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Direct alcohol fuel cells (DAFC) are attracting considerable interest to meet a 

variety of energy needs as they offer higher efficiency with less pollution compared 

to other conventional energy-conversion devices. However, the sluggish alcohol 

oxidation reaction kinetics and durability problems of the conventional Pt-Ru anode 

catalyst hamper the commercialization of the DAFC systems. With an aim to 

overcome these problems, there have been intensive efforts to alloy Pt-Ru with other 

metals. Although such strategies have led to some enhancement in activity, the 

durability problem caused by the instability of Ru could still not be alleviated. In this 

regard, this dissertation focuses on the development of non-Ru electrocatalysts with 

high activity and durability for DAFC applications.  

First, Ru-free, Pt-based bimetallic electrocatalysts for methanol oxidation 

reaction (MOR) were studied. Particularly, Pt-Sn and Pt-CeO2 catalysts were 



 vii

synthesized, respectively, by a polyol method and a one-step reverse microemulsion 

(RME) method. The prepared samples are investigated for phase and morphological 

evaluations by various material-characterization techniques. Cyclic voltammetry and 

accelerated durability tests revealed that these alternative catalysts have much higher 

stability with a catalytic activity for MOR comparable to that of Pt-Ru. In the case of 

Pt-CeO2, an improved particle morphology is obtained by the RME synthesis, and the 

advantage of the RME method is reflected by a higher catalytic activity in 

comparison to that of Pt-CeO2 synthesized by the conventional synthesis method.      

It has been known that Pt-Sn is better than Pt-Ru for ethanol oxidation 

reaction (EOR), and the direct ethanol fuel cells (DEFC) employing Pt-Sn as the 

anode catalyst have better durability than the DMFC system employing a Pt-Ru anode 

catalyst. Therefore, this dissertation then focused on the enhancement of the catalytic 

activity for EOR by incorporating a third metal M to the Pt-Sn catalyst. Following the 

synthesis and characterization of the Pt-Sn-M (M = Mo and Pd) alloys, the effect of 

M on the enhanced catalytic activity of Pt-Sn-M is presented. 

The activity enhancement of the above catalysts is based on the promoting 

effect of the second or third elements added to Pt. However, in the final chapter of 

this dissertation, the activity enhancement of Pt nanoparticle itself through the 

formation of low energy surfaces is investigated. Carbon-supported Pt nanoparticles 

are synthesized in mixed water-ethylene glycol solvent, and the positive effect of the 

mixed solvent on both the morphology and surface structure of the Pt nanoparticles 

for COad oxidation is discussed. 
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CHAPTER 1 

Introduction 
 

1.1 FUEL CELLS 

The increasing global energy consumption, rapid depletion of fossil fuels, and 

rising environmental concerns have driven much research to focus on 

alternative/renewable energy sources and more efficient energy conversion. In this 

regard, fuel cells are an attractive option as they offer more efficient energy 

conversion with less pollution in comparison to other conventional power sources [1-

5].  

Fuel cells are electrochemical devices that convert chemical energy from fuels 

directly into electricity, with pure water and potentially useful heat as the only 

byproducts when hydrogen is used as the fuel. Since they do not operate with a 

thermal cycle, the maximum Carnot’s cycle efficiency, which constrains the 

efficiency of internal combustion engines, does not limit the efficiency of fuel cells. 

For example, compared to the less than 30% efficiency of the conventional gasoline 

engine in a car under normal driving conditions, hydrogen fuel cell vehicles are much 

more energy efficient and use 40 – 60% of the fuel’s energy corresponding to nearly a 

50% reduction in fuel consumption [1, 2, 5]. Furthermore, when the fuel cell system 

is combined with others such as a boiler heating system to utilize the generated waste 

heat, the overall efficiency (electrical and thermal) of the total system may improve 

significantly up to 90% [1, 2, 5]. Table 1.1 shows a comparison of the different power 
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generation systems. It appears that the efficiency of fuel cells is higher compared to 

that of conventional power systems and other distributed generation systems. Besides 

their high efficiency, fuel cell’s other advantages such as zero emission, modularity, 

scalability, and quick installation make it appealing for a wide variety of applications 

including transportation, on-site power generation, backup power for critical 

establishments, small electrical devices, and military applications.   

Table 1.1. Comparison of different power generation systems [2] 

 Capacity range Efficiency Capital cost 
($/kW) 

O&M cost 
($/kW)a 

Reciprocating 
engine; diesel 500 kW – 5 MW 35% 200 – 350 0.005 – 0.015 

Turbine generator 500 kW – 25 MW 29 – 42% 450 – 870 0.005 – 0.0065 
Photovoltaics 1 kW – 1 MW 6 – 19% 6600 0.001 – 0.004 
Wind turbine 10 kW – 1 MW 25% 1000 0.01 

Fuel cell 200 kW – 2 MW 40 – 60% 1500 – 3000 0.0019 – 0.0153 
 a Operation and management cost 

1.1.1 Major Types of Fuel Cells 

Based on the type of electrolyte used, fuel cells are categorized into five major 

types as follows [1, 3, 5]:  

• proton exchange membrane fuel cell (PEMFC) 

• alkaline fuel cell (AFC) 

• phosphoric acid fuel cell (PAFC) 

• molten carbonate fuel cell (MCFC) 

• solid oxide fuel cell (SOFC)  
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While the same underlying electrochemical principles are holding, the five fuel cell 

types differ in their operating temperature, the types of materials employed, fuel 

tolerance, performance characteristics, etc. These different characteristics are 

summarized in Figure 1.1 and Table 1.2 [6]. Among the types of fuel cells, the 

PEMFC and its subset, direct alcohol fuel cells (DAFC), are appealing due to their 

low operating temperatures, and they are briefly reviewed in the following sections.    

 

Figure 1.1 Types of fuel cells and their reactions.
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Table 1.2 Comparison of the five major types of fuel cells [5]  

 PEMFC & 
DMFC AFC PAFC MCFC SOFC 

Electrolyte 

Solid organic 
polymer poly-

perfluorosulfonic 
acid 

Aqueous solution 
of KOH soaked in 

a matrix 

Liquid phosphoric 
acid soaked in a 

matrix 

Molten carbonate 
soaked in a matrix

Ceramic oxide 
ion conductor 

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

Fuel Pure or reformed 
H2/CH3OH H2 and CH3OH Reformed H2 

Reformed H2 and 
CH4 

Reformed H2 and 
hydrocarbons 

Co Telerance Poison (<50 ppm) Poison (<50 ppm) Poison (<1 %)  Fuel Fuel 

Catalysts Pt/PtRu Pt Pt Electrode material Electrode material

Operating Temp. 50 – 100 oC 90 – 100 oC 150 – 200 oC 600 – 700 oC 600 – 1000 oC 

Efficiency (%) 25 – 58 60 >40 45 – 47 35 – 43 
Combined heat 

and power (CHP) 
efficiency (%) 

70 – 90 >80 >85 >80 <90 

Power Range 
(kW) <1 – 250 10 – 100 50 – 1,000  <1 – 1,000 <1 – 3,000 

Major 
Application 

Portable, 
Transportation, 

Stationary 
Space, Military   Stationary Stationary, 

Transportation 
Stationary, 

Transportation 
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1.1.2 Proton Exchange Membrane Fuel Cell (PEMFC) 

Proton exchange membrane fuel cell (PEMFC) is one of the most promising 

fuel cell types due to its higher power density and low operating temperature. A 

single cell PEMFC consists of a membrane-electrode assembly (MEA), which is a 

polymer electrolyte membrane sandwiched between two electrode layers and bipolar 

plates. Hydrogen gas flows through the channels of the bipolar plates to the anode 

and oxidize on the anode catalyst surface, generating protons and electrons. While the 

protons are conducted through the membrane to the other side of the cell, the 

electrons flow through the external circuit, doing useful work. On the cathode side, 

oxygen gas, typically drawn from the outside air, flows through the channels in the 

bipolar plate. Then, the electrons returning from the external circuit react with the 

oxygen and the proton, which was conducted through the membrane, at the cathode 

catalyst surface to form water. This reaction is exothermic and the generated heat can 

be dissipated as waste heat or used outside of the fuel cell. All the electrochemical 

half-cell reactions at the anode and cathode occur very slowly at the low operating 

temperature of the PEMFC. Therefore, efficient catalysts are required to increase the 

rate of the reactions at both electrodes. Generally carbon-supported Pt nanoparticles 

are used for this purpose [7, 8]. 

One of the major drawbacks of the system is related to the storage and 

distribution of hydrogen. For instance, due to the low energy density of hydrogen, it 

is difficult to store enough hydrogen on-board to allow vehicles to travel the same 

distance as gasoline vehicles before refueling, typically 300 – 400 miles. Higher-
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density liquid fuels such as methanol, ethanol, natural gas, and gasoline can be used 

as fuel after reforming to hydrogen, but the on-board fuel processor for the fuel 

reformation increases the system cost and maintenance.  

1.1.3 Direct Alcohol Fuel Cell (DAFC) 

Direct alcohol fuel cell (DAFC) consists of almost the same components as a 

PEMFC, employing a polymer electrolyte membrane as well. However, unlike 

PEMFC, which is powered by hydrogen gas fed directly or after reforming other 

hydrocarbon fuels, DAFC directly uses liquid alcohols as a fuel without reformation. 

These alcohol fuels such as methanol, ethanol, ethylene glycol, and propanol are 

mixed with water and directly fed into the anode to be oxidized. The reaction at the 

cathode is same as that in a PEMFC.  

The direct use of liquid fuel in DAFC has many advantages over the use of 

hydrogen gas in PEMFC. Liquid fuel is much more convenient for distribution and 

storage. This convenience is essential for portable and transportation applications in 

consideration of better compatibility with the existing petroleum distribution. Also, 

the fuel cell system can be greatly simplified by direct use of liquid fuel since the 

complex auxiliary systems such as fuel reformer can be removed [3, 4, 9].  

Among the different possible alcohols, methanol has been the most studied 

organic fuel due to its low cost, easy handling, and simple structure [9, 10]. Despite 

these advantages, the commercialization of direct methanol fuel cells (DMFCs) is 

hampered by their low output power density in comparison to that of PEMFC. The 

lower performance of this system is mainly due to the slow methanol oxidation rate at 
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the anode and the high degree of methanol crossover from the anode to the cathode 

through the polymer electrolyte membrane, which results in depolarization of the 

cathode. The problem of the slow methanol oxidation rate has been alleviated to some 

extent by alloying Pt with other elements such as Ru, Sn, Mo etc. [11, 12]. Among 

the alloy catalysts, PtRu has shown the best performance and drawn much research 

effort from both a fundamental understanding of the promoting mechanism and 

practical optimization of the catalyst. While most of the research work on the PtRu 

anode catalyst in DMFC has been focused on the aspect of its catalytic activity, the 

long-term stability of the PtRu catalyst has become an issue, since the dissolution of 

Ru from the anode has been found to be the main cause of the performance 

degradation in DMFC [13-15].    

Besides methanol, ethanol has also been considered as an interesting 

alternative fuel due to its higher energy density and non-toxicity in comparison with 

methanol. Furthermore, ethanol can be easily produced in great quantities by the 

fermentation of sugar-containing raw materials from agriculture. However, the 

performance of DEFC is worse than that of DMFC mainly due to the slower 

oxidation kinetics of ethanol. Thus, most of the research in DEFC has been focused 

on the ethanol electro-oxidation mechanism and identification of the best catalysts.  

These direct alcohol fuel cell technologies are generally a few years behind 

the PEMFC technology. Nonetheless, there are many prototype DMFC systems being 

pursued for commercialization [5]. 
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1.2 THERMODYNAMICS AND ELECTROCHEMISTRY OF FUEL CELLS 

1.2.1 Thermodynamics of Fuel Cells 

Until now, the most promising and most studied fuels for fuel cell applications 

are hydrogen, methanol, and ethanol. The electro-oxidation reactions of these fuels at 

the anode and electro-reduction reaction of oxygen at the cathode are as follows: 

For hydrogen: H2 → 2H+ + 2e-  (1.1) 

2

o
HE = 0.000 V vs. NHE 

For methanol: CH3OH + H2O → CO2 + 6H+ + 6e-  (1.2) 
o
MeOHE = 0.016 V vs. NHE 

For ethanol: CH3CH2OH + 3H2O → 2CO2 + 12H+ + 6e-  (1.3) 
o
EtOHE = 0.085 V vs. NHE 

For oxygen: O2 + 4H+ + 4e- → 2H2O  (1.4) 

2

o
OE = 1.229 V vs. NHE 

From the thermodynamic data, the fuel energy density We, the standard cell potential 

o
cellE , and the reversible energy efficiency of the cell εrev can be calculated with the 

following equations: 

3600
r

e
w

GW
M

−Δ
=

×
 (1.5) 

2

o o o r
cell O fuel

GE E E
nF

−Δ
= − =  (1.6) 

r
rev

r

G
H

ε Δ
=

Δ
 (1.7) 
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In Table 1.3, it appears that methanol and ethanol have high cell voltage and 

reversible efficiency under standard conditions. However, the practical efficiency of a 

fuel cell depends on the current that is delivered and is lower than the theoretical 

efficiency. This loss of efficiency is mainly due to the sluggishness of the 

electrochemical reactions occurring at the electrodes.  

Table 1.3 Thermodynamic data associated with the total oxidation of some fuels 
under standard conditions [16]  

Fuel o
rGΔ  

(kJ/mol) 

o
rHΔ  

(kJ/mol) 
We

 

(kWh/kg) 

o
cellE  

(V) 
εrev 
 

H2 -237 -285 32.9 1.229 0.832 

H2 in tank (1.5 wt.%)   0.49   

CH3OH (methanol) -702 -726 6.09 1.213 0.967 

C2H5OH (ethanol) -1325 -1367 8.00 1.145 0.969 
 

1.2.2 Electrochemistry of Fuel Cells 

Even under no-current conditions, the cell potential of a fuel cell can be lower 

than the thermodynamic value due to a mixed potential formation and other parasitic 

processes. Therefore, the open circuit potential (OCP) can be lower than the 

Nernstian value. When the electrical circuit is closed with a load to draw electric 

current, the cell potential drops even further as a function of current being generated, 

and the deviation from the equilibrium value is called the overpotential (also referred 

to as polarization or voltage loss). There are different kinds of overpotentials in a fuel 

cell caused by the following factors: 
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• kinetics of the electrochemical reaction (activation overpotential) 

• internal electrical and ionic resistances (ohmic overpotential) 

• difficulties in mass transport (concentration overpotential) 

• internal current and crossover of reactants 

Activation overpotential – For a redox reaction at an electrode, the current density j is 

given by the Butler-Volmer equation, 

0 exp exp CA FFj j
RT RT

α ηα η⎡ − ⎤⎛ ⎞⎛ ⎞= −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 (1.8) 

where 0j  is the exchange current density, Aα  and Cα  are the transfer coefficients, 

respectively, for the anodic and cathodic reaction, and η is the overpotential to drive 

the reaction. As seen in this equation, some overpotential is needed to get the 

electrochemical reaction occurring. This is called activation overpotential and is 

associated with the sluggish electrode kinetics. It is clear from the equation that the 

higher the exchange current density, the lower must be the activation overpotential 

losses for the same current density.    

Ohmic overpotential – Ohmic losses are related to the resistance to the flow of ions 

in the electrolyte and resistance to the flow of electrons through the electrically 

conductive components such as porous carbon layer and bipolar plate current 

collector. These losses are expressed by Ohm’s law. 
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Concentration overpotential – This occurs when a reactant is rapidly consumed at the 

electrode by the electrochemical reaction so that concentration gradients are 

established.  

Internal current and crossover losses – Practically, the polymer electrolyte 

membrane is not impermeable to the reactant hydrogen or alcohols, and a small 

amount of reactant fuel can diffuse from the anode to the cathode. The hydrogen or 

alcohol molecules that diffuse through the membrane reacts at the cathode side, 

resulting in lower cathode potential. These losses may appear insignificant in fuel cell 

operation if the rate of fuel permeation is much lower than that of fuel consumption at 

the anode. However, when the fuel cell operates at low current densities, these losses 

may have a big effect on the cell potential. 

Polarization curves of PEMFC and DAFC  

Figure 1.2 compares the polarization curves and the performance losses in 

PEMFC and DMFC. While most of the different types of polarizations are present in 

PEMFC and DMFC in common, the DMFC suffers much higher anode overpotential 

than PEMFC. The higher overpotential at the anode of DMFC is due to the sluggish 

alcohol oxidation reaction, which is associated with the complex reaction 

mechanisms involving multi-electron transfers. For DEFC, the ethanol oxidation 

kinetics is even slower than that of DMFC, resulting in much higher anode 

overpotentials at lower current densities.   

The oxidation reaction rate can be increased by operating the fuel cells at 

higher temperature. However, the performance of the conventional Nafion membrane 
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becomes poor above 100 oC. Another way to increase the reaction rate is to search for 

more active electrocatalysts. For example, the high overpotential for methanol 

electro-oxidation (0.5 V at 200 mA/cm2) on Pt has been reduced to 0.2 V by adopting 

PtRu as an anode catalyst [17].    

 

Figure 1.2 The polarization curves and the performance losses seen in a typical 
DMFC compared to those in a PEMFC [18]. 

 

1.3 ALCOHOL ELCTRO-OXIDATION ON PT AND PT-BASED ALLOY CATALYSTS 

1.3.1 Methanol Oxidation Reaction (MOR) on Pt 

Methanol electro-oxidation involves the adsorption of CH3OH and its 

successive dehydrogenation, yielding linearly bonded CO: 

Pt + CH3OH → Pt-CH3OHad (1.9) 
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Pt-CH3OHad → Pt-CHOad + 3H+ +3e- (1.10) 

Pt-CHOad → Pt-COad + H+ + e- (1.11) 

For further oxidation of COad to CO2, a second oxygen containing species needs to be 

supplied by water activation as follows: 

Pt + H2O → Pt-OHad + H+ + e- (1.12) 

Pt-COad + Pt-OHad → Pt + CO2 + H+ + e- (1.13) 

While the COad is strongly bonded to the active surface sites of Pt, the formation of 

OHad by water activation, which is a necessary step for the oxidative removal of the 

COad, requires a high potential on Pt. This limits the use of pure Pt as an anode 

catalyst for the DAFC.  

1.3.2 Methanol Oxidation Reaction (MOR) on Pt-Ru 

As mentioned above, the catalytic activity for MOR on Pt is not effective. 

However, the oxidation kinetics for methanol can be increased significantly if a 

second metal such as Ru alloys with Pt. The enhanced activity for MOR on the Pt-Ru 

surface has been attributed to both the bifuctional mechanism and the electronic effect 

(also referred to as ligand effect).  

Bifuctional mechanism 

The bifunctional mechanism, which was first postulated by Watanabe and 

Motoo [19, 20], involves facile water activation at Ru sites, thereby promoting the 

oxidation of COad to CO2 by supplying oxygen-containing species at lower potentials. 

This can be summarized as follows: 
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Pt + CH3OH → Pt-COad + 4H+ + 4e- (1.14) 

Ru + H2O → Ru-OHad + H+ + e- (1.15) 

Pt-COad + Ru-OHad → CO2 + Pt + Ru + H+ + e- (1.16) 

This bifunctional mechanism successfully explains many aspects of the methanol and 

CO oxidation reactions on Pt-Ru and has been supported by a number of studies [21].  

Electronic (ligand) effect 

The electronic effect suggests that the second metal such as Ru alters the 

electronic properties of Pt in a way that reduces the adsorption strength of COad on Pt. 

As a support for this mechanism, Frelink et al. [22, 23] have shown that the stretching 

frequency of the linearly bonded CO shifts to higher value as a result of changes in 

the CO binding strength to the surface that is induced by Ru through an electronic 

effect on Pt. However, these authors have also shown that the Ru-oxide film is 

removed by reaction with methanol during its electro-oxidation, which is an evidence 

of the bifunctional mechanism. Therefore, the contribution of both the bifunctional 

and electronic effects on the MOR on PtRu has been postulated, although the 

electronic effect in Pt-Ru appears to be less prominent [22, 24]. 

