed high methanol tolerance, 

their catalytic activities and stabilities were poor [109, 110]. The latter alloy catalysts 

showed improved ORR activities of Pt-based alloy catalysts have been demonstrated 

by structural, ensemble, and electronic effects [97, 102, 111, 112]. Mukerjee et al. [97] 

and Jalan et al. [113] maintained that the increased catalytic activity of Pt-based alloy 

catalysts was related to the combination of electronic effect such as d-band vacancy 

and geometric effect such as shortening of Pt-Pt bond distance. Stamenkovic et al. 

[104] reported the activity enhancement for the ORR on 1Pt3Ni and 1Pt3Co alloy 

surfaces was correlated to the inhibition of Pt-OHads formation on Pt sites surrounded 

by oxide covered Ni and Co atoms. However, the alloy nanoparticles showed a 

decrease of electroactive surface area (EAS) because alloy nanoparticles had larger 

particle size than Pt nanoparticles.  

In order to solve these problems, core-shell typed PtPd nanoparticles were 

prepared. In this research, 3Pt1Pd nanoparticles were prepared because Pt3Pd1 is 

known as a best material to enhance ORR activity [93]. The prepared core-shell typed 

PtPd nanoparticle on carbon support has Pt-riched core and Pd shell. Therefore, the 

core-shell typed nanoparticles could show small-sized nanoparticle and enhanced ORR 

activity, simultaneously. 
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4.2. Experimental 

4.2.1. Preparation of PtPd/C  

Pt/C, Pd/C, and PtPd/C were prepared by conventional polyol reduction with pH 

control. The metal loading amount of PtPd/C was fixed at 20 wt%. 1 g of 

H2PtCl6·6H2O(Kojima Chemicals) and PdCl2 were dissolved in 200 mL of ethylene 

glycol (Acros Organics). The solution was introduced to ethylene glycol (30 mL) with 

0.05 g of carbon support. To control the pH of the mixture, 2.5 M NaOH(Daejung 

Chemicals and Metals) solution was added. Subsequently, the mixture was refluxed at 

160 ℃ for 3 h in an oil bath with N2 purging to remove the organic by-products and 

oxygen. After cooling to room temperature, a 3 M HCl (Matsunoen Chemicals) 

aqueous solution was added to mixture in order to lower the pH to 2. After the polyol 

reduction, power could be obtained by filtration and drying procedures. Finally, the 

dried powder was heat-treated in air at 160 ℃ for 24 h to completely remove the 

solvent, which negatively affects the catalytic activity. The Prepared 20 wt% Pt/C, 20 

wt% Pd/C, and 20 wt% PtPd/C catalysts was denoted to Pt/C(x), Pd/C(x), and 

PtPd/C(x), respectively, where x represents the concentration of NaOH. 

4.2.2. Physical characterization 
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Structural characteristics of the prepared catalysts were investigated by XRD 

(D/MAX2500, Rigaku) using Cu Kα radiation. The working voltage and current were 

maintained at 40 kV and 200 mA, respectively. The 2θ angular region between the 20° 

and 90° range was explored at a scan rate of 2°/min. The surface morphology of the Pt 

nanoparticles on the carbon support was studied with TEM (JEM-2000EX, JEOL) 

operated at 200 kV. Particle size distribution of the Pt nanoparticles was obtained by 

measuring the sizes of 300 Pt particles inside a TEM images. TGA measurements were 

done on a thermal analyzer (SDT Q-600, TA Instruments) at 30 ~ 800 °C in an air flow 

(100 ml/min) using an alumina sample pan. TPR (BEL-CAT, BEL) was performed 

using a fixed bed tubular reactor unit equipped with thermal conductivity detector. A 

mixture gas of 5% H2/Ar with a flow of 25 ml/min was used to reduce the catalyst with 

raising the temperature from 25 to 1000  at 10 /min of heating rate. ℃ ℃  

4.2.3 Electrochemical activity 

In the half-cell test, electrochemical measurements were done with a potentiostat 