Optimization of Pt-Ru 

The bifunctional mechanism explains the higher methanol oxidation reaction 

(MOR) activity of PtRu materials as a combination process of dissimilar Pt and Ru 

sites: Pt breaks methanol to chemisorbed carbon monoxide, and Ru dissociates water 

to provide an oxygen-containing species. However, Gasteiger and coworkers [25] 
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have reported that the established role for each metal – Pt for methanol dissociation 

and Ru for water dissociation – does not hold at elevated temperatures. In their study 

carried out with well-characterized Pt-Ru surfaces in ultra-high vacuum condition, 

they suggested that Ru also exhibits activity for methanol dissociation at above 60 oC 

and this is manifested by the increasing optimum Ru contents with temperature. At 

room temperature, the optimum Ru contents was 10 atom %, which corresponds to 

the predicted value of simulation by statistical modeling, reflecting the rate 

determining step of methanol dissociation reaction. However, at 60 oC, the optimum 

Ru content cranked up to 33 atom %. This increase was attributed to the enhanced Ru 

catalytic activity for methanol dissociative adsorption. Once Ru becomes active to 

methanol dehydrogenation at elevated temperatures, the water and methanol would 

compete for the Ru adsorption sites. In this situation, the Pt90Ru10 would not be able 

to provide enough Ru sites for water activation. Therefore, the required Ru content 

will increase until its optimum composition. For the nanoparticle Pt-Ru catalysts, 

which contain a high portion of edge and corner atoms, the Pt50Ru50 has been 

accepted as the optimum composition for DMFC [9, 18, 26].  

1.3.3 Ethanol Oxidation Reaction (EOR) on Pt-Sn 

The ethanol oxidation at the anode of DEFC is more complicated because 

ethanol contains two carbon atoms, and the C-C bond cleavage must occur towards 

the complete oxidation of ethanol to CO2. The oxidation mechanism of ethanol in 

acid solution may be summarized in the following parallel reactions [17]: 
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Total oxidation: CH3CH2OH → CH3CH2OHad → C1ad, C2ad → CO2  (1.17) 

Partial oxidation: CH3CH2OH → CH3CH2OHad → CH3CHO → CH3COOH (1.18) 

The formation of CO2 goes through two adsorbed intermediates C1ad and C2ad, which 

represent fragments with one and two carbon atoms, respectively. In spite of the 

advances in the understanding of the EOR mechanism, many aspects of the reaction 

are still unclear. For example, it is still controversial whether acetic acid is formed in 

one step or through the aldehyde. Also, the nature of the main intermediates has not 

yet been fully identified: some researchers claim C1 species as the major intermediate 

species while others support C2 species [17, 27-29]. The parallel reactions, which 

produce high yields of partial oxidation products such as CH3CHO and CH3COOH 

reduce the fuel capacity considerably. 

Parallel pathways of ethanol oxidation 

As mentioned above, the ethanol oxidation undergoes parallel pathways 

leading to different soluble products as shown in Fig. 1.3. In recent years, the acetic 

acid, acetaldehyde, and CO2 have generally been accepted as main products of the 

ethanol electro-oxidation reaction on Pt [30, 31]. The dissociative adsorption of 

ethanol on Pt surface produces acetaldehyde, transferring only two electrons per 

ethanol molecule. Acetaldehyde readsorbed on Pt surface completes its oxidation into 

acetic acid or CO2 with trace amounts of methane. Depending on the final product, 2, 

4, or 12 electrons can be delivered per ethanol molecule. Therefore, the full energy 

density of ethanol molecules cannot be consumed when the ethanol is partially 
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oxidized to acetaldehyde or acetic acid. Furthermore, acetaldehyde is an undesirable, 

highly volatile substance [27, 28].   

 

Figure 1.3  Mechanism of ethanol electro-oxidation on Pt surface in acid medium 
[27].  

Ethanol electrocatalysis on Pt-Sn 

Among the several added second metals to form Pt-based alloy catalysts, PtSn 

was found to be the best binary catalyst for ethanol electro-oxidation, even better than 

PtRu [27, 32-34]. The main advantage of using Sn is that Sn is partially covered by 

OH species at low potentials, facilitating the formation of CO2 and CH3COOH 

according to the bifunctional mechanism. Furthermore, it has also been reported that 
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the electronic effect enhances the ethanol dissociative adsorption and the diffusion of 

adsorbed CO, which facilitates the formation of CO2 [30]. 

 

1.4 DAFC ANODE CATALYST ISSUES AND CHALLENGES 

1.4.1 Issues and Challenges of PtRu for DMFC 

While the development and optimization of PtRu-based catalysts have 

improved the performance of DMFC, the long-term operation of the system has 

revealed durability problems with the PtRu anode catalyst [13]. The instability of 

PtRu is associated with Ru dissolution from the anode, diffusion of the dissolved 

species through the membrane, and Ru deposition at the cathode [13-15, 35-38]. The 

dissolution of Ru decreases the promoting effect and hence the catalytic activity for 

methanol oxidation. Furthermore, crossover and redeposition of Ru at the cathode 

catalyst decrease the oxygen reduction reaction [39]. Therefore, ways to increase the 

stability of PtRu or search for alternative catalysts without Ru needs to be pursued.  

1.4.2 Issues and Challenges of PtSn for DEFC 

Although the bifunctional mechanism and electronic effect have been 

postulated as the promoting mechanism of PtSn anode catalysts for EOR, the detailed 

ethanol oxidation reaction mechanisms are not clear yet [31, 32, 34]. Furthermore, the 

optimization of the Pt-Sn catalysts for EOR requires further fundamental 

understanding of the catalyst including optimum Pt to Sn ratio and identification of 

the active Sn phase participating in the promotion. For instance, the active role of 

SnOx has been reported by several groups recently [40-42]. Since the carbon-
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supported Pt-Sn catalysts are commonly prepared without thermal treatment, a 

significant amount of Sn and Pt oxide phases could be formed along with metallic Pt-

Sn alloy phases. Thus, the understanding of the role of SnOx phase is critical because 

the relative amounts of the Pt-Sn alloy and SnO2 would affect the electrochemical 

activity of Pt-Sn catalysts significantly. The lack of understanding of the Pt-Sn 

structure and their influence on the catalytic activity also make it difficult to reach 

unequivocal conclusions on the optimum Pt to Sn atomic ratio. Different groups have 

reported different optimum Pt to Sn ratios [34, 43], and this difference is mainly 

attributed to the various synthesis conditions employed, which result in various 

fractional amounts of oxide phases and different degrees of Sn alloying with Pt in 

their samples. Although a general consensus has not yet been achieved, Pt-Sn (3:1) 

and Pt-Sn (1:1) are widely accepted as the optimum anode catalysts, respectively, for 

DMFC and DEFC applications among the samples prepared by solution-based 

synthesis methods [43-45].     

 

1.5 OBJECTIVE OF THIS DISSERTATION 

The objective of this dissertation is to design and develop Pt-based anode 

catalysts that can overcome some of the problems encountered in DAFC. A few 

catalysts systems are systematically investigated and their advantages and limitations 

compared to conventional Pt-Ru and Pt-Sn are presented. The primary catalyst 

characteristics such as nanoparticle morphology and structural information, methanol 

or ethanol electro-oxidation activity, the activity promotion mechanism, and the 
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stability of the nanoparticle catalysts in accelerated durability test conditions are 

investigated. A more fundamental study on the low energy surfaces at pure Pt 

nanoparticles is also pursued. The knowledge obtained can provide a better 

understanding of the alcohol oxidation mechanisms and help design new catalyst 

materials. In this regard, the research for alternative anode catalysts in this 

dissertation is pursued toward two major directions.  

Firstly, in part I, the activity and durability of Pt-based non-Ru catalysts are 

compared to alleviate the Ru dissolution and subsequent durability problems in 

DMFC. For this purpose, Pt3-Sn/C catalysts are synthesized by polyol method and 

their activity and durability for methanol oxidation are examined in Chapter 3. 

Chapter 4 deals with the optimization of Pt-CeO2/C catalysts as a durable anode 

catalyst for DMFC by improving the particle morphology of Pt and CeOx 

nanoparticles through a microemulsion synthesis method. The activity and stability 

enhancement of the microemulsion-synthesized Pt-CeO2/C are compared with those 

of conventional Pt-CeO2/C and commercial Pt/C.  

In part II, the catalytic activity enhancement for ethanol oxidation reaction on 

Pt-Sn based ternary catalysts is investigated in Chapters 5 and 6. Two new alloy 

electrocatalysts, Pt-Sn-Mo/C and Pt-Sn-Pd/C, are synthesized, respectively, by polyol 

and borohydride reduction methods. The effects of a third metal addition on the 

catalytic activities for EOR are studied, and their proposed promoting mechanisms 

are compared.   
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In part III, the effect of water-ethylene glycol mixture solvent on the particle 

size and morphology of Pt/C are studied in Chapter 7. Interestingly, the use of mixed 

solvents precipitates Pt nanoparticles with low energy surfaces for adsorbed CO 

oxidation reaction. The implication of this low energy surfaces to the DMFC anode 

catalysts is discussed.  

All the samples are systematically characterized to obtain information on 

elemental composition, crystal structure, particle morphology, and chemical states at 

the surface layers by various techniques such as energy dispersive spectroscopy 

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

photoelectron spectroscopy (XPS). Electrochemical characterizations such as cyclic 

voltammetry (CV), COad stripping, electrochemical impedance spectroscopy (EIS), 

and single cell DAFC tests are employed to investigate the catalytic activity for 

alcohol oxidation reaction and their durability. The detailed information on the 

characterization techniques are introduced in the next chapter.  
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CHAPTER 2 

General Experimental Procedures 
 

The synthesis conditions and characterization procedures are described in the 

respective chapters in detail. This chapter provides only a brief overview of the 

synthesis and characterization techniques employed in this dissertation.  

2.1 MATERIALS SYNTHESIS 

The optimum performance of the fuel cell catalysts can be achieved by 

composition-controlled nanoparticles that are uniformly supported on carbon. In the 

respective chapters of this dissertation, the carbon-supported Pt-based nanoparticle 

catalysts are synthesized by chemical reduction method, reverse microemulsion 

method, and polyol method. All reagents purchased were ACS grade and used as-

received without any further purification. 

2.1.1 Chemical Reduction Method 

The synthesis of nanoparticles involves the inhibition of growth of 

nanoparticles and the stabilization of nanoparticles against aggregation. In the 

chemical reduction method, metal precursors are reduced by NaBH4 in aqueous 

solvent (or in water-ethylene glycol mixture solvent) and nanoparticles are 

precipitated on the heterogeneous surface of carbon black. The carbon black has a 

role of inhibiting the growth of the nanoparticles [8, 46].  

In this liquid-phase synthesis method, the metal precursors undergo reduction 

simultaneously, leading to the formation of relevant alloys. The chemical reduction of 
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H2PtCl6 by NaBH4 in aqueous solution has been suggested to proceed via the 

following reaction [46]: 

NaBH4 + H2PtCl6 + 3H2O  Pt + H3BO3 + 5HCl + NaCl + 2H2  (2.1) 

Since the Pt nanocrystals catalyze the decomposition of NaBH4, a large excess 

of NaBH4 is needed to completely reduce the H2PtCl6 and other metal precursors. 

Therefore, more than a 5-fold excess of NaBH4 compared to what is required for 

stoichiometric reaction was used in this dissertation.   

2.1.2 Reverse Microemulsion (RME) Method 

A microemulsion is an optically isotropic and thermodynamically stable 

system consisting of water, oil, and surfactant [47, 48]. The microemulsion system is 

a homogeneous solution at macroscopic scale, but it appears to be heterogeneous at 

molecular scale. In the reverse microemulsion systems, which contain a high oil 

concentration, the small water droplets (reserve micelles) are stabilized by surfactant 

and dispersed in the continuous oil phase. The size of the reverse micelles varies in 

nanometer scales depending on the molar ratio of water to surfactant, Rw [49-55]. 

When the reduction of metal precursors such as H2PtCl6 is conducted within 

the reverse micelles, the particle growth is restricted to the size of the reverse 

micelles, and mono-dispersed metal nanoparticles can be obtained. Since the 

inhibition of particle growth is done by the surfactant, the nanoparticles are formed 

without any interaction with the carbon support. Figure 2.1 illustrates the preparation 

procedure to obtain nanoparticles by microemulsions. 
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Figure 2.1 Schematic diagram for the formation of metal nanoparticles by the 
microemulsion method. 

The advantages of the microemulsion technique in the preparation of 

nanoparticle catalysts are [53]: 

• The metal nanoparticles are reduced directly within the microemulsion without 

any effect of the support on the formation of the particles. 

• A narrow particle size distribution can be obtained. 

• The particle size can be controlled easily. 

• Bimetallic particles can be obtained at room temperature. 

2.1.3 Polyol Method 

Supported nanoparticle catalysts can be prepared by various colloidal routes, 

employing polymeric surfactants as a stabilizer to suppress nanoparticle growth and 

aggregation. However, the surfactants may remain on the catalyst surface as a 
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contaminant. Also, a post heat treatment to remove the surfactant may cause particle 

aggregation and subsequent reduction in active surface area. In this regard, reduction 

of metal precursors in polyols has been an attractive synthesis approach for supported 

nanoparticle catalysts since it does not require any polymeric surfactants [56-60]. In 

the polyol method using ethylene glycol, the reduction of metal precursor ions occurs 

by receiving electrons from ethylene glycol, which oxidizes to glycolic acid. The 

glycolic acid present in its deprotonated form as glycolate anion in alkaline solution 

acts as a stabilizer [57, 58].  

HO
OH HO

H

O

HO
OH

O

(A) (B) (C)  

Figure 2.2 Reaction pathway of ethylene glycol oxidation. In the polyol synthesis of 
Pt nanoparticle, ethylene glycol (A) interacts with Pt-ion sites and the 
alcohol group oxidizes to aldehyde (B). This aldehyde is not stable and 
easily oxidizes to glycolic acid (C) [57]. 

 

2.2 MATERIALS CHARACTERIZATION TECHNIQUES 

2.2.1 Thermogravimetric Analysis (TGA) and Energy Dispersive X-ray 
Spectroscopy (EDS) 

If the synthesis conditions are not controlled properly, an incomplete 

reduction of metal precursors can occur, resulting in lower metal loading on carbon or 

unintended atomic compositions in the prepared catalysts. Therefore, the percent 

metal loading on carbon and the atomic ratio of the constituent elements in the 
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prepared catalyst samples were examined with, respectively, thermogravimetric 

analysis (TGA, Perkin Elmer) and energy dispersive X-ray spectroscopy (EDS, 

Oxford instruments). 

In the TGA analysis, a pre-measured amount of the carbon-supported 

electrocatalyst was heated up to 800 oC at a heating rate of 10 oC/min in flowing air to 

burn out the carbon support completely. The weight of the metal residue was then 

used to obtain % metal loading of the samples. Figure 2.3 shows an example of TGA 

curves of carbon black (Vulcan XC72R, Cabot Corp.) and commercial 40% PtRu/C 

(ETEK) samples. As seen in the Figure, the combustion of carbon black initiates only 

at ca. 600 oC, whereas it initiates at as low as 400 oC with the Pt/C sample as the 

process is catalyzed by Pt.   
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Figure 2.3  Example of TGA curves of carbon black and 40% PtRu/C. 
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EDS is an analytical technique used for the elemental analysis. When a high 

energy incident electron beam creates an electron hole in the inner shell of an atom, a 

transition of an outer shell electron to the inner shell occurs. During the transition, the 

energy difference corresponding to the energy gap between the inner shell and outer 

shell is dissipated in the form of X-ray, whose frequency is characteristic of the 

element. An accurate estimation of elemental compositions can be obtained by 

detecting these characteristic X-rays. 

 

Figure 2.4 Principle of energy dispersive spectroscopy (EDS). 

2.2.2 Transmission Electron Microscopy (TEM) 

Morphological and particle size distribution studies were carried out with 

either a Hitachi S-5500 ultra-high resolution scanning electron microscope (SEM) 

that is equipped with a bright-field/dark-field scanning transmission electron 

microscope (STEM) detector or a JEOL 2010F high-resolution transmission electron 

microscope (HR-TEM). The operating voltages of the two equipments were, 
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respectively, 20 and 200 keV. An average (or arithmetic mean) particle size of a 

sample was obtained by measuring the sizes of more than 100 particles chosen at 

random in the TEM images.  

2.2.3 X-ray Diffraction (XRD) 

X-ray powder diffraction is a technique to investigate the phase structure and 

crystallite size of powder samples. Since the wavelength of X-rays (ca. 1 Å) is 

comparable to the interplanar spacing, it is ideally suitable for the determination of 

the crystal structure of solid materials. In this dissertation, the XRD studies were 

carried out to obtain phase information, degree of alloying, and crystalline size of the 

prepared catalyst samples. 

Determination of degree of alloying 

The degree of alloying in the prepared bi- and tri-metallic catalysts was 

obtained by applying Vegard’s law, an empirical rule that describes a linear relation 

between the crystal lattice parameter of an alloy and the concentrations of the 

constituent elements [61, 62].  

Determination of crystalline size 

The crystalline size of supported nanoparticles was obtained by X-ray line 

broadening analysis using Scherrer’s equation [63-65]: 

0.9
cos

d λ
β θ

=  (2.2) 
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where, d is the average crystalline size in nm, λ is the wavelength of the X-ray, β is 

the full width at half maximum (FWHM) of a peak in rad, and θ is the Bragg angle at 

the peak maximum.  

In fact, besides crystalline size, lattice strain is also an important cause of the 

line broadening of the XRD peaks, and a complete treatment of powder diffraction 

data allowing for the separate estimation of crystalline size and lattice strains has 

been developed [66]. However, in this dissertation, the contribution of lattice strain to 

line broadening was ignored because of the complexity of the comprehensive analysis 

of the nano-scale Pt-based catalysts, which show only a few XRD peaks often 

overlapping with each other, except for the (220) peak.  

Therefore, the lattice parameter and FWHM values of the prepared samples 

were obtained from the position and line broadening of the (220) reflection fitted with 

the pseudo-Voigt function, unless otherwise specified. The powder diffractometer 

(Philips Model APD 5320, Cu Kα radiation) was previously calibrated and hence the 

peak fitting was carried out without considering zero angle shifts and sample 

displacements. 

2.2.4 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to obtain the chemical 

states of the elements in the surface layers of the catalyst nanoparticles. The technique 

is based on the photoelectric effect. When monochromatic X-rays impinge on a 

sample, photoionization occurs according to  
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M + hν → M+ + e- (2.3) 

where the electron e- is emitted from the sample with a certain amount of kinetic 

energy EK. Since the energy of the monochromatic X-ray is known, the electron 

binding energy EB of each of the emitted electrons can be determined from the 

following equation: 

EB = hν – (EK + Φ) (2.4) 

where Φ is the work function of the spectrometer.  

In solid samples, an electron’s binding energy EB of a certain atom is affected 

by the chemical environment of the atom. For example, when a metal forms a layer of 

oxide at the surface, the bonded oxygen may withdraw electrons from the 

neighboring metal atoms. If electrons are withdrawn from the oxygen-bonded metal 

atoms, the binding energies of the remaining electrons will be increased causing a 

shift in the measured XPS peak position of the oxidized metal atoms. For an element 

with several different bonding situations, there can be multiple peaks in the XPS 

spectrum. Therefore, the chemical states of the element can be studied by analyzing 

the XPS peaks [67-69].  
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Figure 2.5 Schematic illustration of XPS spectrum, showing distinguished metal and 
metal oxide peaks at different binding energies.  

2.3 ELECTROCHEMICAL CHARACTERIZATION TECHNIQUES 

Electrochemical measurements were carried out with a conventional three-

electrode cell at 25 oC. A glassy carbon electrode coated with a thin catalyst layer and 

a Pt foil served as working electrode and counter electrode, respectively. A 

Hg/HgSO4 (MMS) electrode or a saturated calomel electrode (SCE) was used as the 

reference electrode, but all the potentials reported in this dissertation are referenced 

with respect to the normal hydrogen electrode (NHE). The catalyst layer preparation 

and loading are described in the respective chapters. 

2.3.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique, 

where electrode potential is scanned linearly with time and the current response of a 

system is recorded [70]. This technique is similar to linear sweep voltammetry (LSV). 
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However, unlike LSV where the potential scan is applied only in one direction, the 

potential scan is inverted at selected reversing points in the case of CV. The inversion 

gives useful information about the electrochemical reaction of a system. Generally, 

the current response of a system is dependent on the concentration of the species, 

scan rate, diffusion coefficient, and the reaction rate [70]. In this dissertation, CV was 

used mainly to study the surface state and catalytic activity of the prepared 

electrocatalyst samples. 