(PC4/750, Gamry Instrument). The CV curve was observed in a conventional three-

electrode cell using 3 mm diameter glassy carbon (010422, BASi) as a working 

electrode, Pt mesh (219810, Princeton Applied Research) as a counter electrode, and 

Ag/AgCl (MF-2052 RE-5B, BASi) as a reference electrode. The catalyst ink was 

prepared as follows: 10 mg of the catalyst was mixed with 5 wt% Nafion solution 
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(1100 EW, Dupont) and isopropyl alcohol (Malinkrodt) with vigorous stirring. The 

weight ratio of catalyst to Nafion in the catalyst ink was 3:1. The catalyst ink was 

dropped onto the polished glassy carbon, and dried at room temperature. In the half-

cell test, potentials were recorded with respect to the normal hydrogen electrode (NHE). 

Before the electrochemical measurement, all electrolytes were purged with N2 gas for 

20 min to remove any dissolved oxygen, and the potential was cycled between 0.0 and 

1.2 V (vs. NHE) at 100 mV/s to remove any impurities from the Pt surface. The H2 

adsorption/desorption curves were done in 0.5 M H2SO4 aqueous solution as an 

electrolyte with a scan rate of 20 mV/s at 25 . The catalytic activity for ORR were ℃

measured with rotating disk electrode (RDE) (AFMSRX modulated speed rotator, Pine 

Instruments) installed with a glassy carbon (GC) RDE tips electrode (ARE3T050GC, 

Pine Instruments). A conventional three-electrode cell, in which reference, counter, and 

working electrodes were separated, was used for the ORR test for the catalysts in 1 M 

HClO4 electrolyte solution. 

4.3. Results and Discussion 

4.3.1. 3Pt1Pd/C catalyst characterization 

4.3.1.1. Physical characterization 
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In the polyol reduction, acidity of solution is very important to prepare metal 

nanoparticles because the acidity affect to the concentration of glycolate which has a 

stabilizing effect on metal nanoparticles. Moreover, acidity of solution also affect to 

the preparation of metal salt. Especially, transition metals such as Pd, Co, Fe, and Ni 

can be easily changed to metal hydroxide. Therefore, relation between concentration of 

NaOH and pH of solution was observed (Fig. 24). 

Fig. 25 shows the XRD data of Pt/C catalysts prepared with the pH control and 

the relation between crystallite size and concentration of NaOH. The diffraction peak 

at 25° is associated to the carbon (002) plane, and the peaks centered at about 40°, 46°, 

68°, and 81° are attributed to the Pt (111), (200), (220), and (311) crystalline planes, 

respectively, corresponding to the face-centered cubic (fcc) structure of the crystalline 

Pt. This result shows that the Pt precursor was successfully reduced by the polyol 

reduction. Based on the XRD results, the average crystallite sizes were evaluated using 

the full width at half-maximum (FWHM) of the Lorentzian-fitted Pt (220) peaks by 

Scherrer’s equation [72,73]. As shown in Fig. 25(b), the catalyst prepared by polyol 

reduction on low concentration of NaOH (CNaOH<15 μM) showed large-sized metal 

crystallite due to the absence of glycolate which has stabilizer effect on the metal 

nanoparticles. In the polyol reduction, ethylene glycol oxidizes to glycolate, which has 

a stabilizing effect on the metal nanoparticles. However, the concentration of glycolate 

decreases in an acid solution since the glycolate is changed to its protonated form in an 

acid solution [76]. On the other hand, all the catalyst prepared by polyol reduction on 
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high concentration of NaOH (CNaOH＞15 μM) showed similar crystallite size because 

of enough stabilizer.  

    XRD data of Pd/C catalysts prepared with the pH control and the relation between 

crystallite size and concentration of NaOH is shown in Fig. 26. In Fig. 26(a), the peaks 

at about 40°, 46°, 68°, and 81° are corresponding to the Pd (111), (200), (220), and 

(311) crystalline planes, respectively. The Pd/C prepared by polyol reduction on very 

low concentration of NaOH (CNaOH<15 μM) also showed large-sized metal crystallite 

due to the absence of glycolate. In addition, the Pd/C prepared by polyol reduction 

shows PdO crystallite peak with Pd crystallite peak whereas Pt/C catalysts showed 

only the Pt crystallite peak. The peaks at 34°, 55°, 60°, and 72° are corresponding to 

the PdO (002), (112), (200), and (202) crystalline planes, respectively. This result 

suggests that some Pd precursor was not reduced by polyol reduction because Pd 

precursor was changed to Pd(OH)2 by NaOH addition. Pd(OH)2 is not reduced by 

polyol reduction due to the weak reducibility of polyol reduction. In addition, it is very 

interesting that intensity of Pd crystallite peak is in inverse proportion to that of PdO 

crystallite peak. In low NaOH concentration region (CNaOH＜35 μM), the increasing 

intensity for PdO peak and the decreasing intensity for Pd peak are simultaneously 

observed when the concentration of NaOH increases. This result indicates that amount 

of Pd(OH)2 increases with concentration of NaOH in low concentration of NaOH 

(CNaOH＜35 μM).  
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Fig. 24. pH profile in polyol reduction. 
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Fig. 25. (a) X-ray diffraction pattern of Pt/C and (b) crystallite size calculated from 

XRD data. 
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Fig. 26. (a) X-ray diffraction pattern of Pd/C and (b) crystallite size calculated from 

XRD data. 
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However, Pd/C catalysts also showed large-sized Pd crystallites when they were 

prepared by polyol reduction in high concentration of NaOH (CNaOH>35 μM) due to 

high concentration of ionized Pd because a part of Pd(OH)2 is changed to ionized Pd in 

basic solution (pH>10) [124]. Because only ionized Pd can be reduced by polyol, 

large-sized metal crystallites in basic solution might be attributed to the reduction of 

high concentration of ionized Pd. 

In this study, PtPd/C catalyst were prepared by polyol reduction with fixed atomic 

ratio (Pt:Pd=3:1). Fig. 27(a) shows the XRD data of PtPd/C catalysts. All the catalysts 

show metal crystallite peaks corresponding to the face-centered cubic (fcc) structure. 

Fig. 27(b) shows the crystallite size calculated from XRD data. The catalyst prepared 

on very low concentration of NaOH (CNaOH<15 μM) showed large-sized metal 

crystallites due to the absence of glycolate. In addition, the catalyst prepared on high 

concentration of NaOH (CNaOH>35 μM) also showed size growth for metal crystallite 

because more ionized Pd were reduced with Pt precursor. In the polyol reduction, 

crystallite size of Pt-Pd alloy is larger than pure Pt because Pt is more stable material 

than Pd. An expanded view of the Pt (111) peak is shown in Fig. 28. It is already 

reported that main diffraction peak of Pt (111) shifted to higher angle with increasing 

the degree of Pt-Pd alloy because Pd atom which has smaller size than Pt was inserted 

to Pt lattice structure [125]. The shifted Pt crystallite peaks shown in Fig. 28 indicate 

that the ionized Pd and the Pt precursor prepare the Pt-Pd alloy because the ionized Pd 

and Pt precursor are simultaneously reduced by polyol reduction. 
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In order to observe the relation between concentration of NaOH and structure of 

PtPd nanoparticle, PtPd/C(1), PtPd/C(27), and PtPd/C(70) catalysts were chosen to 

represent each NaOH concentration. In order to confirm the chemical composition of 

catalysts and the loading amount of metal, ICP-AES analysis was conducted, and it is 

shown in Table 5. All the chosen PtPd/C showed similar metal composition, and each 

total amount of metal loaded on the carbon was closed to 20 wt%. This result indicates 

that all of the metals were deposited on the carbon support quantitatively, and effect of 

metal composition was negligible. 