Electrochemical characterization of the catalyst surface states 

Cyclic voltammograms of metals give important information about the state of 

the electrode surface as a function of potential. Figure 2.6 represents a typical 

voltammogram on carbon-supported Pt nanoparticle catalyst electrode in sulfuric acid 

electrolyte. Following the current starting at ca. 400 mV, only the current that is 

required to charge the electrolytic double layer is observed until ca. 850 mV. Above 

ca. 850 mV, oxygen chemisorption starts with  

Pt + H2O → Pt-OH + H+ + e- (2.5) 

Pt-OH → PtO + H+ + e- (2.6) 

and a phase oxide may form on the platinum surface with a thickness larger than a 

monolayer. After the potential reversal, reduction of the chemisorbed oxide layer 

occurs. At lower potentials, there is a double layer region followed by the 

underpotential deposition of H-atoms, 
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Pt + H3O+ + e- → Pt-H + H2O (2.7) 

and a strong evolution of hydrogen close to the thermodynamic H2/H+ potential. After 

the scan reversal, the layer of adsorbed hydrogen is oxidized again. The current peaks 

in this region show differences in the Pt-H bond depending on the crystallographic 

surface and the kind of anions present in the electrolyte [71-74].  
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Figure 2.6 Cyclic voltammograms of carbon-supported Pt catalyst surface: 0.5 M 

H2SO4, nitrogen purging, scan rate = 0.05 V/s. 

However, different characteristics in the voltammogram of PtRu catalysts are 

observed as in Fig. 2.7, where the effect of specific crystalline faces in hydrogen 

adsorption/desorption region has disappeared and the double layer charge region is 

significantly changed due to the oxide formation on ruthenium [22, 75]. Based on 

these characteristic features of different catalyst surfaces, the stability of catalysts was 

estimated in accelerated durability tests.  
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Figure 2.7 Cyclic voltammogram of carbon-supported PtRu catalyst surface: 0.5 M 

H2SO4, nitrogen purging, scan rate = 0.05 V/s. 

Activity comparison for alcohol electro-oxidation reaction  

Catalytic activity for alcohol electro-oxidation reaction was compared by 

cyclic voltammetry recorded in alcohol-containing acid electrolyte. Figure 2.8 shows 

a typical voltammogram of Pt/C and PtRu/C for methanol oxidation reaction. During 

the forward potential scan, methanol adsorption on Pt surface initiates only after the 

hydrogen desorption occurs since methanol cannot displace adsorbed hydrogen from 

the Pt surface, and methanol adsorption is a rate determining step (rds) for the overall 

reaction. As potential increases, the rate of methanol adsorption increases and the 

oxidative removal of adsorbed CO becomes rds since the water activation reaction on 

Pt surface to generate oxygen containing species is not facile enough at this 

intermediate potential region. At higher potentials, interaction of water with the Pt 

surface increases and competition of methanol with water for adsorption sites 
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becomes important. Therefore, methanol adsorption becomes the rds again and the 

reaction rate passes through a maximum and then decays in this high potential region 

[21, 76-78].  

In the case of PtRu/C, where the bifunctional mechanism operates, the onset 

potential for the methanol oxidation reaction is lower than that in Pt/C because the 

water activation reaction initiates earlier at the Ru surface than on Pt. Also, the 

voltammogram of PtRu exhibits lower peak potential Epeak in comparison to Pt due to 

easier Ru oxidation and appearance of inactive Ru species [26]. Therefore, instead of 

the maximum current Imax, the current value at 0.5 V, denoted as I0.5, in the forward 

scan was considered in comparing the catalytic activities of different samples [25, 75, 

79]. The specific experimental parameters are described in the respective chapters. 
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Figure 2.8 Cyclic voltammograms for MOR on Pt/C and PtRu/C: 0.5 M H2SO4 + 1 
M methanol, nitrogen purging, scan rate = 0.05 V/s. 
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2.3.2 Chronoamperometry 

Chronoamperometry is an electrochemical technique in which the potential of 

the working electrode is stepped and the resulting current is monitored as a function 

of time. Current versus time plots obtained from this technique were used to compare 

the catalytic activity for alcohol oxidation reaction on the prepared samples [70, 80]. 

In a typical experiment, a potential step from the open circuit potential (OCP) to 0.8 

V was applied for 1 s in alcohol-containing electrolyte and subsequently 0.02 V was 

applied for 2 s to reduce any adsorbed oxides/hydroxides produced on the electrode at 

0.8 V. Then a target potential (typically 0.4 – 0.6 V) was applied for ca. 1800 s to 

achieve a pseudo-steady state current density profile [81].  

2.3.3 Electrochemical Impedance Spectroscopy (EIS) 

While EIS is the most widely used technique mainly for distinguishing all the 

major sources of loss in a fuel cell system, there are few EIS studies on alcohol 

oxidation mechanism conducted with a thin film electrode configuration. Based on 

these film electrode studies [82-84], alcohol electro-oxidation reaction on the 

prepared samples was studied. In a typical experiment, electrochemical impedance 

spectra were collected in 0.5 M H2SO4 solution containing 1 M alcohol over a 

frequency range between 100 kHz and 10 mHz and applying a single sine wave with 

5 mV amplitude at the electrode potentials of 0.3, 0.4, and 0.5 V. For each 

measurement at a different potential, fresh electrolyte solution was used and the 

electrode was cleaned by continuous potential cycling between 0.05 and 0.8 V until 
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stable polarization curves were obtained. The impedance values were normalized by 

geometric electrode surface area.  

2.4 SINGLE CELL PERFORMANCE TEST 

The performance of single cell DMFC or DEFC systems employing prepared 

samples as anode catalysts were compared using commercial 60 wt.% Pt/C (Alfa 

Aesar) and Nafion 115 membrane (Electrochem Inc.), respectively, as a cathode 

catalyst and a proton exchange membrane.  

2.4.1 Membrane-electrode Assembly (MEA) Preparation 

The electrodes consisting of gas-diffusion and catalyst layers were prepared. 

A catalyst ink prepared with the required amount of the catalyst, isopropyl alcohol 

(IPA), deionized (DI) water, and 5 wt.% Nafion solution by ultrasonic vibration was 

sprayed onto a gas-diffusion layer (BASF) followed by drying in air at 90 oC. On top 

of the catalyst layer, 5 wt.% nafion solution was sprayed additionally for better 

adhesion between the membrane and the catalyst layer. The membrane-electrode 

assembly (MEA) was fabricated by hot pressing the anode and cathode onto the 

membrane at 120 oC for 2 min. 

2.4.2 Single Cell Performance Evaluation 

The fuel cell tests were carried out using a single-cell hardware (Scribner) 

with serpentine flow-field pattern (5 cm2 active area) and feeding 1 M ethanol 

solution (flow rate: 2.5 mL/min) and humidified oxygen (flow rate: 200 mL/min, 

backpressure: 16 psi). The steady state fuel cell polarization data were collected after 
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operating the fuel cell for two consecutive days, including the period of shut down 

overnight. 
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PART I 

 
ACTIVITY AND STABILITY OF ALTERNATIVE ANODE 
CATALYSTS FOR DIRECT METHANOL FUEL CELLS 
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CHAPTER 3 

Comparison of the Activities and Stabilities of the Pt/C, Pt-Ru/C, and  
Pt3-Sn/C Electrocatalysts Synthesized by a Polyol Method for 

Methanol Electro-oxidation Reaction 
 

3.1 INTRODUCTION 

PtRu has been the state-of-the-art anode catalyst for direct methanol fuel cells 

due to its high catalytic activity for the methanol oxidation reaction (MOR). 

However, as discussed in Chapter 1, the dissolution of Ru from the PtRu anode 

catalyst has been found to cause performance degradation of direct methanol fuel 

cells (DMFC). The Ru dissolution not only diminishes the MOR activity of the anode 

catalyst, but also imposes a serious problem on the activity of the Pt cathode catalyst 

since a migration of the dissolved Ru from the anode to the cathode through the 

membrane blocks the active Pt sites at the cathode [13, 14, 35, 38, 85, 86]. The Ru 

contamination has been reported to decrease the oxygen reduction kinetics by 

eightfold or increase the overpotential by ca. 160 mV [39]. 

In spite of many reports concerning the instability of the Ru component and 

its negative effect on the long-term durability of the DMFC system, it has been 

challenging to identify alternative anode electrocatalysts that can offer a combination 

of high catalytic activity and durability. Among a number of other species 

incorporated in to Pt including Co [87], Ni [88], Mo [89], Sn [22, 90, 91], WO3 [92], 

etc., Pt3-Sn is known to have a catalytic activity for MOR comparable to that of Pt-Ru 
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[22, 93]. In this regard, we compare here the activity and durability of Pt-Ru and Pt3-

Sn catalysts under an accelerated durability test (ADT) condition with an aim to 

assess the feasibility of Pt-Sn based catalysts as an alternative to Pt-Ru.  

 

3.2 EXPERIMENTAL 

3.2.1 Synthesis of Pt/C, Pt-Ru/C, and Pt3-Sn/C by Polyol Method 

Carbon-supported Pt, Pt-Ru, and Pt3-Sn catalysts with 40 wt. % metal loading 

were prepared by a polyol method as described in the literature [94]. Briefly, required 

amounts of H2PtCl6·6H2O (Strem Chemicals Inc.), RuCl3·xH2O (Alfa Aesar), and 

SnCl2·2H2O (Acros Organics) to obtain 80 mg of total metal content were dissolved 

in 50 mL of ethylene glycol (Acros Organics) containing 0.1 M NaOH (Fisher 

Chemical). The solution was refluxed at 160 ºC for 3 h under a nitrogen atmosphere 

until the color of the solution changed to dark brown, indicating the formation of a 

colloid of metal nanoparticles. 120 mg of carbon black (Vulcan XC-72R, Cabot 

Corp.) was dispersed separately in 600 mL of deionized (DI) water by ultrasonication. 

The prepared solution of metal colloid was then added into the carbon dispersion and 

a few drops of 2 M H2SO4 aqueous solution were added until the pH of the solution 

reached 2. The resulting dispersion was stirred vigorously for 2 h at 70 ºC to facilitate 

the attachment of the colloidal nanoparticles onto the carbon surface. After cooling to 

room temperature, the mixture was filtered and the residue was dried overnight in a 

vacuum oven at 90 ºC. Aliquots of the as-prepared Pt-Ru/C and Pt3-Sn/C were 
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subjected to a post heat treatment at 200 oC for 2 h in flowing 10 % H2 – 90 % Ar. 

The heat-treated samples are denoted hereafter as Pt-Ru/C-200 and Pt3-Sn/C-200.    

3.2.2 Materials Characterization  

The atomic ratios of Pt, Ru, and Sn in the synthesized samples were measured 

by EDS (Oxford instruments) attached to a scanning electron microscope (SEM, 

JEOL-JSM5610). The weight percentage of the nanoparticles on carbon was 

measured by TGA (Perkin Elmer). Crystallographic phase analysis was carried out 

with a powder diffractometer (Philips) in the range of 20 – 80o with a step of 0.03o. 

XPS data of the Pt-Ru/C and Pt3-Sn/C samples were acquired with a Kratos 

Analytical spectrometer using monochromatic Al Kα X-ray source to assess the 

oxidation states of Ru and Sn on the surface layers of the samples. The spectra were 

fitted with a Gaussian-Lorentzian function (G : L = 85 : 15) and a Shirley background 

function using the XPSPEAK 4.1 software. 

3.2.3 Electrode Preparation 

For electrochemical characterization, a glassy carbon (3 mm dia.) electrode 

was polished to a mirror-like finish with 0.05 µm alumina media (Buehler) and 

coated with a thin layer of the catalyst to serve as a working electrode. To make the 

thin layer of the catalyst, a catalyst ink was prepared by dispersing 2 mg of the 

catalyst in a mixture of deionized water, ethanol, and 5 wt.% Nafion solution 

(Electrochem Inc.) by ultrasonication. When a dark homogeneous dispersion was 

formed, 2 µL of the ink was drop coated onto the glassy carbon electrode and dried in 



 43

air for an hour. The working electrode typically had a carbon-supported catalyst 

weight of 142 µg/cm2. 

3.2.4 Accelerated Durability Test for Methanol Electro-oxidation 

The electrochemical characterizations were carried out with a conventional 

single-compartment three-electrode cell with a platinum foil counter electrode with a 

potentiostat (CH Instrument). A Hg/HgSO4 (MMS) electrode in a saturated K2SO4 

solution was used as a reference electrode. Prior to each electrochemical test, the 

surface of a working electrode was cleaned by potential cycling between 0.02 and 1.2 

V in N2 purged 0.5 M H2SO4 electrolyte. After 10 cleaning cycles, accelerated 

durability tests (ADT) were carried out by scanning the electrode potential for 100 

cycles in 0.5 M H2SO4 + 1 M CH3OH electrolyte (scan range = 0.02 - 1.2 V, scan rate 

= 0.05 V/s). Among the curves of the ADT, the second anodic sweep was selected to 

represent the initial catalytic activity for MOR. In order to determine the deterioration 

of the catalytic activity, the anodic current values at 0.5 V, which were normalized by 

the initial current value, were plotted vs the number of potential cycles in the ADT. 

The ADT on a freshly prepared working electrode was carried out in 0.5 M H2SO4 

electrolyte to determine and compare the changes in the electrochemical surface 

characteristics during the ADT. The amounts of Ru or Sn ions in the H2SO4 

electrolyte due to dissolution from the electrode during ADT were measured with 

inductively coupled plasma–optical emission spectroscopy (ICP-OES, Varian). 

Standard solutions for Ru and Sn were obtained from Inorganic Ventures, Inc. for the 
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calibration of the instrument. The measurements were repeated twice and the average 

values are reported here.  

3.2.5 COad Stripping Voltammetry 

The electro-catalytic oxidation of pre-adsorbed CO was assessed by COad 

stripping voltammetry. After the cleaning scans in N2-purged H2SO4 solution, the 

electrolyte was purged with 5 % CO – 95 % Ar for 30 min while holding the 

electrode potential at 0.1 V to form a COad layer on the surface of the catalyst. 

Subsequently, the purging gas was switched to N2 to remove the dissolved CO gas 

from the electrolyte solution. After N2 purging for 30 min, the COad was stripped by 

subsequent potential scans between 0.05 and 1.2 V at a scan rate of 0.02 V/s. To 

compare the COad stripping voltammograms before and after an ADT, the COad 

stripping test was repeated after the electrode was subjected to an ADT in 0.5 M 

H2SO4. All of the electrochemical evaluations were conducted at room temperature. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Materials Characterization 

The compositions of the as-prepared catalysts determined by EDS are 

presented in Table 3.1. As seen in the Table, the atomic ratios of the elements are 

similar to those in the nominal compositions. 
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Tabel 3.1 Compositional and structural analysis of the catalysts  

Catalyst Heat-treatment 
condition 

Atomic ratio 
from EDS 
(Pt : Ru or Sn) 

(220) Peak 
position (o) 

Lattice 
parameter 
(nm)a 

XRu or XSn
b Rual or Snal (%)c 

Pt/C As-prepared 1.00 : 0.00 67.61 0.3916 0 0 

Pt-Ru/C As-prepared 0.53 : 0.47 - - - - 

Pt-Ru/C-200 200 oC in 10% H2 0.53 : 0.47 68.58 0.3867 0.43 92 

Pt3-Sn/C As-prepared 0.75 : 0.25 - - - - 

Pt3-Sn/C-200 200 oC in 10% H2 0.75 : 0.25 66.14 0.3993 0.22 86 
a Calculated from (220) peak position [63, 65]. 
b Ru (or Sn) atomic fraction in the alloy [65, 95]. XSn is calculated from Vegard’s law using Pt3Sn/C ETEK (a = 0.4002 

nm) [96]. 
c % amount of Ru (or Sn) alloyed.
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Figure 3.1 shows the XRD patterns of the as-prepared and heat-treated 

catalysts. While the as-prepared Pt/C clearly shows diffraction peaks corresponding 

to the face centered cubic Pt structure (space group: Fm-3m), the as-prepared Pt-Ru/C 

and Pt3-Sn/C show broad peaks that overlap with each other. In Fig. 3.1(a), the broad 

peaks of the as-prepared Pt-Ru/C at around 35o and 58o are attributed to the 

overlapping reflections of Pt and RuO2 phases [94]. Similarly, in Fig. 3.1(b), the 

broad peaks of the as-prepared Pt3-Sn/C are assigned to the overlapping reflections of 

Pt and SnO2. However, the peaks corresponding to RuO2 and SnO2 disappear on 

heating the samples at 200 oC (Pt-Ru/C-200 and Pt3-Sn/C-200 samples), and only the 

strong reflections of the face centered cubic Pt structure are seen. The reflections of 

Pt-Ru/C-200 and Pt3-Sn/C-200 shift, respectively, to higher and lower 2 Theta values 

compared to those of Pt/C due to the alloying of Pt with Ru or Sn, i.e. the substitution 

of smaller Ru (0.134 nm) for Pt (0.139 nm) contracts the lattice parameter while the 

substitution of the larger Sn (0.151 nm) expands the lattice parameter [97]. The lattice 

parameter values, the atomic fraction of Ru or Sn in the alloy phases (XRu and XSn), 

and the % amount of Ru or Sn alloyed (Rual and Snal) are presented in Table 3.1 [63, 

65, 95, 96]. The lattice parameter of Pt is similar to the reported values in the 

literature [44, 98]. As seen in Table 3.1, 92 % of the Ru and 86 % of the Sn are 

alloyed with Pt after the heat treatment at 200 oC. 
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Figure 3.1 X-ray powder diffraction patterns of (a) Pt-Ru/C and (b) Pt3-Sn/C 
compared to that of Pt. The dashed line represents the peak positions of 
fcc Pt. 
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Figure 3.2 X-ray photoelectron spectra of (a) Ru in Pt-Ru/C and (b) Sn in Pt3-Sn/C. 

XPS was used to examine the oxidation states of Ru and Sn in the surface 

layers of Pt-Ru/C and Pt3-Sn/C, since their XRD patterns are not sharp enough to 

determine clearly the phases present. Figure 3.2 compares the XPS spectra of Ru 3d 

and Sn 3d regions, respectively, in Pt-Ru/C and Pt3-Sn/C. The Ru 3d spectrum was 

selected for Ru due to its high intensity even though it overlaps with the C 1s peak. 

Deconvolution of the Ru 3d spectrum reveals two pairs of 3d5/2 and 3d3/2 peaks. The 

peaks with lower binding energy are assigned to anhydrous RuO2 and the peaks with 
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higher binding energy are assigned to hydrated RuO2·xH2O (Table 3.2) [99]. The 

spectrum indicates negligible contribution from metallic Ru (Ru:3d5/2 = 280.1 eV). 

The Sn 3d spectrum of Pt3-Sn/C corresponds to that of SnO2 with negligible 

contribution from metallic Sn as in the case of Pt-Ru/C.   

Table 3.2 Binding energy values and relative intensities obtained from Ru 3d5/2 and 
Sn 3d5/2 peaks 

Sample Species Binding Energy  
(3d5/2, eV) 

Relative intensity  
(%) 

Assignment 

Pt-Ru/C Ru 281.3 
282.0 

51.4 
48.6 

RuO2 (anhydrous) 
RuO2·xH2O 

Pt3-Sn/C Sn 486.9 100 SnO2 
 

3.3.2 Initial Activity for Methanol Electro-oxidation  

Figure 3.3 compares the initial catalytic activities for MOR. The Pt-Ru/C and 

the Pt-Ru/C-200 exhibit the highest catalytic activity for MOR, and the difference 

between the as-prepared and heat-treated Pt-Ru/C is not significant. In general, heat-

treatment of the supported nanoparticle catalysts induces a coarsening of the 

nanoparticles and a consequent reduction in the active surface area and mass activity. 