TEM images and of the PtPd/C catalysts are shown in Fig. 29. Semi-transparent 

cluster were carbon particles and black dots were metal particles on the carbon. TEM 

image of PtPd/C(1) showed relatively poor metal dispersion, compared to those of 

PtPd/C(27) and PtPd/C(70). This catalyst shows not only large-size metal nanoparticles 

but also particle agglomeration, indicating that PtPd/C(1) was not protected by 

stabilizing effect of glycolate in polyol reduction. On the other hand, the other catalysts 

showed well-dispersed metal nanoparticles without particle aggregation because of 

stabilizing effect of glycolate. PtPd/C(70) shows larger-sized metal nanoparticles than 

PtPd/C(27) because Pt-Pd alloy nanoparticles were prepared by polyol reduction. 

PtPd(27) shows the smallest nanoparticles, and they had a narrow particle size 

distribution between 1.0 and 3.5 nm 
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Fig. 27. (a) X-ray diffraction pattern of PtPd/C and (b) crystallite size calculated from 

XRD data. 
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Fig. 28. Expanded X-ray diffraction patterns of PtPd/C catalysts.
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Table 5. ICP-AES data and atomic ratio of PtPd/C catalysts 

Catalyst 

Amount of metal / wt% Pt / Pd 

mole ratio Pt Pd 

PtPd/C(70) 16.27 2.67 3.32 

PtPd/C(27) 16.57 2.63 3.42 

PtPd/C(1) 16.98 2.73 3.37 
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Fig. 29. TEM images and histograms of the particle size distribution of (a) PtPd/C(1) , 

(b) PtPd/C(27), and (c) PtPd/C(70) catalysts. 



 

- ９２ -  
 
 

In XRD data of the Pd/C, Pd precursor was not completely reduced by polyol reduction 

due to the weak reducibility of polyol reduction. However, the PtPd/C catalysts did not 

show the peak of PdO crystallite even though the Pd precursor was used to prepare 

nanoparticles. In order to know the reason for the PdO disappearance, Pd/C was 

prepared by polyol reduction using Pt/C as a support instead of carbon. This catalyst 

was denoted as Pd/Pt/C. Fig. 30 shows XRD patterns of Pd/C and Pd/Pt/C catalysts. As 

discussed in XRD data of Pd/C catalysts, Pd/C showed various peaks related to Pd and 

PdO crystallites, simultaneously, whereas Pd/Pt/C catalyst shows only Pd crystallite 

peaks. This result indicates that Pd(OH)2 could be reduced by polyol reduction when Pt 

nanoparticles are in solution due to the catalytic effect of Pt surface. 

In order to confirm the Pd atoms prepared by catalytic effect of Pt nanoparticles, 

TPHD(temperature programmed hydrogen desorption) of PtPd/C and Pd/C were 

observed. In addition, TPHD of bimetallic catalyst (Pt-Pd/C) was also observed to 

compare TPHD. Fig. 31 showed TPHD of Pd/C, Pt-Pd/C, and PtPd/C catalysts. Pd/C 

shows very sharp TPHD peak at 50  (Fig. ℃ 31(a)). In addition, Pt-Pd/C shows small 

TPHD peak at 50  because loading amount of Pd is only 3.1 wt% (Fig. ℃ 31(b). On the 

other hand, all PtPd/C catalysts do not show any TPHD peak (Fig. 31(c)). It is reported 

that preparation of perfectly mixed Pt-Pd catalyst should lead to featureless 

TPHD(temperature programmed hydrogen desorption) profiles, i.e. without any peaks 

demonstrating hydrogen release during hydrogen decomposition [126]. All the 
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3Pt1Pd/C catalysts don’t have palladium nanoparticles because the decomposition peak 

of palladium β-hydride cannot be observed. It means that Pd atoms prepared by 

catalytic effect of Pt nanoparticles were placed on the Pt surface. The Pd atoms placed 

on the Pt surface enhanced the ORR activity of Pt because of Pt-Pd alloy effect. 