However, in the case of Pt-Ru/C catalysts, the negative effect of heat treatment could 

be compensated by the formation of an alloy phase that promotes MOR more 

efficiently. Therefore, the observed similar catalytic activities of Pt-Ru/C and Pt-

Ru/C-200, shown in Fig. 3.3, can be attributed to the trade-off between the coarsening 

effect and the formation of the alloy phase on heat-treatment. The activity of the as-

prepared Pt3-Sn/C is much higher than that of Pt/C and comparable to that of Pt-
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Ru/C. However, unlike in the case of Pt-Ru/C-200, heat-treatment reduces the 

catalytic activity for the Pt3-Sn/C-200 sample. It has been reported that the promotion 

of ethanol electro-oxidation on Pt by Sn is more effective when the Sn exists as an 

oxide phase [40]. According to the XRD and XPS results in Fig. 3.1 and 3.2, the 

majority of Sn in Pt3-Sn/C-200 exists as an alloy with Pt, while it exists as SnO2 in 

Pt3-Sn/C. Thus, both the loss of SnO2 phase and the coarsening of the nanoparticles 

upon heat-treatment seem to cause a lowering of the catalytic activity of Pt3-Sn/C-

200.   
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Figure 3.3 Anodic potential sweep curves of (a) Pt/C, (b) Pt-Ru/C, (c) Pt-Ru/C-200, 

(d) Pt3-Sn/C, and (e) Pt3-Sn/C-200 recorded at a scan rate of 0.05 V/s in 
0.5 M H2SO4 + 1 M methanol after subtracting the double layer current. 
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3.3.3 Durability Comparison 
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Figure 3.4 Normalized currents for MOR during the ADT at 0.5 V in the anodic 
sweep of the repeated CV scans. The other experimental conditions are 
similar to those in Fig. 3.3.   

The durability of the catalysts in terms of the changes in the normalized 

anodic current at 0.5 V during the ADT is compared in Fig. 3.4. In the case of Pt/C, 

the catalytic activity for MOR decreases slowly with the number of CV cycles and 

reaches almost 80 % of the initial current value at the end of ADT. In contrast, the 

catalytic activity of Pt-Ru/C drops much more rapidly with the number of CV cycles 

and reaches only around 20 % of the initial value after the 100 cycles. Excepting an 

initial small improvement, the significant reduction in the catalytic activity takes 

place within the first 30 cycles. After 50 cycles, the rate of the activity deterioration 

becomes similar to that of Pt/C. The Pt-Ru/C-200 shows activity deterioration similar 
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to that of Pt-Ru/C, indicating that heat treatment does not improve the durability of 

Pt-Ru/C. In contrast to Pt-Ru/C, Pt3-Sn/C exhibits better durability with above 50 % 

of the initial current value after the ADT. Furthermore, Pt3-Sn/C-200 shows improved 

durability compared to Pt3-Sn/C.  

Figures 3.5-7 and Table 3.3 compare the changes in the voltammograms 

during the ADT. Fig. 3.5a, showing the voltammograms of Pt/C recorded in 0.5 M 

H2SO4, indicates clearly resolved underpotentially deposited (UPD) hydrogen 

adsorption/desorption peaks, which are characteristic of Pt nanoparticles. After the 

ADT, while the shape of the curves is preserved, the area under the UPD hydrogen 

desorption peaks reduces due to particle aggregation and reduction in the 

electrochemical surface area (SECSA). The location and pattern of voltammograms for 

MOR and COad stripping reaction also do not change much. The onset and peak 

potentials for the above reactions are maintained during the ADT (Fig. 3.5b and 3.5c, 

Table 3.3).  

In contrast, a striking change in the voltammograms of Pt-Ru/C during the 

ADT is observed (Fig. 3.6). Initially, the CV curve for Pt-Ru/C recorded in H2SO4 

exhibits the characteristics of Pt-Ru/C catalyst (e.g. broad UPD hydrogen 

adsorption/desorption peak, higher double layer charging current, and a lower peak 

potential for the reduction of oxidized platinum surface). However, during the ADT, 

the voltammogram for Pt-Ru/C develops clearly resolved UPD hydrogen peaks, 

reduced double layer charging current, and increased peak potential for the reduction 

of oxidized platinum surface, resembling the features of Pt/C (Fig. 3.6a). The 
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voltammograms for MOR and COad stripping reaction also indicate significant 

changes in the shape of the curves after the ADT (Fig. 3.6b and 3.6c). As given in 

Table 3.3, the peak potentials for MOR and COad stripping on Pt-Ru/C have shifted 

from 0.77 V to 0.91 V and from 0.59 V to 0.77 V, respectively, after the ADT. The 

positive shift of the peak potentials for the two reactions shows that the Pt-Ru/C loses 

its surface characteristics and the catalytic activity during the ADT.  

Figure 3.7a compares the voltammograms of Pt3-Sn/C recorded before and 

after the ADT in 0.5 M H2SO4 electrolyte. The shape of the initial curve has 

characteristics similar to that of Pt/C, and it does not change during the ADT. A 

minor anodic shift of the onset potential for MOR is observed at the end of ADT (Fig. 

3.7b), but the location of the peak potential does not change (Table 3.3). The COad 

stripping of Pt3-Sn/C has three peaks located at 0.43, 0.69, and 0.75 V [91, 96, 100]. 

The shape of the curve and the peak positions remain almost the same during ADT. 

The observed changes in the shape of the voltammograms and the peak positions of 

the heat-treated Pt-Ru/C and Pt3-Sn/C are similar to that of the as-prepared samples 

(voltammograms not shown for brevity). The changes in the peak potentials of the 

heat-treated samples for MOR and COad stripping reaction are given in Table 3.3.  



 54

0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.2

-0.1

0.0

0.1

0.2
 

 

C
ur

re
nt

 (m
A

) (a)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

200

400

600
(b)

 

M
as

s 
ac

tiv
ity

 (A
/g

Pt
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.05

0.10

0.15

0.20
(c)

 

C
ur

re
nt

 (m
A

)

Potential (V (vs. NHE))
 

Figure 3.5 Changes in the voltammograms of Pt/C before (dashed line) and after 
(solid line) the ADT: (a) CV curves recorded in 0.5 M H2SO4, (b) CV 
curves recorded in 0.5 M H2SO4 + 1 M methanol, and (c) COad stripping 
curves.   
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Figure 3.6 Changes in the voltammograms of Pt-Ru/C before (dashed line) and after 
(solid line) the ADT: (a) CV curves recorded in 0.5 M H2SO4, (b) CV 
curves recorded in 0.5 M H2SO4 + 1 M methanol, and (c) COad stripping 
curves. 

 



 56

0.0 0.2 0.4 0.6 0.8 1.0 1.2

-0.2

-0.1

0.0

0.1

0.2
(a)

 

 

C
ur

re
nt

 (m
A

)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

500

1000 (b)

 

M
as

s 
ac

tiv
ity

 (A
/g

P
t)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0.00

0.02

0.04

0.06

0.08

EP3
EP2(c)

 

C
ur

re
nt

 (m
A

)

Potential vs NHE (V)

EP1

 
Figure 3.7 Changes in the voltammograms of Pt3-Sn/C before (dashed line) and after 

(solid line) the ADT: (a) CV curves recorded in 0.5 M H2SO4, (b) CV 
curves recorded in 0.5 M H2SO4 + 1 M methanol, and (c) COad stripping 
curves.   
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Table 3.3 Variations in the peak potentials for MOR and COad stripping before and 
after the accelerated durability test 

Catalyst Peak potential for MOR  
(V vs. NHE) 

 Peak potential for COad stripping 
(V vs. NHE) 

 2nd anodic 
scan 

100th anodic 
scan 

 Before the 
ADT 

After the ADT 

Pt/C 0.88 0.87  0.81 0.80 

Pt-Ru/C 0.77 0.91  0.59 0.77 

Pt-Ru/C-200 0.74 0.88  0.56 0.76 

Pt3-Sn/C 0.87 0.87  EP1 = 0.43 

EP2 = 0.69 

EP3 = 0.75 

0.44 

0.69 

0.76 

Pt3-Sn/C-200 0.87 0.87  EP2 = 0.71 

EP3 = 0.76 

0.71 

0.80 

 

The dissolution of catalysts under an electrochemical condition is one of the 

major causes for the change in the electrochemical surface characteristics and the 

consequent performance deterioration [13, 15, 35, 85]. Accordingly, the 

concentrations of the dissolved metal ions in 0.5 M H2SO4 electrolyte during the ADT 

were estimated and compared using ICP-OES. As given in Table 3.4, almost 44 % of 

Ru is dissolved from Pt-Ru/C during the ADT, while the amount of Sn ions dissolved 

from Pt3-Sn/C is negligible in the electrolyte. This is consistent with the 

electrochemical test results in which Pt-Ru/C loses its unique features developing the 

electrochemical characteristics of Pt, while Pt3-Sn/C maintains its characteristics 

during the ADT (Fig 3.6 and 3.7).  
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Table 3.4 Amount of dissolved Ru and Sn measured by ICP-OES after the ADT 

Catalyst Detected 
element 

Concentration of dissolved metal ions 
(mg/L) 

Percent loss (%)a 

Before ADT After ADT 

Pt-Ru/C Ru -0.007 x 10-6 0.0582 43.9 

Pt3-Sn/C Sn -0.015 x 10-6 0.008 x 10-6  negligible 
a Weight percent of dissolved element compared to the initial amount of the 

element in the catalysts. 

The different stabilities of Ru and Sn components in Pt-Ru/C and Pt3-Sn/C 

catalysts can be rationalized by considering the Pourbaix diagrams for Ru and Sn 

phases under different pH and potential conditions. According to the Pourbaix 

diagrams, Ru is subject to phase transitions through RuO2 – Ru(OH)3 – Ru during the 

potential scans between 0.02 to 1.2 V in acidic solution. The repetitive phase 

transition of Ru component in the catalyst during the ADT is thought to weaken the 

bonding of Ru and facilitate its dissolution [13, 35, 38]. In contrast, SnO2 maintains 

its oxide state in most of the potential and pH regions of this study, accounting for the 

better stability of the Sn component in Pt3-Sn/C. However, it needs to be noted that 

the Pourbaix diagram, which is constructed for pure bulk materials under 

thermodynamic steady state conditions, only provides a general guidance on the 

dissolution mechanism in the case of nanoparticles of binary compositions under the 

fast potential scan conditions of our study. Therefore, further study on the 

mechanisms of dissolution of Ru and Sn nanoparticles may be needed.  
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3.4 CONCLUSION 

Pt/C, Pt-Ru/C, and Pt3-Sn/C have been prepared by the polyol method and 

compared in terms of the catalytic activity and durability for MOR. While Pt-Ru/C 

shows the highest initial catalytic activity, its activity decreases significantly during 

the accelerated durability test, which is conducted by scanning the potential of the 

electrode for 100 cycles between 0.02 and 1.2 V. This activity deterioration is related 

to the changes in the electrochemical surface characteristics due to the dissolution of 

Ru. Although the catalytic activity of Pt3-Sn/C is lower than that of Pt-Ru/C initially, 

it shows better durability than Pt-Ru/C, which is confirmed by a negligible 

dissolution of the Sn component and the stable surface characteristics of Pt3-Sn 

during the ADT. The above results suggest the Pt-Sn based catalysts, which are more 

stable than conventional Pt-Ru, as a possible alternative anode catalyst for direct 

methanol fuel cells with longer life. Further research on the stability of Pt-Sn under 

various electrochemical conditions and efforts to enhance the catalytic activity of Pt-

Sn to the level of current Pt-Ru could help to advance the Pt-Sn based catalysts.  
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CHAPTER 4 

One-step Reverse Microemulsion Synthesis of Pt-CeO2/C Catalysts 
with Improved Nanomorphology and Their Effect on Methanol 

Electro-oxidation Reaction 
 

4.1 INTRODUCTION 

While Sn was investigated as an alternative promoting element to Pt in 

Chapter 3 mainly due to its high bifunctional promoting effect comparable to that of 

Ru, CeO2 has also drawn attention due to its high stability under acidic conditions and 

high oxygen carrying capacity. CeO2 enables the storage and release of oxygen at low 

temperatures as Ce can undergo a redox process reversibly between Ce4+ and Ce3+ 

[101-104]. With its high oxygen carrying capacity, CeO2 promotes methanol 

oxidation on Pt by supplying oxygenic species at lower potentials as Ru does in PtRu.  

However, unlike PtRu/C, which forms an alloy phase with an atomic-scale 

mixing between Pt and Ru, Pt-CeO2/C consists of a composite of Pt and CeO2 

particles. Therefore, the promoted MOR is limited on the Pt particles that are in 

intimate contact with both CeO2 and the carbon support, respectively, for the supply 

of oxygenic species and the electrical conduction. Figure 4.1 compares schematically 

the particle morphology of the conventional Pt-CeO2/C catalysts with that of an ideal 

case. In Fig. 4.1a, the Pt particles that lose contact with CeO2 cannot be expected to 

supply oxygenic species from CeO2, and the Pt particles that are formed on top of the 
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CeO2 particles will be electrically insulated. Accordingly, an ideal, desired particle 

morphology of Pt-CeO2/C is shown in Fig. 4.1b. 

 
Figure 4.1 Schematic diagram of (a) conventional Pt-CeO2/C showing Pt and CeO2 

nanoparticles deposited on the carbon support in an uncontrolled manner 
and (b) ideal Pt-CeO2/C with well-dispersed Pt and CeO2 nanoparticle on 
the carbon support with an intimate contact between each other.   

In general, the Pt-CeO2/C catalyst has been prepared by a two-step synthesis 

process, involving the precipitation of Pt nanoparticles on the previously formed 

carbon-supported CeO2 [101-105]. Such a two-step process cannot guarantee an 

intimate contact of Pt with both CeO2 and carbon since the precipitation of the Pt 

nanoparticle can occur randomly on the carbon and CeO2 particles. To overcome this 

problem, Guo and coworkers [106] reported a single-step process involving the 

precipitation of Pt and CeO2 particles simultaneously on carbon at the same time. 
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However, large aggregations of Pt and CeO2 particles that are scarcely dispersed on 

the carbon support were found due to lack of control on the particle formation 

dynamics.  

Recognizing that the control of the particle morphology is critical to maximize 

the catalytic activity of Pt-CeO2/C, we present here the exploration of a one-step, 

controlled reverse microemulsion (RME) method to obtain Pt-CeO2/C. In the RME 

process, the nano-scale aqueous micelles dispersed in a continuous oil phase serve as 

nano-reactors for the synthesis of the nanoparticles since the precipitation and growth 

of the nanoparticles are confined within the micelles [107, 108]. Accordingly, the 

MOR activity and durability of the Pt-CeO2/C catalysts prepared by the RME method 

are compared with those of the catalysts obtained by the conventional borohydride 

reduction method.  

 

4.2 Experimental 

4.2.1 Synthesis of Pt-CeO2/C by Reverse Microemulsion 

The carbon-supported Pt-CeO2 catalysts were synthesized by a reverse 

microemulsion (RME) method using poly(ethylene glycol)dodecyl ether (Brij 30, 

Acros Organics) as a non-ionic surfactant and n-heptane (Fisher Chemical) as the oil 

phase. One microemulsion was prepared by mixing an aqueous solution of H2PtCl6 

(Strem Chemicals Inc.) and Ce(NO3)3 (Strem Chemicals Inc.) with n-heptane and Brij 

30 under constant stirring until the solution became transparent. The molar ratio of 

water to surfactant Rw, which determines the number and size of the reverse micelles 
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in a RME solution, was fixed at 4.2 and the concentration of the aqueous solution was 

0.75 wt. % Pt-Ce. The other microemulsion consisting of an aqueous solution of 

NaBH4 (Fisher Chemical), n-heptane, Brij 30 was also prepared with the same Rw 

value. The amount of the NaBH4 contained in the microemulsion was approximately 

5-fold excess of the stoichiometric amount required for the reduction of the H2PtCl6 

present in the other microemulsion. The microemulsion containing NaBH4 was added 

drop-wise to the microemulsion containing the Pt and Ce precursors and stirred for an 

hour, during which the Pt and Ce ions were precipitated within the reverse micelles. 

Subsequently, a calculated amount of Vulcan XC72R carbon (Cabot Corp.) was 

added into the mixed solution and stirred vigorously for several hours. After a 

homogeneous dispersion of carbon black was achieved by the constant stirring, an 

excess of acetone was added and stirred overnight, followed by filtering and repeated 

washing with acetone and water. The black residue obtained was dried in an oven at 

80 oC and heat-treated at 150 oC for 2 h in air to remove any remaining surfactant. 

The obtained samples are hereafter denoted as PC(7:3)-RME, PC(6:4)-RME, and 

PC(5:5)-RME, in which the numbers refer to the Pt : CeO2 weight ratios. 

4.2.2 Synthesis of Pt-CeO2/C by Conventional Borohydride Reduction 

For a comparison, Pt-CeO2/C was also prepared by the conventional one-step 

borohydride reduction (CBR) method. Briefly, a calculated amount of Vulcan XC72R 

was dispersed in deionized (DI) water by sonication and vigorous stirring for several 

hours. The aqueous solution of H2PtCl6 and Ce(NO3)3 were added into the carbon 

dispersion and stirred for another hour. Approximately 5-fold excess of NaBH4 was 
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dissolved in DI water and added to the metal precursor-carbon dispersion. After three 

hours of stirring for the precipitation of nanoparticles, the dispersion was filtered and 

washed with a copious amount of water. The dark residue formed was dried in the 

oven and heat-treated at 150oC for 2 hours in air. This sample is denoted as PC(6:4)-

CBR in which the numbers refer to the Pt : CeO2 weight ratios. 

4.2.3 Materials Characterization 

The morphology of the supported nanoparticles was observed by a scanning 

transmission electron microscope (STEM, Hitachi S-5500). The overall weight ratio 

between Pt and Ce and their elemental distribution in the prepared catalysts were 

analyzed by energy dispersive spectroscopy (EDS, Bruker) attached to the STEM 

system. The crystallographic phase analysis was carried out with X-ray diffraction 

(XRD, Philips). The lattice parameter value and particle size were obtained from the 

position and the full width half maximum (FWHM) of the (220) peak. X-ray 

photoelectron spectroscopic (XPS, Kratos Analytical) data were collected to assess 

the oxidation states of Pt and Ce on the surface layers of the samples.   

4.2.4 Electrochemical Characterization 

For electrochemical characterizations, a three-electrode electrochemical cell 

employing a catalyst coated glassy carbon (3 mm dia.) working electrode was 

prepared and a series of cyclic voltammetric (CV) characterizations including an 

accelerated durability test (ADT) were carried out, as discussed in section 3.2.4. The 

potential range and scan rate used in this study for all of the above CV tests were, 

respectively, 0.1 – 1.25 V and 0.05 V/s. 
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The COad stripping voltammetry was carried out on selected Pt-CeO2/C 

samples. After the initial cleaning scans in N2-purged 0.5 M H2SO4, the electrolyte 

was purged with 5 % CO – 95 % Ar for 30 min while holding the electrode potential 

at 0.15 V to form a COad layer on the catalyst surface. Subsequently, the purge gas 

was switched to N2 to remove the dissolved CO gas from the electrolyte solution. 

After the N2-purging for 30 min, the COad was stripped by subsequent potential scans 

between 0.1 and 1.25 V at a scan rate of 0.02 V/s. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Materials Characterization 

Compositional analysis by EDS of the carbon-supported Pt-CeO2 catalysts 

prepared by the RME and CBR methods reveal that the detected Pt/CeO2 weight 

ratios are close to the nominal values as listed in Table 4.1. 

Table 4.1 EDS analysis of the Pt-CeO2/C catalysts 

Catalyst Synthesis method Nominal weight ratio 
(Pt : CeO2) 

EDS weight ratio 
(Pt : CeO2) 

PC(7:3)-RME RME 70 : 30 71 : 29 

PC(6:4)-RME RME 60 : 40 63 : 37 

PC(5:5)-RME RME 50 : 50 53 : 47 

PC(6:4)-CBR CBR 60 : 40 59 : 41 
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Figure 4.2 compares the nanoparticle morphologies of the PC(6:4)-CBR and 

PC(6:4)-RME samples obtained from the STEM images and EDS elemental maps. 

The STEM image of PC(6:4)-CBR indicates large aggregations that are composed of 

both Pt and Ce as identified by the EDS elemental map (Fig. 4.2a). The aggregations 

suggest that the Pt and CeO2 nanoparticles have been precipitated and grown in an 

uncontrolled manner in bulk solvent during the CBR synthesis. On the other hand, the 

STEM image of the PC(6:4)-RME sample shows homogeneously distributed Pt and 

CeO2 nanoparticles on the carbon support without aggregating Pt and CeO2 (Fig. 