From the XRD, TEM, and TPR data, the reduction process of the 3Pt1Pd/C was 

suggested that Pt(actually, Pt-rich) nanoparticles were prepared first, and then Pd(OH)2 

was reduced on the surface of Pt nanoparticles. Therefore, Core-Shell typed 

nanoparticles(core;Pt-rich, shell; Pd) could be prepared by polyol reduction with 

optimum NaOH concentration (15 μM<CNaOH<35 μM) (Fig. 32). 

4.3.1.2 Electrochemical activity 

Although all the PtPd/C catalysts had similar metal loading amounts, the catalysts 

showed different electrochemical properties depending on pH value during preparation 

because metal compositions of each surface were different. In the CO-stripping test 

(Fig. 33), the PtPd/C(27) showed CO desorption peak at higher potential than the other 

PtPd/C catalysts. This result indicates that the OHads on the PtPd/C(27) formed at 

higher potential than the other PtPd/C’s because the OHads transformed the adsorbed 

CO to CO2.  
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Fig. 30. X-ray diffraction patterns of Pd/C and Pd/Pt/C catalysts. 
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Fig. 31. TPR data of (a) Pd/C, (b) Pt-Pd/C, and (c) PtPd/C catalysts.
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Fig. 32. Schematic diagram of core-shell typed nanoparticles preparation.



 

- ９８ -  
 
 

 

 

Fig. 33. CO-stripping voltammograms of Pt/C, Pd/C, and PtPd/C catalysts.
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The PtPd/C catalysts were investigated in RDE measurement as described in the 

experimental section to study the catalytic activities of the prepared catalyst and their 

ORR kinetics. Based on the ORR data, the optimum concentration of NaOH is 27 μM. 

Fig. 55 shows voltammograms of the PtPd/C, Pt/C(S), and Pt/C(C) catalysts for the 

catalytic activity for the ORR obtained at 20  in 1 M HClO℃ 4 electrolyte solution 

saturated with oxygen using RDE at 2500 rpm.  

The kinetic current densities per milligram of Pt at two different potential for the 

PtPd/C, Pt/C(S), and Pt/C(C) catalysts are shown in Fig. 35. The kinetic current density 

at 0.85 V for PtPd/C(27) is about 5 times that of a Pt/C(C). The enhanced ORR activity 

for the PtPd/C(27) was caused by the shifted potential for the OH adsorption as 

mentioned above.  
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Fig. 34. Linear scan voltammograms of PtPd/C catalysts in 1 M HClO4 saturated with 

pure oxygen at the scan rate 1 mV/s with the rotating speed of 2500 rpm.
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Fig. 35.Mass activities at 0.85 and 0.90 V for Pt/C and PtPd/C catalysts. 
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4.3.2 xPtyPd/C catalyst characterization 

4.3.2.1 Physical characterization 

In order to enhance ORR activity, 3Pt1Pd/C, 5Pt1Pd/C, and 7Pt1Pd/C catalysts 

were prepared with different Pt:Pd ratio (3:1, 5:1, and 7:1). In addition, Pt/C and Pd/C 

catalysts were also prepared to compare activities. In this study, all the catalysts were 

prepared by polyol reduction with a concentration of 27 μM NaOH to prepare core-

shell typed nanoparticles. In this NaOH concentration, most of Pd precursor changed to 

the Pd(OH)2. During the polyol reduction procedure, core formed from Pt precursor 

and remaining Pd precursor and then the formed Pd(OH)2 was reduced on the surface 

of the core. The Pd atoms reduced from Pd(OH)2 was placed on the outside of the 

nanocores. Resultantly, core-shell typed nanoparticles(core;Pt-rich, shell-Pd) could be 

prepared by polyol reduction.  

Fig. 36 shows the XRD data of prepared catalysts. Among the prepared catalysts, 

only Pd/C shows PdO crystallite peak because the Pd/C does not have Pt atom. 

Therefore, Pd(OH)2 prepared by NaOH addition could not be reduced by polyol 

reduction. The other catalyst showed metal crystallite peak corresponding to the fcc 

structure. As shown in crystallite size calculated from XRD data (Table 6), crystallite 

size increases with Pd ratio because core has more amount of Pd. This result is also  
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Fig. 36. X-ray diffraction patterns of Pt/C, 7Pt1Pd/C, 5Pt1Pd/C, 3Pt1Pd/C, and Pd/C 

catalysts. 
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Table 6. Crystallite sizes of metal and metal oxide calculated from XRD data 

Catalyst 
Crystallite size 

of metal / nm 

Crystallite size 

of metal oxide / nm 
EAS 

Pt/C 1.8 - 231 

7Pt1Pd/C 1.9 - 204 

5Pt1Pd/C 2.1 - 187 

3Pt1Pd/C 2.5 - 166 

Pd/C 6.1 5.2 n.m 
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Fig. 37. TEM images of (a) 3Pt1Pd/C, (b) 5Pt1Pd/C(c) 7Pt1Pd/C (d) Pt/C catalysts. 
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observed in TEM images. In Fig. 37, crystallite size of the catalysts was, in decreasing 

order: Pt/C > 7Pt1Pd/C > 5Pt1Pd/C > 3Pt1Pd/C > Pd/C. 

4.3.2.2. Electrochemical activity 

In order to evaluate the EAS of the prepared catalysts, a cyclic voltammetry 

experiment was carried out. The potential was cycled between 0 and 1.2 V (vs. NHE) 

at 20 mV/s in a 0.5 mol/L H2SO4 aqueous solution purged with N2 at 25 °C. In Fig. 29, 

all the catalysts exhibited well-defined H2 adsorption/desorption peaks in the potential 

range of 0.0–0.3 V. From the integrated charge in the H2 adsorption/desorption region, 

the EAS values of the catalysts can be calculated as suggested by Gasteiger et al. [77]. 

The observed EAS values are also summarized in Table 6. Among the prepared 

catalysts, EAS of Pd/C could not be calculated using H2 adsorption/desorption region 

because H2 release peak was observed in the same region (Fig. 38(b)). The EAS value 

of the Pt/C was higher than those of the other catalysts because of the smaller-sized Pt 

nanoparticles. This improved EAS is attributed to the high Pt surface utilization by the 

highly dispersed Pt nanoparticles on the carbon support, as shown by the XRD result 

(Table 6). In addition, the higher EAS value of the smaller-sized Pt nanoparticles 

suggests that the surface of the small-sized Pt nanoparticles could be an active site for 

electrochemical reactions. 
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The prepared catalysts were evaluated in the RDE measurement as described in 

the experimental section to study the ORR kinetics. Fig. 6 shows voltammograms of 

the synthesized catalysts prepared by polyol reduction for ORR obtained at 20  in 1 ℃

M HClO4 aqueous solution saturated with oxygen using RDE at 2500 rpm. Among the 

catalysts, 5Pt1Pd/C showed the highest ORR activity in the kinetic current region 

(0.85~0.90 V) in spite of larger particle size than that of 7Pt1Pd/C because 7Pt1Pd/C 

had insufficient Pd atoms in the shell.  

It is generally known that the OH adsorbed on the Pt surface inhibits the ORR, 

and this adsorbed OH is not derived from the reduction of O2 but rather from the 

reaction between H2O and Pt [92]. Therefore, OH adsorption/desorption of 5Pt1Pd/C 

were evaluated. In Fig. 2, 5Pt1Pd/C showed CO desorption peak at higher potential 

than the other PtPd/C catalysts. This result indicates that the OHads on the 5Pt1Pd/C 

formed at higher potential than the other PtPd/C’s because the OHads transformed the 

adsorbed CO to CO2.  
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Fig. 38. Cyclic voltammograms for (a) Pt/C and PtPd/C catalysts and (b) Pd/C catalyst.  
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Fig. 39. Linear scan voltammograms of Pd/C, 3Pt1Pd/C, 5Pt1Pd/C, 7Pt1Pd/C, and Pt/C 

catalysts in 1 M HClO4 saturated with pure oxygen at the scan rate of 1 mV/s and with 

the rotating speed of 2500 rpm.  
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Fig. 40. Mass activities at 0.85 and 0.90 V for Pd/C, 3Pt1Pd/C, 5Pt1Pd/C, 7Pt1Pd/C, 

and Pt/C catalysts. 
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Fig. 41. CO-stripping voltammograms of Pd/C, 3Pt1Pd/C, 5Pt1Pd/C, 7Pt1Pd/C, and 