4.2b). Furthermore, even though the direct observation of one to one contact between 

Pt and CeO2 in Fig. 4.2b is difficult due to the limited resolution, the EDS elemental 

map of PC(6:4)-RME exhibiting a randomly mixed distribution of Pt and Ce implies 

the formation of Pt-CeO2 nano-composite particles with intimate contact between 

them since the precipitation of Pt and CeO2 takes place together within a nano-sized 

reverse micelle. The reverse micelles containing the nano-composite particles are 

repulsive to each other in the solvent, so they are deposited on the carbon support 

homogeneously. 
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Figure 4.2 Representative scanning TEM images and EDS elemental mapping 

analysis of (a) PC(6:4)-CBR and (b) PC(6:4)-RME. 
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Figure 4.3 X-ray photoelectron spectra of PC(6:4)-CBR and PC(6:4)-RME for (a) Pt 
4f and (b) Ce 3d core level regions. 

The oxidation states of Pt and Ce in the surface layers of PC(6:4)-CBR and 

PC(6:4)-RME were examined by XPS. The X-ray photoelectron spectra and the 
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binding energies (BE) with corresponding relative intensities are presented, 

respectively, in Fig. 4.3 and Table 4.2. Figure 4.3a shows the Pt 4f region of the XPS 

spectra. Following the literature [68, 109], the Pt 4f7/2 and 4f5/2 peaks are 

deconvoluted into three Pt chemical states: Pt(0), Pt(II), and Pt(IV). The higher 

binding energies of Pt(0) in PC(6:4)-CBR and PC(6:4)-RME compared to that in bulk 

Pt (BE of Pt 4f7/2 = 70.5 eV) [109] is due to the Pt-carbon interaction and the effect of 

smaller particles [68, 109, 110]. Deconvolution of the Ce 3d spectra reveals that Ce is 

present as cerium oxide with two pairs each of 3d5/2 and 3d3/2 peaks, which are 

attributed to Ce(III) and Ce(IV) (Fig. 4.3b) [111]. There is no significant binding 

energy shift in the Pt or Ce spectra between the PC(6:4)-CBR and PC(6:4)-RME 

samples. However, the PC(6:4)-RME sample has a larger fractional amount of 

reduced Pt and Ce species compared to that in the PC(6:4)-CBR sample, revealing a 

more effective reduction during the RME process.   

Table 4.2 Binding energies and relative intensities of the Pt 4f7/2 and Ce 3d5/2 
spectra of the PC(6:4)-CBR and PC(6:4)-RME samples 

Catalyst PC(6:4)-CBR  PC(6:4)-RME 
 Binding 

energy (eV) 
Relative 
intensity (%) 

 Binding 
energy (eV) 

Relative 
intensity (%) 

Pt (0) 
Pt (II) 
Pt (IV) 

71.5 
72.4 
74.2 

32.3 
29.1 
38.1 

 71.3 
72.2 
74.6 

43.6 
34.0 
22.4 

Ce (III) 
Ce (IV) 

885.1 
882.7 
889.0 
898.5 

13.1 
86.9 

 885.4 
883.0 
889.0 
898.6 

20.0 
80.0 
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Figure 4.4 X-ray diffraction patterns of the Pt-CeO2/C catalysts. Dashed lines 

indicate the position of the fcc Pt peaks. 

Figure 4.4 shows the XRD patterns of the Pt-CeO2/C catalysts. While all the 

samples show reflections corresponding to face centered cubic (fcc) Pt, only the 

PC(6:4)-CBR sample shows weak peaks corresponding to CeO2. The lattice 

parameter and particle size values of the Pt nanoparticles were obtained from the 

position and full width half maximum (FWHM) values of the (220) peak (Table 4.3). 

The lattice parameter values are similar for all of the samples, indicating a negligible 

degree of alloying with Ce. The Pt particle sizes of the PC-RME samples are smaller 

than that of the PC(6:4)-CBR sample because particle growth is restricted by the size 

of the reverse micelle in the RME synthesis. Also, the Pt particle size in the PC-RME 

samples decreases with decreasing Pt content. The sizes of the reverse micelles are 



 71

expected to be identical for all the three PC-RME samples since a constant Rw value 

was used. Therefore, the size of the precipitated Pt nanoparticles in a reverse micelle 

is determined mainly by the amount of Pt precursors in the reverse micelle since each 

reverse micelle acts as an independent reactor and is isolated from the supply of 

additional Pt precursors from the outside to grow the nanoparticles. 

Table 4.3 XRD analysis of the Pt-CeO2/C catalysts 

Catalyst (220) reflection 
(o) 

Lattice parameter 
(nm) 

Pt particle size (nm)

PC(7:3)-RME 67.80(11) 0.3906(5) 3.5(3) 

PC(6:4)-RME 67.90(19) 0.3901(9) 3.2(3) 

PC(5:5)-RME 68.03(13) 0.3895(7) 3.0(3) 

PC(6:4)-CBR 67.80(10) 0.3906(3) 4.4(3) 

4.3.2 Electrochemical Comparison between RME and CBR Samples 
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Figure 4.5 Cyclic voltammograms of commercial Pt/C, PC(6:4)-CBR, and PC(6:4)-

RME. Electrolyte: 0.5 M H2SO4, scan rate: 0.05 V/s. 
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The electrochemical surface characteristics of the PC(6:4)-CBR and PC(6:4)-

RME are compared with those of commercial Pt/C catalysts by using cyclic 

voltammetry recorded in 0.5 M H2SO4 solution (Fig. 4.5). A typical voltammogram 

characterized by well-defined hydrogen adsorption/desorption peaks is evident for 

Pt/C. The hydrogen desorption charge of PC(6:4)-CBR is lower than that of 

commercial Pt/C, indicating lower electrochemical surface area SECSA for PC(6:4)-

CBR possibly due to the blocking of the Pt sites by CeO2 particles. On the other hand, 

the voltammogram of PC(6:4)-CBR exhibits features similar to that of Pt/C, showing 

well defined- hydrogen adsorption/desorption peaks and a similar double layer 

charging current value. The similar CV curves of PC(6:4)-CBR and Pt/C imply that 

the influence of CeO2 component on Pt particles in PC(6:4)-CBR is not strong. In 

contrast, the voltammogram of PC(6:4)-RME shows different characteristics, such as 

broad hydrogen adsorption/desorption peak and large double layer charging current, 

reflecting a stronger influence of the CeO2 component on Pt due to the intimate 

contact between the Pt and CeO2 nano-particles.  

Figure 4.6 presents the COad stripping voltammograms of PC(6:4)-CBR and 

PC(6:4)-RME. The stripping curve of PC(6:4)-RME shows a broad COad oxidation 

peak with the peak potential at 800 mV. In contrast, the stripping curve of PC(6:4)-

CBR clearly exhibits two separated COad oxidation peaks with the main peak 

potential at 820 mV, which is 20 mV higher than that of PC(6:4)-RME. The two 

distinct peaks indicate the presence of two different active Pt sites for COad oxidation, 

presumably due to the differences in the interaction with CeO2. The peak at the lower 



 73

potential may correspond to the Pt particles interacting with CeO2, while the peak at 

the higher potential may correspond to the Pt particles isolated from CeO2. The 

improved nanoparticle morphology of PC(6:4)-RME, which increases the intimate 

contact and interaction between the Pt and CeO2 particles, may have lowered the 

main peak position resulting in a broad COad oxidation peak.  
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Figure 4.6 Pre-adsorbed CO stripping voltammograms of PC(6:4)-CBR and 

PC(6:4)-RME. 

The catalytic activity for MOR on the prepared Pt-CeO2/C catalyst was 

studied by cyclic voltammograms recorded in 0.5 M H2SO4 containing 1 M methanol. 

Figure 4.7a compares the mass activity of the prepared samples. All the Pt-CeO2/C 

catalysts synthesized by the RME method have higher mass activity for MOR 
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compared to PC(6:4)-CBR. The cyclic voltammograms were also normalized to the 

SECSA obtained from the hydrogen desorption charge, and the data in Fig. 4.7b show 

that the specific activity for MOR decreases in the order PC(6:4)-RME > PC(7:3)-

RME > PC(5:5)-RME > PC(6:4)-CBR. Particularly, the comparison between the 

PC(6:4)-RME and PC(6:4)-CBR samples, both of which have the same Pt : CeO2 

ratio, clearly indicates that the higher activity of PC(6:4)-RME is not simply due to its 

smaller particle size or Pt : CeO2 ratio, but due to its improved particle morphology 

that enables effective supplying of oxygenic species from CeO2 to Pt sites through 

intimate contact between the Pt and CeO2 nanoparticles.  

Besides the effect of different synthesis methods, it is also interesting to 

observe the effect of composition on the MOR activity of the samples prepared by the 

RME method, indicating 40 wt. % CeO2 to be the optimum content among the 

samples with 30, 40, and 50 wt. % CeO2. The effect of Pt : CeO2 ratio on the MOR 

activity can be related to the balance between the coverage of methanol (θMeOH) and 

oxygenic species (θOxy) on the Pt surface. If the θOxy is low due to the low amount of 

CeO2, the overall reaction rate will be limited by the sluggish supply rate of the 

oxygenic species from CeO2 to Pt as in the case of PC(7:3)-RME (CeO2 = 30 wt.%). 

On the other hand, when the fractional amount of CeO2 is so high that θOxy becomes 

much larger than θMeOH, the overall reaction rate will be determined by the sluggish 

methanol adsorption rate, as in the case of PC(5:5)-RME (CeO2 = 50 wt.%). 
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Therefore, a good balance between θOxy and θMeOH may be achieved in the PC(6:4)-

RME sample, resulting in the highest activity.  

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

200

400

600
(a)

 

M
as

s 
ac

tiv
ity

 (A
/g

P
t)

Potential (V vs. NHE)

 PC(6:4)-CBR 
 PC(7:3)-RME
 PC(6:4)-RME
 PC(5:5)-RME

0.0 0.2 0.4 0.6 0.8 1.0 1.2

0

1

2

3 (b)

 

S
pe

ci
fic

 a
ct

iv
ity

 (m
A

/c
m

2 )

Potential (V vs. NHE)

 PC(6:4)-CBR
 PC(7:3)-RME
 PC(6:4)-RME
 PC(5:5)-RME

 
Figure 4.7 (a) Mass and (b) specific activities for methanol electro-oxidation on the 

prepared Pt-CeO2/C catalysts. Electrolyte: 0.5 M H2SO4 + 1 M methanol, 
scan rate: 0.05 V/s. The arrows indicate the direction of the potential 
sweep. 
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4.3.3 Durability and Activity of Pt-CeO2/C and Commercial Pt/C and PtRu/C 
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Figure 4.8 (a) Initial mass activity and (b) durability for MOR on commercial Pt/C, 
commercial PtRu/C, and PC(6:4)-RME. For the durability comparison, 
the current density values at 0.5 V vs. NHE were used from the anodic 
CV curves cycled between 0.1 and 1.25 V at a scan rate of 0.05 V/s. 
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The activity and durability of the PC(6:4)-RME catalysts were compared with 

that of commercial Pt/C and PtRu/C by the ADT where the electrode potential was 

scanned for 100 cycles between 0.1 and 1.25 V at a scan rate of 0.05 V/s in 0.5 M 

H2SO4 + 1 M methanol. Figure 4.8a presents the initial catalytic activities for MOR, 

and PC(6:4)-RME exhibits mass activity that is higher than that of Pt/C but lower 

than that of PtRu/C. The durability of the catalysts in terms of the changes in the 

normalized anodic current at 0.5 V during the ADT is presented in Fig. 4.8b. The 

catalytic activity for MOR on Pt/C and PtRu/C decreases with the number of CV 

cycles and finally reaches, respectively, around 60 and 20 % of their initial current 

values at the end of ADT. While the mild reduction in the activity of Pt/C is due to 

the particle aggregation and subsequent decrease in SECSA, the fast activity 

deterioration of the PtRu/C catalysts is mainly due to Ru dissolution. The initial 

increase in the normalized current values of PtRu/C may be due to an increase in 

SECSA induced by Ru dissolution and subsequent surface roughening. In that short 

initial period of ADT, the supply of oxygenic species from undissolved Ru looks 

sufficient enough. Interestingly, PC(6:4)-RME shows even higher durability than that 

of Pt/C, maintaining ~ 80 % of its initial current value at the end of ADT.  

The CVs were recorded in 0.5 M H2SO4 before and after the ADT in order to 

monitor the changes in the surface characteristics (Fig. 4.9). The CV pattern of Pt/C 

does not change much after the ADT, as seen in Fig. 4.9a. However, the CV pattern 

of PtRu/C changes from its initial shape (Fig. 4.9b). While the initial shape is 

characteristics of PtRu surface with a broad hydrogen adsorption/desorption peak, 
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large double layer charging current, and negatively shifted Pt-O reduction peak, the 

shape after the ADT is characteristic of Pt, indicating the leaching out of Ru during 

ADT (Fig. 4.9b). The CV curves of PC(6:4)-RME does not show significant changes, 

retaining the initial features such as large double layer charging current even after the 

ADT (Fig. 4.9c). It is likely that the presence of CeO2 in contact with Pt may prevent 

particle aggregation and subsequent SECSA loss [112]. 
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Figure 4.9 Cyclic voltammograms of (a) commercial Pt/C, (b) commercial PtRu/C, 

and (c) PC(6:4)-RME before and after the ADT measured in 0.5 M 
H2SO4 at a scan rate of 0.05 V/s. Dotted and solid curves represent the 
voltammograms measured, respectively, before and after the ADT. 
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4.4 CONCLUSION 

 Pt-CeO2/C catalysts have been prepared by one-step syntheses of conventional 

borohydride reduction and reverse microemulsion methods in order to overcome the 

disadvantages of the conventional two-step synthesis method, in which the sequential 

formation of CeO2 and Pt nanoparticles results in a separation of Pt nanoparticles 

from CeO2 or carbon support and loss of bifunctional promoting effect or electrical 

connection. Scanning TEM images and EDS mapping analysis reveal improved 

nanoparticle morphology for the sample prepared by the RME method compared to 

that prepared by the CBR method that shows large aggregations. The advantage of 

this improved nanoparticle morphology of the RME sample manifests in higher 

catalytic activity for MOR. Also, the Pt-CeO2/C catalysts prepared by the RME 

method show durability higher than that of commercial Pt/C and PtRu/C. The higher 

stability of Pt-CeO2/C compared to that of Pt/C is likely due to the surface 

morphology resisting aggregation. The results suggest the possibility of the Pt-

CeO2/C based catalysts, which are more stable than PtRu/C and even Pt/C, as 

alterative anode catalysts for direct methanol fuel cell. Further optimization of the 

nanoparticle morphology could help to enhance the effectiveness of the promoting 

effect of the CeO2 component. 
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PART II 

 
ACTIVITY ENHANCEMENT OF PLATINUM-TIN BASED 

TERNARY CATALYSTS FOR DIRECT ETHANOL FUEL CELLS 
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CHAPTER 5 

Effect of Mo Addition on the Electro-catalytic Activity of Pt-Sn-
Mo/C for Ethanol Electro-oxidation Reaction 

 

5.1 INTRODUCTION 

Considering the slow kinetics of the ethanol electro-oxidation reaction (EOR) 

on Pt anode, which diminishes the overall performance of the direct ethanol fuel cell 

(DEFC) system, there have been considerable efforts to develop alternative anode 

electrocatalysts that offer high catalytic activity for EOR. For example, alloying of Pt 

with other elements such as Ti, Mo, Ru, Rh, Pd, Sn, W, and Ce has been studied, and 

among them, Sn has shown the best promoting effect on EOR [32, 44, 113]. 

Nevertheless, it is still an ongoing task to improve further the performance of Pt-Sn 

anode catalysts to a level suitable for commercialization.   

It has been a good starting point in DEFC research to benchmark the results of 

direct methanol fuel cell (DMFC) research since DMFC shares similar challenges 

with DEFC, e.g., the sluggish kinetics of the catalytic oxidation reaction at the anode. 

In DMFC research, the catalytic activity of Pt-Ru, which is the best binary anode 

catalyst for the methanol electro-oxidation reaction (MOR), has been greatly 

improved by the addition of a third metal M to give the ternary electrocatalysts Pt-Ru-

M. Among the number of ternary compositions tested, Pt-Ru-Mo has been repeatedly 

reported to have enhanced catalytic activity for MOR compared to Pt-Ru [114-119]. 

In this regard, Pt-Ru-Mo has also been applied for DEFC, and it exhibits improved 
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catalytic activity for EOR compared to that of Pt-Ru [115, 120]. However, regarding 

the catalytic activity for EOR, the best binary catalyst is Pt-Sn, and not Pt-Ru, and it 

would be valuable to develop a ternary anode catalyst for DEFC based on Pt-Sn. 

Indeed, it has been found in other studies that the catalytic activity of Pt-Ru-Mo for 

EOR is inferior to that of Pt-Sn [44, 121].   

To our knowledge, there has been no report on the catalytic activity of Pt-Sn-

Mo ternary electrocatalyst for EOR. Accordingly, this chapter presents the synthesis 

and characterization of carbon-supported Pt-Sn-Mo and its potential as an alternative 

anode catalyst for DEFC in comparison to Pt-Sn.  

 

5.2 EXPERIMENTAL 

5.2.1 Polyol Synthesis of Pt-Sn-Mo/C 

The carbon-supported Pt-Sn and Pt-Sn-Mo electrocatalysts with 40 wt.% 

metal loading were synthesized by polyol method. In this study, H2PtCl6·6H2O 

(Strem Chemicals Inc.), SnCl2·2H2O (Acros Organics), and (NH4)6Mo7O24·4H2O 

(Alfa Aesar) were used as metal precursors, while the other synthesis conditions were 

identical to those discussed in section 3.2.1.   

5.2.2 Materials Characterization 

The prepared catalysts are characterized by transmission electron microscopy 

(TEM), energy dispersive spectroscopy (EDS), thermogravimetric analysis (TGA), 

X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). A detailed 

procedure for each characterization can be found in Chapter 2 and section 3.2.2. 
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5.2.3 Electrochemical Characterization 

The electrochemical cell with a three-electrode configuration was prepared as 

discussed in section 3.2.3. The electrochemical surface characteristics were examined 

by cyclic voltammetry (CV) in N2-purged 0.5 M H2SO4 electrolyte. The electrode 

potential was scanned between 0.02 and 0.8 V for 10 cycles at a scan rate of 0.05 V/s 

in order to clean the surface, and the 10th scan was used for characterization. After 

the potential cycles in 0.5 M H2SO4, the working electrode was transferred to N2-

purged 0.5 M H2SO4 + 1 M ethanol electrolyte to test the catalytic activity for EOR 

by CV (scan rate = 0.02 V/s) and chronoamperometry. The electro-catalytic oxidation 

of pre-adsorbed CO was assessed by COad stripping voltammetry. After the cleaning 

scans in N2-purged H2SO4, the electrolyte was purged with 5% CO- 95% Ar for 30 

min while holding the electrode potential at 0.1 V to form a COad layer on the surface 

of the catalyst. Subsequently, the purge gas was switched to N2 to remove the 

dissolved CO gas from the electrolyte solution. After the N2-purging for 30 min, the 

COad was stripped by subsequent potential scans between 0.02 and 1.2 V at a scan 

rate of 0.02 V/s. All the electrochemical tests were conducted at room temperature. 

5.2.4 Single Cell DEFC Performance Test 

The performances of the single cell DEFC systems employing PtSn/C and 

PtSnMo0.6/C as the anode catalyst were compared using commercial 60 wt.% Pt/C 

(Alfa Aesar) and Nafion 115 membrane (Electrochem Inc.), respectively, as the 

cathode catalyst and proton exchange membrane. The electrodes consisting of gas-

diffusion and catalyst layers were prepared as below. The catalyst ink prepared with 
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the required amount of the catalyst, IPA, DI water, and 5 wt.% Nafion solution by 

ultrasonication was sprayed onto a gas-diffusion layer (BASF), followed by drying in 

air at 90 oC. The catalyst metal loading was kept at 1.0 and 0.7 mg/cm2
, respectively, 

for the anode and the cathode. On top of the catalyst layer, 40 mg of 5 wt.% Nafion 

solution was sprayed additionally for better adhesion between the membrane and the 

catalyst layer. The membrane-electrode assembly (MEA) was fabricated by hot 

pressing the anode and cathode onto the membrane at 120 oC for 2 min. The fuel cell 

tests were carried out with a single-cell hardware (Scribner) with serpentine flow-

field pattern (5 cm2 active area) and feeding 1 M ethanol solution (flow rate: 2.5 

mL/min) and humidified oxygen (flow rate: 200 mL/min, backpressure: 16 psi). The 

steady state fuel cell polarization data were collected after operating the fuel cell for 

two consecutive days, including the period of shut down overnight.     