Pt/C catalysts. 
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4.3.3. 5Pt1Pd/Ce0.5Zr0.5O2-C catalyst characterization 

4.3.3.1. Physical characterization 

In order to enhance ORR activity, Ce0.5Zr0.5O2 nanoparticles were added to the 

5Pt1Pd/C catalyst which had the best activity in previous study. Ce0.5Zr0.5O2 

nanoparticles were prepared by hydrothermal treatment with optimum reaction 

condition (solvent; H2O, reaction time; 10 h). In polyol reduction, atomic ratio of Pt/Pd 

and concentration of NaOH were fixed at 5:1 and 27 μM, respectively. 

Fig. 42 shows TEM image and EDS data of prepared 5Pt1Pd/Ce0.5Zr0.5O2-C 

catalyst. The nanoparticles were well dispersed on the carbon support without particle 

aggregation, and they had a narrow particle size distribution. The average particle size 

was around 2 nm. However, it is difficult to separate metal and metal oxide because 

two kinds of nanoparticles have very similar particle size. However, it is thought that 

PtPd nanoparticles coexists with Ce0.5Zr0.5O2 because EDS data show Pt, Pd, Ce, and 

Zr peaks, simultaneously.  

4.3.3.2 Electrochemical activity 

In order to evaluate the ORR activity, 5Pt1Pd/Ce0.5Zr0.5O2-C and 5Pt1Pd/C 

catalysts were investigated in RDE measurement. Figs. 43 and 44 obviously show that 

addition of Ce0.5Zr0.5O2 enhance the ORR activity and mass activity. In addition, Tafel 
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plot was used to evaluate the kinetics of the ORR on the prepared catalysts,. Assuming 

that the kinetic at rotating disk is mainly activation-controlled in the range 0.78 < E < 

0.85 V, the associated Tafel plot can be depicted after mass transport correction in the 

liquid electrolyte. Fig. 45 shows that the kinetic of 5Pt1P/Ce0.5Zr0.5O2-C is faster than 

5Pt1Pd/C catalyst. 

In order to confirm the Ce0.5Zr0.5O2 addition effect on enhanced ORR activity, OHads 

desorption and CO-stripping test were conducted. Fig. 46 shows that OH desorption 

potential of 5Pt1P/Ce0.5Zr0.5O2-C is higher than that of 5Pt1Pd/C. Similar result was 

also observed in CO-stripping test (Fig. 47). 
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Fig. 42. TEM images and EDS data of 5Pt1Pd/Ce0.5Zr0.5O2-C catalyst. 
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Fig. 43. Linear scan voltammograms of 5Pt1Pd/Ce0.5Zr0.5O2-C catalyst and 5Pt1Pd/C in 

1 M HClO4 saturated with pure oxygen at the scan rate 1 mV/s with the rotating speed 

of 2500 rpm.  
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Fig. 44. Mass activities at 0.85 and 0.90 V for 5Pt1Pd/Ce0.5Zr0.5O2-C and 5Pt1Pd/C 

catalysts. 