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Materials Caracterization 

Figure 5.1 shows the TEM images and nanoparticle size distributions of 

PtSn/C, PtSnMo0.4/C, and PtSnMo0.6/C. As seen, the supported nanoparticles are 

dispersed on the carbon surface homogeneously. The average sizes of the particle are 

in a narrow range of 1.8 – 1.9 nm with a standard deviation of less than 0.5 nm.  
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Figure 5.1 TEM images and nanoparticle size distributions of (a) PtSn/C, (b) PtSnMo0.4/C, and (c) PtSnMo0.6/C. 
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Table 5.1 Compositional and morphological characterization of PtSn/C, 
PtSnMo0.4/C, and PtSnMo0.6/C 

Catalyst Atomic ratio, 
precursor 
(Pt : Sn : Mo) 

Atomic ratio,  
EDS 
(Pt : Sn : Mo) 

Metal loading, 
TGA  
(wt. %) 

Particle size, 
TEM  
(nm) 

PtSn/C  1.0 : 1.0 1.0 : 1.0 36 1.8(5) 

PtSnMo0.4/C  1.0 : 1.0 : 0.5 1.0 : 1.0 : 0.4 39 1.9(4) 

PtSnMo0.6/C  1.0 : 1.0 : 1.0 1.0 : 1.0 : 0.6 37 1.8(5) 

The chemical composition and % loading of the nanoparticles supported on 

carbon were measured by EDS and TGA (Table 5.1). The observed Pt : Sn ratios for 

all of the prepared samples are 1 : 1, which is consistent with the Pt : Sn ratio in the 

initial reaction mixture. However, the EDS results of PtSnMo0.4/C and PtSnMo0.6/C 

reveal that the Mo contents in the samples are lower than the nominal values, 

indicating the loss of Mo component due to the incomplete reduction of Mo 

precursors during the synthesis. The observed Pt : Mo atomic ratio in PtSnMo0.4/C is 

1 : 0.4, while the nominal ratio in the initial reaction mixture is 1 : 0.5. The Mo loss is 

more apparent in the PtSnMo0.6/C, where the observed Pt : Mo atomic ratio is only 1 : 

0.6 compared to the nominal ratio of 1 : 1. The % loading of the nanoparticles in 

PtSnMo0.4/C and PtSnMo0.6/C were, respectively, 39 and 37 wt. %, which are slightly 

less than the nominal 40 wt. % possibly due to the Mo loss. However, it cannot be 

ruled out that some portion of the reduced nanoparticles might not have attached onto 

the carbon surface and might have been washed away during the synthesis since 

the % loading of the PtSn nanoparticles is also less than the 40 wt. % despite that the 
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Pt : Sn ratio is the same as the nominal value. The lower % loading of PtSn 

nanoparticle may be because the surface charge of PtSn nanoparticles is less attractive 

to the carbon surface compared to that of Pt-Sn-Mo nanoparticles in the reaction 

medium with a pH of 2 [122]. Considering the above analysis, the samples are 

denoted by their observed compositions and the catalytic activities were normalized 

by the actual amount of Pt, for further discussion in this study. 

The oxidation states of Pt, Sn, and Mo in the surface layers of the catalyst 

nanoparticles were examined by XPS. The X-ray photoelectron spectra and the 

binding energies (BE) with corresponding relative intensities are presented in Fig. 5.2 

and Table 5.2. Figure 5.2a shows the Pt 4f region of the spectrum for PtSn/C. In 

accordance with the literature [68, 109], the Pt 4f7/2 and 4f5/2 peaks are deconvoluted 

into three different Pt chemical states. The peaks with the lowest binding energies 

(BE of Pt 4f7/2 = 71.4 eV and BE of Pt 4f5/2 = 74.7 eV) are assigned to the metallic 

Pt(0), while the second peaks (BE of Pt 4f7/2 = 72.4 eV and BE of Pt 4f5/2 = 75.7 eV) 

are ascribed to oxidized Pt(II) such as PtO or Pt(OH)2. The peaks with the highest 

binding energies (BE of Pt 4f7/2 = 73.9 eV and BE of Pt 4f5/2 = 77.2 eV) are 

associated with the Pt(IV) oxide such as PtO2. The slight shift of the Pt(0) peaks to 

higher binding energy in comparison to that of bulk Pt (BE of Pt 4f7/2 = 70.5 eV) 

[109] is due to the Pt-carbon interaction and the effect of small particles [68, 109, 

110].  
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Figure 5.2 X-ray photoelectron spectra of (a) Pt 4f in PtSn/C, (b) Sn 3d in PtSn/C, 

(c) Pt 4f in PtSnMo0.6/C, (d) Sn 3d in PtSnMo0.6/C, and (e) Mo 3d in 
PtSnMo0.6/C. 
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Table 5.2 Binding energies and relative intensities of the PtSn/C and PtSnMo0.6/C 
catalysts 

 PtSn/C   PtSnMo0.6/C  

 B. E. (eV)  Relative 
intensity (%)  

 B. E. (eV)  Relative 
intensity (%)  

Pt (0) 
Pt (II) 
Pt (IV)  

71.4 
72.4 
73.9  

51.4 
30.5 
18.1  

 71.4 
72.3 
74.0  

48.6 
37.0 
14.4  

Sn (0) 
Sn (IV)  

485.5 
487.1  

3.3 
96.7  

 - 
487.0  

- 
100  

Mo (VI)  -  -   232.8  100  
 

Similarly, the Pt 4f spectrum of PtSnMo0.6/C is deconvoluted into three 

components with respective binding energies (BE of Pt 4f7/2) of 71.4, 72.3, and 74.0 

eV (Fig. 5.2c). The addition of Mo does not shift the Pt(0) peaks at all and induces 

only 0.1 eV changes in the Pt(II) and Pt(IV) peaks. This negligible shift in the binding 

energy of Pt suggests no significant electronic modification on Pt in PtSnMo0.6/C due 

to the addition of Mo. In Fig 5.2b, the Sn 3d spectrum of PtSn/C is deconvoluted into 

the 3d5/2 and 3d3/2 peaks of Sn(0) (BE of Sn 3d5/2 = 485.5 eV and BE of Sn 3d3/2 = 

493.9 eV) and Sn(IV) oxide (BE of Sn 3d5/2 = 487.1 eV and BE of Sn 3d3/2 = 495.5 

eV) [123]. Even though the intensity of the Sn(0) peaks are low, we were not able to 

fit the overall Sn 3d spectrum of PtSn/C precisely without including the Sn(0) peaks. 

On the other hand, the Sn 3d spectrum of PtSnMo0.6/C could be fitted well with a 

single component of Sn(IV) oxide (BE of Sn 3d5/2 = 487.0 eV and BE of Sn 3d3/2 = 

495.4 eV), as shown in Fig. 5.2d. The difference in the binding energy of Sn 3d5/2 
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between PtSn/C and PtSnMo0.6/C is only 0.1 eV, indicating negligible electronic 

modification of Sn due to the addition of Mo. In Fig. 5.2e, the Mo in the surface 

layers of PtSnMo0.6/C exists as Mo(VI) oxide (BE of Mo 3d5/2 = 232.8 eV and BE of 

Mo 3d3/2 = 235.9 eV) without any metallic Mo(0) signal.    
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Figure 5.3 X-ray power diffraction patterns of the catalysts. The vertical lines 

represent the reflections corresponding to fcc Pt.   

Figure 5.3 shows the XRD patterns of the PtSn/C, PtSnMo0.4/C, and 

PtSnMo0.6/C catalysts, and all the samples exhibit reflections characteristics of the 

face centered cubic (fcc) Pt structure (space group: Fm-3m). The weak reflections 

(marked with circles) observed at around 34 and 52o are attributed to the (101) and 

(211) reflections of a tetragonal SnO2 phase (Powder Diffraction File Card No. 41-

1445). 
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Table 5.3 XRD analysis of PtSn/C, PtSnMo0.4/C, and PtSnMo0.6/C 

Electrocatalyst  Positon of 
(220) peak  
(o)  

Lattice 
parameter,a a 
(nm)  

Sn atomic 
fraction,b XSn 

Degree of 
alloying of Sn,b 
Snal 

PtSn/C  66.34(13)  0.3982(7)  0.19  0.24 

PtSnMo0.4/C 66.95(13)  0.3950(7)  0.10  0.11  

PtSnMo0.6/C  67.09(10)  0.3943(5)  0.08  0.09  

The lattice parameter values obtained from the positions of the (220) peak are 

given in Table 5.3. The observed lattice parameter a = 0.3982 nm of the PtSn/C 

catalyst is close to the values reported for PtSn/C with similar compositions and 

similar synthesis methods [44, 124]. The Sn atomic fraction (XSn) in the Pt-Sn alloy 

was obtained by the relationship, 

0

0

( )
( )Sn S

S

a aX X
a a

⎛ ⎞−
= ⎜ ⎟−⎝ ⎠

   (5.1) 

where as and XS are the lattice parameter (0.4002 nm) of the Sn atomic fraction (0.25) 

in the Pt3Sn/C ETEK catalyst, and a0 is the lattice parameter (0.3916 nm) of the Pt/C 

ETEK catalyst [96]. Also, the degree of alloying between Pt and Sn (Snal/Sntot), which 

indicates the ratio of alloyed Sn (Snal) to total Sn in the catalyst (Sntot), is given by  

(1 )
al Sn EDS

tot Sn EDS

Sn X Pt
Sn X Sn

=
−

  (5.2) 

where PtEDS and SnEDS are, respectively, the experimentally determined Pt and Sn 

contents by EDs analysis. The XSn and Snal/Sntot values are also given in Table 5.3. 

The lattice parameters of PtSnMo0.4/C (0.3950 nm) and PtSnMo0.6/C (0.3943 nm ) are 
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smaller than that of PtSn/C, which can be attributed to either (1) the incorporation of 

Mo into the lattice since the atomic radius r of Mo is smaller than that of Sn (rPt = 

138.5 pm, rSn = 151 pm, and rMo = 139 pm) [97] or (2) the decrease in the degree of 

alloying between Pt and Sn caused by the presence of a non-alloyed Mo. The 

decrease in the degree of alloying of the binary base alloy in the presence of a third 

non-alloyed element has been observed before in other ternary catalysts [117, 124, 

125]. Considering that the XPS spectrum of Mo shows only an un-alloyed MoO3 

signal without metallic Mo(0) in PtSnMo0.6/C and the metallic Sn(0) signal observed 

in PtSn/C disappears on going to PtSnMo0.6/C, the decrease in the lattice parameter 

on adding Mo may be explained better by the second reason above, i.e., due to the 

decrease in the degree of alloying between Pt and Sn. Assuming no incorporation of 

Mo into the Pt lattice occurs, the XSn and Snal/Sntot values for the PtSnMo0.4/C and 

PtSnMo0.6/C catalysts are obtained from equations (1) and (2). In Table 5.3, the 

degree of alloying decreases with increasing Mo content and reaches as low as 0.09 in 

PtSnMo0.6/C.  

5.3.2 Electrochemical Caracterization 

Figure 5.4 compares the electrochemical surface characteristics of the 

prepared catalysts by the cyclic voltammograms recorded in 0.5 M H2SO4 electrolyte. 

The voltammogram of PtSn/C shows well-defined hydrogen adsorption/desorption 

peaks characteristic of a polycrystalline Pt surface, indicating the low degree of 

alloying with Sn at the surface of the nanoparticles, which is consistent with the XPS 

(Fig. 5.2b) and XRD (Table 5.3) analyses. However, in the Mo-containing ternary 
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catalysts, the Pt-like surface characteristics of the hydrogen adsorption/desorption 

region is suppressed and only a broad peak is present. Also, an increase in the double 

layer capacitance is observed with increasing Mo content. Similar electrochemical 

features in the hydrogen adsorption/desorption and double layer regions have been 

observed for the Pt-RuO2 catalysts also and was ascribed to the formation of 

oxygenated species at low potentials on the surface of RuO2 [126, 127]. A similar 

explanation may be applied to the Mo-containing ternary catalysts as the XPS data 

have indicated the presence of MoO3. An additional peak observed at 0.4 V is most 

likely due to the redox reaction of Mo between Mo(VI) and Mo(IV), and this process 

has not been reported to pose a serious concern regarding the stability of the Pt-Mo 

catalysts in the literature [128].  
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Figure 5.4 Cyclic voltammograms recorded in 0.5 M H2SO4 with a scan rate of 0.05 

V/s. 



 94

  
 

(a)

0.
01

 m
A

 

 

(b)
C

ur
re

nt
 (m

A
)

0.0 0.2 0.4 0.6 0.8 1.0

  

(c)

Potential vs. NHE (V)  

Figure 5.5 COad stripping voltammograms of (a) PtSn/C, (b) PtSnMo0.4/C, and (c) 
PtSnMo0.6/C. The solid and dotted lines represent, respectively, the 
stripping and the following curves. 

Figure 5.5 shows the COad stripping voltammograms of the prepared catalysts. 

A typical COad stripping curve on PtSn/C is shown in Fig 5.5a, which is characterized 

by a low onset potential (0.3 V) for COad oxidation and multiple waves in the COad 

stripping curve. The low onset potential on the PtSn/C catalyst is ascribed to the 

facile formation of oxygenated species on Sn sites in comparison to Pt. According to 

the bifunctional mechanism, these oxygenated species assist the removal of COad at 

lower potentials. Moreover, the oxidation reaction of COad on PtSn/C occurs over a 



 95

large potential range, resulting in an oxidation curve with multiple waves, which may 

be attributed to a wide distribution of CO adsorption energy [129]. The COad 

stripping curves of the PtSnMo0.4/C and PtSnMo0.6/C catalysts reveal even lower 

onset potential (0.15 V) and a clearly resolved pre-peak at 0.4 V as seen in Figs. 5.5b 

and c. This may be related to the redox reaction of Mo since the position of the redox 

peak in the following curve (dotted lines in Figs. 5.5b and c) corresponds to that of 

the pre-peak in the stripping curve (solid lines in Figs. 5.5b and c). The 

electrochemical surface areas EECSA-CO obtained from the charge between the COad 

stripping and the following curves are 49, 41, and 44 m2/gPt, respectively, for PtSn/C, 

PtSnMo0.4/C, and PtSnMo0.6/C. Considering the same particle size values for PtSn/C 

and PtSnMo0.6/C as measured by TEM, the lower EECSA-CO of PtSnMo0.6/C in 

comparison to that of PtSn/C implies surface segregation of the Mo component in the 

ternary nanoparticles, resulting in the blockage of the Pt surface sites. 

5.3.3 Comparison of the Cataltyc Activity for EOR  

The catalytic activities of the prepared catalysts are compared by cyclic 

voltammograms recorded in 0.5 M H2SO4 + 1 M ethanol electrolyte. Figure 5.6a 

shows the mass activity of the catalysts based on the 10th anodic sweeps in the cyclic 

voltammograms normalized by the weight of Pt in the electrodes. The mass activity 

of the catalysts for EOR decreases in the order of PtSnMo0.6/C > PtSnMo0.4/C > 

PtSn/C.  The PtSnMo0.6/C catalyst shows the lowest onset potential and the highest 

current over the entire potential range of the test. The specific activities of the 

catalysts for EOR are also obtained from the EECSA-CO values and presented in Fig. 
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5.6b, showing the highest specific activity for PtSnMo0.6/C as well. Thus, the higher 

catalytic activity of the ternary catalysts is not originating from the morphological 

improvement in the supported nanoparticles such as smaller particle size or better 

particle dispersion, which generally increases only the mass activity without an 

apparent enhancement of the specific activity.  
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Figure 5.6 Anodic sweep curves of cyclic voltammograms, comparing (a) mass 

activity and (b) specific activity of the catalysts for EOR (electrolyte = 
0.5 M H2SO4 + 1 M ethanol, scan rate = 0.02 V/s). 
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Figure 5.7 Chronoamperometric profiles of the prepared catalysts for EOR recorded 

at 0.5 V in 0.5 M H2SO4 + 1 M ethanol electrolyte. 

In Fig. 5.7, the chronoamperometric profiles obtained at the electrode 

potential of 0.5 V compares the quasi-steady state activities of the synthesized 

catalysts for EOR. A potential step from the open circuit potential (OCP) to 0.8 V 

was applied for 1 s in ethanol containing electrolyte and subsequently 0.02 V was 

applied for 2 s to reduce any adsorbed oxides/hydroxides produced on the electrode at 

0.8 V. Then, a target potential of 0.5 V was applied for 1800 s to achieve a quasi-

steady state current density profile. While the PtSnMo0.6/C shows the highest 

chronoamperometric current value for the tested time period, all of the tested samples 

represent similar rates of current decay. 
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5.3.4 Single Cell DEFC Test 
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Figure 5.8 Comparison of the performances in DEFC of the PtSn/C and PtSnMo0.6/C 

anode catalysts (metal loading: 1.0 mg/cm2). Cathode catalyst: 60 wt.% 
Pt/C (metal loading: 0.7 mg/cm2); membrane: Nafion 115; cell 
temperature: 65 and 90 oC; anode feed: 1.0 M ethanol solution at 2.5 
mL/min; cathode feed: humidified O2 at 200 mL/min with a backpressure 
of 16 psi. 

The single cell DEFC performances of the PtSn/C and PtSnMo0.6/C anode 

catalysts were tested at the cell temperatures of 65 and 90 oC (Fig. 5.8). In agreement 

with the CV and chronoamperometry data, the PtSnMo0.6/C anode catalyst exhibits 

higher single cell performance than PtSn/C in the DEFC tests. For example, the cell 

with the PtSnMo0.6/C anode shows open circuit potentials (OCP) of  0.57 and 0.70 V, 

respectively, at 65 and 90 oC, which are higher than those exhibited by the cell with 

the PtSn/C anode (0.54 and 0.64 V, respectively, at 65 and 90 oC). The cell with the 
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PtSnMo0.6/C anode also exhibits higher maximum output power density values of 

14.3 and 25.7 mW/cm2, respectively, at 65 and 90 oC compared to 6.7 and  17.8 

mW/cm2, respectively, at 65 and 90 oC for the cell with the PtSn/C anode.  

5.3.5 EOR Promoting Mechanism of Pt-Sn-Mo 

In general, the promoting effect of a second element on the alcohol electro-

oxidation reaction on Pt has been explained by bifunctional effect, electronic 

modification, and geometrical effect [22, 30, 32, 130]. In the theory of electronic 

modification effect, the promoting effect of a second element is ascribed to the 

modification of the electronic band structure of Pt and subsequent reduction in the 

binding strength of the intermediate species on Pt. In the geometrical consideration, 

the activity enhancement is attributed to the modification of the Pt-Pt bond distance, 

which facilitates the breakage of bonds such as the C-C bond in ethanol. In our study, 

however, XPS did not provide any critical evidence for the electronic modification of 

PtSn by Mo addition, and the observed lattice parameter change is not large enough 

for the geometrical effect to fully explain the huge enhancement in the catalytic 

activity. Furthermore, it is not likely that the observed lattice parameter changes will 

have an effect on the Pt-Pt distance of the atoms at the nanoparticle surface since both 

Sn and Mo are found to exist as unalloyed oxide phases at the surface. Therefore, the 

bifunctional mechanism may be the origin of the enhanced EOR activity of the Pt-Sn-

Mo/C catalyst on adding Mo. While the bifunctional mechanism of Pt-Sn (or Pt-

SnO2) on the alcohol oxidation has been well established in many reports [17, 22, 30, 
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131, 132], the bifunctional mechanism of Pt-Mo (or Pt-MoOx) on the oxidation of 

alcohol or CO has been suggested in recent reports as follows [113, 133]: 

Mo + H2O  Mo(OH) + H+ + e-    (5.3) 

Pt-COad + Mo(OH)  Pt + Mo + CO2 + H+ + e-   (5.4) 

or 

MoOx + H2O  (MoOx)-OHad + H+ + e- (5.5)  

Pt-COad + (MoOx)-OHad  Pt + MoOx + CO2 + H+ + e- (5.6)  

In the reaction (5.3) or (5.5), Mo or MoOx promotes the water activation, resulting in 

the generation of OH species to facilitate the oxidation of intermediates species such 

as COad as evidenced by a low onset potential in the COad stripping voltammograms. 