 

- １１７ -  
 
 

 

Fig. 45. Tafel plot for 5Pt1Pd/Ce0.5Zr0.5O2-C and 5Pt1Pd/C catalysts. 
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Fig. 46. Cyclic voltammograms of 5Pt1Pd/Ce0.5Zr0.5O2-C and 5Pt1Pd/C catalysts in 0.5 

M H2SO4 at the scan rate of 20 mV/s. 
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Fig. 47. CO-stripping voltammograms of 5Pt1Pd/Ce0.5Zr0.5O2-C and 5Pt1Pd/C catalysts.  
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4.4. Conclusions 

Core-shell typed PtPd nanoparticles on carbon support were developed to increase 

the alloyed active surface area. In order to prepare core-shell typed nanoparticles, all 

the catalysts were prepared by polyol reduction with a concentration of 27 μM NaOH. 

In this NaOH concentration, most of Pd precursor changed to Pd(OH)2. During the 

polyol reduction procedure, a core formed from Pt precursor and remaining Pd 

precursor and then the formed Pd(OH)2 was reduced on the surface of the core. Pd 

atoms reduced from Pd(OH)2 were placed on the outside of the nanocores. Resultantly, 

core-shell typed nanoparticles(core;Pt-rich, shell-Pd) could be prepared by polyol 

reduction. In order to observe the relation between metal composition and ORR 

activity, several catalysts with different Pt/Pd ratio were prepared. Among the catalysts, 

5Pt1Pd/C showed the highest ORR activity in the kinetic current region (0.85~0.90 V) 

in spite of larger particle size than that of 7Pt1Pd/C because the 7Pt1Pd/C had 

insufficient Pd atoms in the shell. From the CO-stripping test, it was observed that Pd 

atoms in the shell reduce OH adsorption on the Pt surface. 
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초    록 

 

고분자 해질막 연료 지는 상  낮  도에  작동 며 

염 질  출이 거  없거나 극히 미미한 양이 생하  에 

송용  용에 상당히 각  고 있다. 그러나 공 극  

속도가 매우 느리며,   매 사용에 른 높  가격  

인하여 상업 가 어 운 실 이다. 이미 많  연구들  통하여 연료 지  

 한계는 공 극에  생하는 열역학  차, 즉 공 극  과 압에 

한 것이라고 다. 이  해결 안 ,  이용  증가, 에 

다른 속  첨가, 탄소담체  능개  등이 시 고 있다. 본 연구에 는 

극 매  구조를 조 하여 산소 원   증가시키는 연구를 

행하 다.  

    재 고분자 해질막 연료 지  공 극 매는 낮  도에  높  

산소 원   보이는  특  인해 탄소에 담지  

매가 가장 합한 매  알  있다. 그러나  고가  

귀 속이  에 작  크  입자를 조하여 면  늘리고 

사용량  여야 한다. 본 연구에 는 나노입자를 작게 만들  있는 

법  알 진 폴리 원법  조건  조 하여 작  나노입자를 

조하고자 하 다. 이를 통해 1.2 nm  작  크 를 갖는 나노입자를 

개 할  있었 며, 작  크  인한 면  증가효과를 가 다. 

    리아-지르코니아 복합산  열합 법  조하여 탄소  함께 

담체  사용하는 매를 조하 다. 리아-지르코니아 복합산  

입자크  결 도를 조 하면   산소 원 에 미 는 향  
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살펴 본 결과, 리아-지르코니아 복합산  면에 존재하는 OH가 

산소 원 이 일어나는 동안 해질 부  에 착하는 OH  착  

막아 면  산소 원   증가시켰다. 

    폴리 원법  속나노입자를 조할 , 속 구체간  원속도차를 

이용하여 코어- 과 사한 태  구조를 갖는 - 라듐 나노입자를 

조하 다. 조  나노입자는, 이 주 분인 내부 에 하여 작  

입자크  증가  면  보 며, 면 에 존재하는 라듐에 

하여 높  산소 원  능  보여주었다. 또한 조  코어-  사 

태  - 라듐 나노입자에 리아-지르코니아 복합산  하여 

우 한 산소 원   갖는 매를 개 하 다. 

 

주요어: 고분자전해질막 연료전지, 백금나노입자, 세리아-지르코니아 

복합산화물, 백금-팔라듐 나노입자, 폴리올환원법 

학  번: 2006-23220 
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