Even though the bifunctional effect, which provides an explanation for the 

promoting effect in the binary Pt-Sn and Pt-Mo catalysts, may be applicable for the 

ternary Pt-Sn-Mo catalyst also, it is not clear yet why the ternary catalysts with a 

large fractional amount of the promoting elements (e.g., Pt : (Sn + Mo) = 1 : 1.6 in 

PtSnMo0.6/C) have better catalytic activity than PtSn/C (Pt : Sn = 1 : 1), while Pt-Sn 

with large fractional amount of Sn does not. For example, it has been reported by a 

few groups that the EOR activity of PtSnx decreases when x is larger than 1 [96, 121, 

134]. Therefore, a simple combination of the two types of the bifunctional 

mechanisms (Pt-Sn and Pt-Mo) may not fully describe the EOR mechanism for the 

Pt-Sn-Mo catalysts, and a hydrogen spill-over mechanism can also be considered 
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since the MoOx can easily form a bronze phase with hydrogen. According to the 

literature [135, 136], hydrogen on the surface of Pt sites could migrate over to the 

MoOx sites to form HxMoO3, liberating the Pt active sites, which otherwise would 

have been poisoned by hydrogen during the electro-oxidation of alcohol. Therefore, 

the enhanced catalytic activity of PtSnMo0.4/C and PtSnMo0.6/C may be due to the 

cooperative result from the bifunctional effect of Sn and Mo and the hydrogen spill-

over effect of Mo.  

 

5.4 CONCLUSIONS 

Carbon-supported Pt-Sn-Mo electrocatalysts have been synthesized by polyol 

method. While a uniform dispersion of the nanoparticles on the carbon support is 

achieved, EDS reveals that the Mo content is lower than the nominal value. Also, 

most of the Sn and Mo are found as un-alloyed oxides on the surface of nanoparticles 

as revealed by XRD and XPS analyses. The CV and COad stripping voltammetry of 

the ternary Pt-Sn-Mo catalysts clearly show the surface characteristics of Pt modified 

by Sn and Mo. Among the catalysts investigated, PtSnMo0.6/C exhibits the highest 

EOR activity, followed by PtSnMo0.4/C and PtSn/C. The single cell DEFC test also 

confirms the better performance of the PtSnMo0.6/C catalyst in comparison to the 

PtSn/C. From the electrochemical tests and single cell test, the carbon-supported Pt-

Sn-Mo catalysts offer the potential to be considered as an alternative anode catalyst 

for DEFC. 
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CHAPTER 6 
 

Synthesis and Characterization of Pt-Sn-Pd/C Catalysts for Ethanol 
Electro-oxidation Reaction 

 

6.1 INTRODUCTION 

Pd has almost been ruled out as a promoting element when combining with Pt 

for alcohol oxidation, since it is not oxophilic and exhibits no activity for water 

activation. However, Pd is an interesting element as it exhibits catalytic properties 

different from that of Pt despite similar physical properties (e.g., atomic size, crystal 

structure, and electronic configuration). For example, while Pd is inactive for the 

methanol and ethanol electro-oxidation reactions, it exhibits higher activity for formic 

acid electro-oxidation in acid medium compared to Pt [137]. Accordingly, the effect 

of Pd addition on the electrocatalytic activity of Pt-Sn-Pd/ C for ethanol oxidation is 

presented in this chapter.  

 

6.2 EXPERIMENTAL 

6.2.1 Synthesis of Pt-Sn-Pd/C by Borohydride Reduction 

The carbon-supported Pt-Sn and Pt-Sn-Pd electrocatalysts with 40 wt. % 

metal loading were synthesized by conventional borohydride reduction method. 

Vulcan XC-72R (Cabot Corp.) was dispersed in a mixture of water and isopropanol. 

Required amounts of H2PtCl6·6H2O (Strem), SnCl2·2H2O (Acros), and (NH4)2PdCl4 

(Alfa Aesar) were dissolved in distilled water and the mixed solution of the 
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precursors was added to the carbon dispersion. Approximately a five-fold excess of 

NaBH4 (Fisher scientific) aqueous solution was added to the metal ion precursor-

carbon mixture. After several hours of stirring, the products were filtered, washed 

repeatedly with distilled water, and dried overnight in an oven.  

6.2.2 Materials Characterization 

The compositional and morphological characterizations of the prepared 

catalysts were carried out with TGA, EDS, TEM. The oxidation states of Sn and Mo 

on the surface layers of the samples were assessed with XPS. Structural 

characterizations were carried out with X-ray diffraction (XRD, Philips). The peak 

positions of the (111), (200), and (220) reflections with fcc Pt structure were 

determined by fitting the individual peak profiles with a pseudo-Voigt function. The 

lattice parameter values were refined with those three peak positions by a least-

squares fitting procedure. A detailed procedure for each characterization can be found 

in section 3.2.2. 

6.2.3 Electrochemical Characterization 

The electrochemical cell with a three-electrode configuration was prepared as 

discussed in section 3.2.3. The diameter of the glassy carbon electrode and the 

amount of coated catalyst were, respectively, 6 mm and ~ 295 μg/cm2 in this study. 

Cyclic voltammetry was conducted in N2 purged 0.5 M H2SO4 electrolyte at a scan 

rate of 0.02 V/s between 0.05 and 0.8 V. After five scans, the working electrode was 

transferred to N2 purged 0.5 M H2SO4 + 1 M ethanol electrolyte to evaluate the 
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ethanol electro-oxidation activity by cyclic voltammetry (scan rate = 0.02 V/s) and 

chronoamperometry. For COad stripping voltammetry, 0.5 M H2SO4 electrolyte 

solution was purged with 5 % CO – 95 % Ar for 30 min while holding the electrode 

potential at 0.3 V. The COad was removed by subsequent two potential scans between 

0.05 and 1.2 V at a scan rate of 0.02 V/s.  

6.2.4 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectra were collected in 0.5 M H2SO4 solution 

containing 1 M ethanol over a frequency range between 100 kHz and 10 mHz and 

applying a single sine wave with 5 mV amplitude at the electrode potentials of 0.3, 

0.4, and 0.5 V. For each measurement at a different potential, fresh electrolyte 

solution was used and the electrode was cleaned by continuous potential cycling 

between 0.05 and 0.8 V until stable polarization curves were obtained. The 

impedance values were normalized by geometric electrode surface area.  

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Materials Characterization 

The synthesized catalysts have atomic compositions and metal loadings 

similar to their nominal values as seen in Table 6.1 (average metal loading of 40.3 ± 

0.8 wt.%). Figure 6.1 shows the TEM images and corresponding particle size 

distributions of selected samples. As seen, the nanoparticles are homogeneously 

dispersed on the carbon and the overall particle sizes are in the range of 3 - 4 nm with 

a narrow distribution.  
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Table 6.1 Compositional characterization of Pt-Sn-Pd/C 

Electrocatalyst Nominal 
composition 
(Pt : Sn : Pd atom 
ratio) 

EDS composition 
(Pt : Sn : Pd atom 
ratio) 

Metal loading 
(wt.%) 

Lattice parameter
(nm) 

TEM Particle 
size 
(nm) 

Pt-Sn/C (1:1) 50 : 50 : 0 51.2 : 48.8 : 0 40.5 0.3946(2) 4.1 ± 1.0  

Pt-Sn-Pd/C (1:0.75:0.25) 50 : 37.5 : 12.5 49.3 : 38.6 : 12.1 41.7 0.3914(2) 2.9 ± 0.7 

Pt-Sn-Pd/C (1:0.5:0.5) 50 : 25 : 25 50.6 : 24.9 : 24.5 39.4 0.3907(1) 3.2 ± 0.8 

Pt-Pd/C (1:1) 50 : 0 : 50 51.8 : 0 : 48.2 39.9 0.3902(1) - 

Pt/C 100 : 0 : 0 100 : 0 : 0 40 0.3916(2) - 
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Figure 6.1 TEM images and particle size distributions of (a) Pt-Sn/C (1 : 1), (b) Pt-Sn-Pd/C (1 : 0.75 : 0.25), and (c) Pt-

Sn-Pd/C (1 : 0.5 : 0.5). The compositional numbers refer to atom ratios. 
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Figure 6.2 X-ray photoelectron spectra of (a) Sn 3d in Pt-Sn/C (Pt : Sn atom ratio = 

1 : 1), (b) Sn 3d in Pt-Sn-Pd/C (Pt : Sn : Pd atom ratio = 1 : 0.75 : 0.25), 
and (c) Pd 3d in Pt-Sn-Pd/C (Pt : Sn : Pd atom ratio = 1 : 0.75 : 0.25). 

The surface oxidation states of Sn and Pd were examined by XPS on Pt-Sn/C 

(Pt : Sn atom ratio = 1 : 1) and Pt-Sn-Pd/C (Pt : Sn : Pd atom ratio = 1 : 0.75 : 0.25). 

The XPS data indicate that Sn is present predominantly as tin oxide on the surface as 

indicated by the intense Sn 3d3/2 and Sn 3d5/2 peaks corresponding to SnO2 (Fig. 6.2a, 

b) [138]. On the other hand, Pd is present both as metallic Pd and PdO on the surface 

as indicated by the Pd 3d5/2 peaks, respectively, at 335.6 and 336.9 eV in Fig. 6.2c. 

The broad peak at 333 eV in Fig. 6.2c corresponds to Pt 4d3/2 [139].    
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Figure 6.3 X-ray powder diffraction patterns of (a) Pt/C, (b) Pt-Sn/C (1 : 1), (c) Pt-

Sn-Pd/C (1 : 0.75 : 0.25), (d) Pt-Sn-Pd/C (1 : 0.5 : 0.5), and (e) Pt-Pd/C 
(1 : 1). The reflections marked with solid circles refer to SnO2 phase, 
while the unmarked reflections correspond to an fcc phase like Pt. 

Figure 6.3 shows the XRD patterns of the catalysts. All the samples show 

reflections characteristic of the Pt structure (Space group: Fm-3m) [140]. The weak 

reflections (marked with solid circles) observed at 34º and 52º in the Pt-Sn/C (1 : 1) 

and Pt-Sn-Pd/C (1 : 0.75 : 0.25) samples are attributed to the (101) and (211)  

reflections of tetragonal SnO2 phase [124, 140]. The SnO2 reflections decrease with 

increasing Pd and decreasing Sn contents, and only a small trace of SnO2 peaks can 

be seen in Pt-Sn-Pd/C (1 : 0.5 : 0.5). The reflections of Pt-Sn/C shift to lower 2 Theta 

values compared to those in Pt/C, indicating a lattice expansion due to the substitution 
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of a larger Sn (RSn = 0.155 nm) for Pt (RPt = 0.139 nm). On the other hand, the 

reflections of Pt-Sn-Pd/C shift to higher 2 Theta values compared to those of Pt-Sn/C 

due to the substitution of smaller Pd (RPd = 0.138 nm) for Sn.  
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Figure 6.4 Variation of the lattice parameter values of the synthesized Pt-Sn-Pd/C 
(1 : 1-x : x) catalysts with the Pd content, x (solid circles) and the 
calculated curves based on Pt1Sn1-xPdx alloy (dashed line) and PtPdx alloy 
(solid line).   

The experimentally determined lattice parameter values of the synthesized 

catalysts are presented in Fig. 6.4 as solid circles. The Pt/C and Pt-Pd/C (1 : 1) have 

lattice parameters of, respectively, 0.3916 and 0.3902 nm, which are similar to the 

previously reported values [44, 141]. However, the observed lattice parameter 

(0.3946 nm) of the Pt-Sn/C (1 : 1) is smaller than the values reported for PtSn/C with 

a similar composition by Antolini et al. [124] (0.3973 nm) and Zhou et al. [44] 
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(0.3987 nm). The smaller lattice parameter of our Pt-Sn/C catalyst indicates that only 

a partial amount of Sn has been alloyed with Pt. Assuming a linear relationship 

between the lattice parameter and the degree of alloying between the two elements, 

the actual alloying composition of the binary system could be calculated using 

Vegard’s law of solid solution. According to the calculation, the degree of alloying of 

Sn in the Pt-Sn/C (1 : 1) is only about 10 %. The rest of the Sn exists in oxide form as 

detected by XRD and XPS [93, 124]. Although direct calculation of the degree of 

alloying in a trimetallic system is complicated, a rough estimation of it was tried 

using the lattice parameter values of Pt-Sn-Pd/C as discussed below. First, a complete 

solid solution between (PtSn)1-x and (PtPd)x alloys was assumed, and the lattice 

parameters of the Pt1Sn1-xPdx alloys were estimated as indicated by the dashed line in 

Fig. 6.4. In addition, the lattice parameters of the PtPdx binary alloys were also 

calculated and presented as a solid line in Fig. 6.4. As can be seen in Fig. 6.4, the 

experimental lattice parameter values lie much closer to the solid line, which 

corresponds to the estimated lattice parameters of PtPdx bimetallic solid solution, than 

to the dashed line of the Pt1Sn1-xPdx solid solution. From this comparison, it can be 

inferred that the Pt-Sn-Pd/C catalysts, which are synthesized by the borohydride 

reduction, have a very low degree of alloying with Sn and are composed of both Pt-

Sn-Pd alloy with low Sn content and tin oxides phases such as SnO2 or amorphous tin 

oxides. 
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6.3.2 Electrochemical Characterization 
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Figure 6.5 Cyclic voltammograms of (a) Pt/C, (b) Pt-Sn/C (1 : 1), (c) Pt-Sn-Pd/C (1 : 

0.75 : 0.25), (d) Pt-Sn-Pd/C (1 : 0.5 : 0.5), and (e) Pt-Pd/C (1 : 1), 
recorded in 0.5 M H2SO4 electrolyte at a scan rate of 0.02 V/s and at 
ambient temperature. 

Figure 6.5 shows the cyclic voltammograms (CV) obtained in 0.5 M H2SO4. 

The CV plots of the Pt/C catalyst are typical of unalloyed Pt with a clearly resolved 

hydrogen adsorption/desorption region at 0.05 – 0.3 V. The CV of the Pt-Sn/C 

catalyst also shows well-defined, resolved hydrogen adsorption-desorption peaks 

similar to the Pt/C catalyst, but with a broader double-layer region. Colmati et al. 

[142] tested the Pt-Sn/C catalysts with a high degree of alloying by CV using similar 

conditions as in this study (0.5 M H2SO4 at a scan rate of 0.05 V/s, between 0.05 and 

0.8 V, room temperature). In their study, the well-alloyed Pt75Sn25/C sample had no 

well-defined hydrogen adsorption-desorption peaks and double-layer behavior. Thus, 

both the clearly resolved hydrogen adsorption-desorption peaks and the broader 
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double layer region in the CV of our Pt-Sn/C catalyst imply a low degree of alloying 

with Sn and the presence of a high proportion of tin oxide. This is consistent with the 

results of the XRD analysis discussed earlier. The CVs of Pt-Sn-Pd/C and Pt-Pd/C 

have larger peak area in the hydrogen adsorption-desorption region compared to those 

in Pt/C or Pt-Sn/C due to the presence of Pd in these catalysts. This is because the 

coverage of hydrogen on Pd is not a monolayer due to the adsorption and absorption 

of hydrogen on Pd [132, 143]. The larger peak area in the hydrogen region of Pt-Sn-

Pd/C (1 : 0.75 : 0.25), in spite of its lower Pd content compared to that of Pt-Sn-Pd/C 

(1 : 0.5 : 0.5) , is likely due to the smaller nanoparticle size of the former. 
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Figure 6.6 Pre-adsorbed CO stripping voltammograms of (a) Pt/C, (b) Pt-Sn/C (1 : 

1), (c) Pt-Sn-Pd/C (1 : 0.75 : 0.25), (d) Pt-Sn-Pd/C (1 : 0.5 : 0.5), and (e) 
Pt-Pd/C (1 : 1).  
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Figure 6.6 compares the stripping curves of pre-adsorbed CO on various 

catalysts. A single oxidation peak centered at around 0.8 V is found in the stripping 

curve of Pt/C as seen in Fig. 6.6a. For the Pt-Sn/C (1 : 1) catalyst, the COad stripping 

peak becomes broadened and the peak potential for COad stripping shifts to a slightly 

lower potential (0.78 V) as seen in Fig. 6.6b. According to Colmati et al. [142], the 

peak potential for COad stripping on PtSn/C with a high degree of alloying is 0.65 V 

regardless of the fractional amount of Sn in the alloys, and this value is almost 0.1 V 

lower compared to that on the commercial Pt/C catalyst. However, when Sn is present 

as an oxide phase, a smaller shift of the COad stripping peak has been reported. For 

example, Jiang et al. [41] performed COad stripping voltammetry on Pt-SnO2/C 

catalyst and observed a COad stripping peak potential of 0.76 V, which is close to the 

value on unalloyed Pt/C. Therefore, the small shift of the COad stripping peak 

potential of our Pt-Sn/C (1 : 1) sample can be attributed to the low degree of alloying 

of Sn with Pt. Besides the differences in the peak potentials for COad oxidation, the 

stripping curves of Pt/C and Pt-Sn/C (1 : 1) catalysts show different shapes and onset 

potentials for COad oxidation. Compared to the sharp single stripping peak in the Pt/C 

catalyst, the Pt-Sn/C (1 : 1) catalyst has a broad oxidation region at 0.4 – 0.78 V as 

well as a sharp peak at around 0.78 V. While the sharp oxidation peak at the higher 

potential is due to the COad oxidation on pure Pt catalyst surface, the broad oxidation 

region can be ascribed to the COad oxidation on the surface of Pt nanoparticles that 

are in intimate contact with tin oxide phase. Even in the case where Sn is not alloyed 

with Pt completely, a close contact with Sn or tin oxides is also thought to be able to 
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lower the potential for COad oxidation on Pt via the bifunctional mechanism [41, 132, 

144]. 

Figure 6.6e presents the COad stripping curve on the Pt-Pd/C (1 : 1) catalyst, 

and it shows a sharp and strong COad oxidation peak centered at around 0.85 V with a 

COad oxidation onset potential of 0.8 V. The peak potential is about 0.05 V higher 

than that of Pt/C. Ertl et al. [145-148] reported a higher binding energy for CO on Pd 

surface compared to that on Pt surface (e.g., ECO/Pd(111) = 1.47 eV and ECO/Pt(111) = 1.43 

eV). The shift of the COad oxidation peak potential to a higher value on the Pt-Pd/C 

catalyst has also been reported by Wieckowski’s group [149, 150], and our 

observations are consistent with their data. They compared the CO adsorption on Pt, 

Pd, and Pt-Pd surfaces using electrochemical nuclear magnetic resonance and 

proposed that an electronic alteration of surface Pt atoms by Pd is responsible for the 

increase in the binding energy of CO on Pt-Pd surface and the subsequent shift of the 

COad oxidation peak.   

For the Pt-Sn-Pd/C ternary catalysts, the onset potential for COad oxidation on 

both the Pt-Sn-Pd/C (1 : 0.75 : 0.25 and 1 : 0.5 : 0.5) catalysts becomes about 0.05 V 

lower than that on Pt-Sn/C, which occurs at 0.4 V, while maintaining the same peak 

potentials at around 0.78 V (Fig. 6.6c, d). This observation that the COad oxidation 

efficiency is recovered when Sn is added to the Pt-Pd/C catalyst implies that the 

inferior activity of Pt-Pd/C for COad oxidation may not only be due to the electronic 

adjustment of Pt on alloying with Pd, but also because of the limited supply of the 

oxygen containing species to adsorbed CO to complete the oxidation reaction.  
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6.3.3 Comparison of Catalytic Activity for EOR 
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Figure 6.7 Anodic sweep cyclic voltammograms for the ethanol electro-oxidation 

reaction on (a) Pt/C, (b) Pt-Sn/C (1 : 1), (c) Pt-Sn-Pd/C (1 : 0.75 : 0.25), 
(d) Pt-Sn-Pd/C (1 : 0.5 : 0.5), and (e) Pt-Pd/C (1 : 1), recorded in 0.5 M 
H2SO4 + 1 M ethanol electrolyte at a scan rate of 0.02 mV/s and at 
ambient temperature. 
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The ethanol electro-oxidation activity of the synthesized catalysts was 

characterized by cyclic voltammetry and chronoamperometry in 0.5 M H2SO4 

solution containing 1 M ethanol. Figure 6.7 compares the anodic sweep of the cyclic 

voltammograms. The mass activity for EOR decreases in the order Pt-Sn-Pd/C (1 : 

0.75 : 0.25) > Pt-Sn-Pd/C (1 : 0.5 : 0.5) > Pt-Sn/C (1 : 1) > Pt-Pd/C (1 : 1) ≈ Pt/C. The 

Pt-Sn-Pd/C (1 : 0.75 : 0.25) catalyst has the lowest onset potential for EOR, initiating 

the EOR as early as at about 0.25 V, while the Pt-Sn-Pd/C (1 : 0.5 : 0.5) and Pt-Sn 

(1 : 1) initiate the EOR only at about 0.3 V. The cyclic voltammograms were also 

normalized to the electrochemical surface area obtained from the hydrogen desorption 

charge SECSA-H, and the data in Fig. 6.7 clearly show that the specific activity of Pt-Sn-

Pd/C (1 : 0.75 : 0.25) is higher than that of Pt-Sn/C (1 : 1), indicating that the 

enhanced catalytic activity of Pt-Sn-Pd/C is not simply due to its high surface area. 

The specific activity of Pt-Sn-Pd/C (1 : 0.5 : 0.5) in Fig. 6.7 looks lower than that of 

Pt-Sn/C (1 : 1) since the specific activities of the Pt-Sn-Pd/C catalysts in Fig. 6.7 are 

underestimated values, and the actual specific activities of the Pt-Sn-Pd/C samples are 

much greater than those in Fig. 6.7. This is because the specific activities in Fig. 6.7 

were obtained by using the SECSA-H rather than the actual electrochemical surface area 

for EOR SECSA-EOR, and the SECSA-EOR of the Pd containing samples would be much 

smaller than their SECSA-H since the SECSA-H includes the area of Pd sites, which are not 

active for EOR and should be excluded in obtaining the SECSA-EOR.   
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Figure 6.8 Current vs. time plots for the ethanol electro-oxidation reaction on (a) 

Pt/C, (b) Pt-Sn/C (1 : 1), (c) Pt-Sn-Pd/C (1 : 0.75 : 0.25), (d) Pt-Sn-Pd/C 
(1 : 0.5 : 0.5), and (e) Pt-Pd/C (1 : 1), recorded in 0.5 M H2SO4 + 1 M 
ethanol electrolyte at 0.5 V and 0.6 V (vs. NHE). 

The chronoamperometic profiles obtained at the electrode potentials of 0.5 

and 0.6 V also compare the EOR activity of the synthesized catalysts in Fig. 6.8. A 

potential step from the open circuit potential (OCP) to 0.8 V was applied for 1 s in 

ethanol-containing solution and subsequently 0.02 V was applied for 2 s to reduce 
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any adsorbed oxides/hydroxides produced on the electrode at 0.8 V. Then a target 

potential was applied for 1800 s to achieve a pseudo-steady state current density 

profile. The time versus current density plots (Fig. 6.8) show a trend similar to that 

found with the EOR activities evaluated by the CV curves in Fig. 6.7. At 0.5 V, the 

ternary catalysts show the highest pseudo-steady state current density values 

compared to the other binary catalysts or Pt/C. The difference in current density 

between the ternary and the other binary catalysts becomes even larger at 0.6 V. 
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Figure 6.9 Complex-plane impedance plots of Pt-Sn/C (1:1) and Pt-Sn-Pd/C (1 : 

0.75 : 0.25) in 0.5 M H2SO4 + 1 M ethanol electrolyte at various electrode 
potentials.   
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Figure 6.9 compares the electrochemical impedance spectra (EIS) for ethanol 

electro-oxidation on the Pt-Sn/C (1 : 1) and Pt-Sn-Pd/C (1 : 0.75 : 0.25) catalysts at 

different potentials. At 0.3 V, a large arc is seen in the spectrum of each catalyst. This 

reveals slow reaction kinetics for ethanol dehydrogenation caused by strongly 

adsorbed intermediate species such as CHx or CO [151]. They are adsorbed on the Pt 

sites and block continuous adsorption of ethanol molecules. With increasing potential, 

the reaction kinetics becomes faster and the diameter of the arc decreases to form a 

semi-circle. At 0.5 V, a semi-circle in the 1st quadrant at higher frequency is 

accompanied by a smaller loop in the 4th quadrant at low frequency. At this potential, 

which is high enough for some of the adsorbed intermediate species to be oxidized 

with increased supply of oxygen-containing species, fresh Pt sites for further ethanol 

adsorption are exposed subsequently and the relaxation phenomenon between 

adsorption-dehydrogenation of ethanol and oxidation-adsorption of intermediate 

species causes the pseudo-inductive behavior as seen in the spectrum recorded at 0.5 

V in Fig. 6.9 [83, 152, 153]. The diameter of the semi-circle at high frequency is 

related to the charge transfer resistance of the catalyst toward the oxidation of 

ethanol, and it can be used to compare the activities of different catalysts. As can be 

seen from Fig. 6.9, the charge transfer resistance of Pt-Sn-Pd/C (1 : 0.75 : 0.25) is 

lower than that of Pt-Sn/C (1 : 1) at all of the tested potentials. This indicates that the 

ternary catalyst is more tolerant to the intermediate species poisoning at lower 

potentials and the EOR is faster on Pt-Sn-Pd/C (1 : 0.75 : 0.25) compared to that on 

Pt-Sn/C (1 : 1).  
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Figure 6.10 (a) Bode plots of Pt-Sn/C (1 : 1) and Pt-Sn-Pd/C (1 : 0.75 : 0.25) and (b) 

the characteristic frequency fo. 
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The transition from capacitive to resistive behavior is presented by the change 

of phase angle Φ in the corresponding Bode plots (Fig. 6.10a). A characteristic 

frequency fo is defined as the frequency where the -Φ deviates from its maximum, 

and the transition is distinguished by fo. In the region where the frequency f is higher 

than fo (f > fo), the electrode reaction is dominated by the electric double-layer 

charging. In the low frequency region (f < fo), the contribution of the resistive 

behavior Z’ to the complex impedance Z becomes significant, and this indicates the 

significant contribution of the electrocatalytic reaction to overall reaction. Therefore, 

the comparison of the fo can give meaningful information about the ethanol electro-

oxidation activities of different electrocatalysts [152]. Figure 6.10b compares the fo of 

the corresponding catalysts as a function of the electrode potential. The exponential 

increase of the fo with increasing electrode potential indicates an enhanced 

electrocatalysis at higher potentials within the tested potential range. The ternary 

catalyst has higher fo values compared to the Pt-Sn/C catalyst at all of the tested 

potentials, implying a higher EOR kinetics for the ternary catalyst. 

6.3.4 EOR Promoting Mechanism of Pt-Sn-Pd 

PtSn alloy is known to be the most active bimetallic electrocatalysts for EOR 

[44]. The enhanced activity of PtSn alloys for ethanol electro-oxidation has been 

widely attributed to the bifunctional effect of Pt and Sn. i.e., while ethanol 

dissociative adsorption takes place at the Pt active site, Sn dissociates water 

molecules more effectively at lower potentials. Other than the promoting effect of Sn 
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metal alloyed with Pt, it has been reported that the presence of SnO2 in the vicinity of 

Pt active sites can also improve the ethanol electro-oxidation activity [41, 91]. Since 

the synthesized catalysts tested in this study turned out to have a low degree of Sn 

alloying with Pt and the majority of Sn exists as an SnO2 or amorphous tin oxides, the 

enhancement of EOR activity on the Pt-Sn/C and Pt-Sn-Pd/C catalysts compared to 

that on Pt/C needs be attributed to the promoting effect of SnOx phases along with the 

alloying effect of Sn with Pt.  

While the optimum Pt-Sn ratio varies in the samples prepared by different 

methods, Pt-Sn with 1 : 1 atomic ratio has been regarded as the most active 

composition among the Pt-Sn catalysts, which was prepared by wet-chemistry 

methods similar to the one adopted in this study [96, 121, 134]. Since the total 

amount of the promoting elements Sn and Pd is fixed relative to that of the active 

element Pt, the increase in Pd content means a decrease in Sn content and a 

consequent deviation of the Pt : Sn ratio from the optimum value of 1 : 1. Therefore, 

the enhanced catalytic activity of Pt-Sn-Pd compared to that of Pt-Sn (with 1:1 atomic 

ratio) can not be attributed to an optimization of the Pt : Sn ratio. Furthermore, the 

enhancement in activity cannot be explained by the participation of Pd in the 

bifunctional promoting effect unlike that of Sn or SnOx since Pd is known to have 

limited promoting effect on Pt in both methanol and ethanol electro-oxidations [44], 

as is confirmed by the ethanol electro-oxidation activity of the Pt-Pd/C catalyst tested 

in this study. Therefore, the effect of geometric structure modification of Pt-Sn-Pd 
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needs to be considered to understand the enhancement in the catalytic activity on 

adding Pd.  

Indeed, Mukerjee et al. [154] have reported the effect of lattice parameter on 

the catalytic activity of Pt-Sn catalysts. They observed that a Pt/C with an adsorbed 

layer of underpotential deposited Sn (upd Pt-Sn/C) has much higher catalytic activity 

for methanol oxidation than PtSn/C alloy catalyst, and attributed it to the smaller 

lattice parameter of the upd Pt-Sn/C; the alloying of Sn with Pt results in an increase 

in the lattice parameter, and hence the larger Pt-Pt bond distance inhibits the 

adsorption of methanol and dissociation of C-H bonds. As discussed above, in Pt-Sn-

Pd catalyst, the bifunctional promoting effect that enhances the water dissociation and 

supply of oxygen containing species to complete the oxidation of intermediate species 

would be provided mainly by the tin oxide phases present. The addition of Pd to the 

Pt-Sn-SnOx phase may modify the geometric structure of the catalysts by reducing the 

lattice parameter value and thereby favor ethanol adsorption and C-H bond 

dissociation, while maintaining the bifunctional promoting effect from the SnO2 

phase. According to the d-band center theory, contraction of the lattice can cause 

broadening of the d-band and subsequently a downward shifting of the energy of the 

center of the d-band with respect to the Fermi level, facilitating weaker Pt-adsorbate 

bonds [155]. Therefore, the high ethanol electro-oxidation activity of the Pt-Sn-Pd/C 

(1 : 0.75 : 0.25) catalysts may be related to the modification of the lattice parameters, 

which results in an improved geometric structure of the catalyst, while maintaining a 

similar degree of bifunctional effect from the tin oxide phase. However, as the Pd 
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content x increases further in Pt-Sn(1-x)-Pdx, the advantageous effect of Pd in the 

modification of the lattice parameter seems to diminish due to the lower fractional 

amount of SnOx phase for bifuctional promotion.    

 

6.4 CONCLUSION 

Carbon-supported Pt-Sn-Pd electrocatalysts have been synthesized by 

conventional borohydride reduction method, and a uniform dispersion of the metal 

nanoparticles on the carbon support with the intended compositions has been 

confirmed by EDS, TGA, and TEM analysis. However, XRD and XPS analysis 

reveals that the degree of Sn alloying is much lower than that intended, and most of 

the Sn exists as oxide phases. Various electrochemical tests including CV, 

chronoamperometry, COad stripping, and EIS have been performed to compare the 

EOR activities of the catalysts. Among the various catalysts investigated, the Pt-Sn-

Pd/C (1 : 0.75 : 0.25) catalyst exhibits the highest EOR activity, followed by the Pt-

Sn-Pd/C (1 : 0.5 : 0.5) and Pt-Sn/C (1 : 1) catalysts. From the electrochemical data, it 

is seen that the oxide phases have a promoting effect on EOR and the incorporation of 

a small amount of Pd into Pt-Sn/C further enhances the EOR activity. 
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PART III 

 
CARBON-SUPPORTED PLATINUM NANOPARTICLES 

SYNTEHSIZED BY MODIFIED BOROHYDRIDE REDUCTION 
METHOD 
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CHAPTER 7 

Abnormal Particle Size Effect on the COad Electro-oxidation at Pt 
Nanoparticles Prepared in a Mixed Water-ethylene Glycol Solvent 

 

7.1 INTRODUCTION 

Recent advances in fuel cell technology are largely derived from the 

development of carbon-supported Pt nanoparticle catalysts. The mass catalytic 

activities for the electrode reactions have been significantly enhanced by utilizing the 

high surface area of the Pt nanoparticles in the size range of 1 – 10 nm, and the 

system performance has been improved up to a point where the technology is 

becoming a promising power generation option. Nevertheless, it has been reported 

that the intrinsic catalytic activity of Pt diminishes as the particle size decreases 

below ca. 5 nm [129, 156, 157]. In this case, the advantage of increased surface area 

obtained by decreasing the particle size is compromised by the diminished intrinsic 

catalytic activity of the nanoparticle catalysts.  

This negative particle size effect has been intensively studied by probing the 

COad oxidation reaction on various Pt surfaces, since the reaction has both scientific 

and practical importance for fuel cell applications. Among the various interpretations 

proposed for the COad oxidation mechanisms, the pure particle size effect and the 

effect of surface defect structure are the prominent mechanisms. In the pure particle 

size mechanism, the diminished intrinsic activity of the smaller Pt nanoparticles is 

attributed to the increased proportion of the unfavorable edge and corner sites [158]. 
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On the other hand, the surface defect structure mechanism emphasizes the importance 

of the surface defect structure for the reaction activity [159, 160]. However, there are 

discrepancies among different research groups, and it has still remained unclear 

which mechanism is predominant in practical carbon-supported Pt nanoparticle 

catalysts.  

This chapter presents an abnormal size dependence of Pt nanoparticles 

prepared in a mixed water-ethylene glycol medium on the COad oxidation reaction. A 

series of carbon-supported Pt nanoparticles are prepared with 2 – 5 nm particle size 

and different morphologies by a modified borohydride reduction method in water-

ethylene glycol medium with various water to ethylene glycol ratios. From the COad 

stripping voltammetry of the samples, it is observed that the smaller the size of the Pt 

nanoparticle catalysts, the higher the activity for COad oxidation. This observed 

relationship between the size of the Pt nanoparticles and the COad oxidation activity is 

opposite to what is reported in the literature, and the origin of this size effect is 

discussed in support of the surface defect structure mechanism over the pure size 

effect mechanism. 

 

7.2 EXPERIMENTAL 

7.2.1 Synthesis of Pt/C by Modified Borohydride Reduction 

The carbon-supported catalysts with 40 wt.% metal loading were synthesized 

by a modified borohydride reduction method in a mixed deionized (DI) water-

ethylene glycol (EG) solvent with different water to ethylene glycol ratios. Carbon 
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black (Vulcan XC-72R, Cabot Corp.) was dispersed in a mixture of water and EG by 

sonication and vigorous stirring to make a homogeneous carbon dispersion. Required 

amounts of H2PtCl6·6H2O (Strem Chemicals Inc.) was added to the carbon 

dispersion, and a few drops of 2 M H2SO4 were added until the pH of the dispersion 

became 2. A reducing agent was prepared separately by dissolving approximately a 

five-fold excess of NaBH4 (Fisher Chemical) in DI water and added to the above 

vigorously stirring precursor-carbon mixture solution. After several hours of stirring, 

the products were filtered, washed repeatedly with DI water, and dried overnight in 

an oven.  

7.2.2 Materials Characterization 

The weight percentage of Pt nanoparticles on the carbon support was measured 

by thermogravimetric analysis (TGA, Perkin Elmer). Scanning transmission electron 

microscopy (STEM, Hitachi S-5500) was used to observe the morphology of the Pt 

nanoparticles on the carbon support. Structural characterizations were carried out 

with X-ray diffraction (XRD, Philips). The sizes of the Pt nanoparticles were obtained 

from the full width half maximum (FWHM) of the (220) peak of the face centered 

cubic Pt structure after fitting the peak with a pseudo-Voigt function.  

7.2.3 Electrochemical Characterization 

The electrochemical surface characteristics were examined by CV in N2-

purged 0.5 M H2SO4 electrolyte. The electrode was scanned between 0.02 and 1.2 V 

for 10 cycles at a scan rate of 0.02 V/s, and the hydrogen desorption charge of the 

10th anodic scan was used for electrochemical surface area, SECSA. The 
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electrocatalytic oxidation of pre-adsorbed CO was assessed by COad stripping 

voltammetry. 0.5 M H2SO4 electrolyte solution was purged with 5 % CO – 95 % Ar 

gas for 30 min while holding the electrode potential at 0.1 V to form the COad layer 

on the surface of the catalysts. The pre-adsorbed CO was removed by two subsequent 

potential scans between 0.02 and 1.2 V at a scan rate of 0.02 V/s.  

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Effect of Mixed Solvent on the Particle Size and Morphology 
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Figure 7.1 X-ray powder diffraction patterns of the samples prepared in water-

ethylene glycol media with various water to ethylene glycol ratios. The 
numbers in the sample designation refers to the EG content in the 
reaction medium. For example, EG25 refers to the sample prepared in a 
75 % water – 25 % EG (by volume) medium. 
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X-ray diffraction patterns of the prepared Pt nanoparticles are given in Fig. 

7.1. The patterns are consistent with the face centered cubic (fcc) structure of Pt. 

Figure 7.2(a) shows the variation of the XRD particle size d of the samples with the 

ethylene glycol content XEG in the synthesis medium. It exhibits a reverse-volcano 

type relationship with the minimum d = 2.9 nm at XEG = 0.67. The maximum specific 

surface area Smax was calculated [161] from the d values assuming spherical particles 

by the relationship, 

max
6 280

Pt

S
d dρ

= =
×

 [m2/g] (1) 

where Ptρ = 21.45 g/cm3 is the density of Pt. Figure 7.2(b) shows the variation of Smax 

with XEG, which also reveals a volcano type relationship. 
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Figure 7.2 Variations of the (a) particle size d and (b) maximum specific surface 
area Smax as a function of the ethylene glycol content XEG in the synthesis 
medium. The dashed lines are for visual guidance. 
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Figure 7.3 (a) Cyclic voltammograms of the Pt nanoparticles, (b) hydrogen 
desorption region of the voltammograms, and (c) the variation of the 
electrochemical surface area SECSA as a function of ethylene glycol 
content XEG in the synthesis medium.   

Figure 7.3(a) shows typical voltammograms characterized by the well-defined 

hydrogen adsorption/desorption peaks in the low potential region. The 

electrochemical surface area SECSA values obtained from the hydrogen desorption 

charges (Fig. 7.3(b)) are plotted as a function of XEG in Fig. 7.3(c). The SECSA 

increases linearly with increasing XEG up to XEG = 0.67, showing the same trend as 



 132

Smax in Fig. 7.2(b). However, for XEG > 0.67, the value of SECSA levels off, while Smax 

decreases with increasing XEG for XEG > 0.67. Since the Smax values were obtained 

assuming perfectly dispersed nanoparticles without agglomeration, the relative ratio 

between SECSA and Smax can be used to indicate the dispersion of nanoparticles on the 

carbon support. Accordingly, the degree of nanoparticle dispersion D is defined as, 

D = SECSA / Smax (2) 

and is plotted as a function of XEG in Fig. 7.4.  

0.0 0.2 0.4 0.6 0.8 1.0
0.20

0.25

0.30

0.35

0.40

0.45

0.50

 

D
 (S

EC
SA

/S
m

ax
)

Etylene glycol content, XEG  
Figure 7.4 Variation of the degree of dispersion D as a function of ethylene glycol 

content XEG in the synthesis medium. 

As seen, D increases monotonously with increasing XEG. Therefore, the leveling off 

of the SECSA values for XEG > 0.67 (Fig. 7.3(c)) is due to the opposite trends in Smax 

(Fig. 7.2(b)) and D (Fig. 7.4), i.e due to the decrease in Smax and increase in D with 

increasing XEG for XEG > 0.67. The same trends in the particle size and the dispersion 

morphology are also observed in the TEM images in Fig. 7.5. 
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Figure 7.5 TEM images of the carbon-supported Pt nanoparticles: (a) EG0, (b) 
EG25, (c) EG67, and (d) EG100. The numbers in the sample designation 
refers to the EG content in the reaction medium. For example, EG25 
refers to the sample prepared in a 75 % water – 25 % EG (by volume) 
medium. 

In a solution-based chemical reduction method, which is a simple and 

economic route for the preparation of supported nanoparticle catalysts, the control of 

the precipitation process is of critical importance since it determines the size and 

morphology of the nanoparticles formed. Therefore, various surfactants such as 

polyvinylpyrrolidone (PVP), cetyltrimethylammonium bromide (CTAB), and dioctyl 

sodium sulphosuccinate (AOT) have been incorporated into synthesis media with an 

aim to control the nucleation and growth process of the particles [162]. However, the 

residual surfactants remaining on the nanoparticle surface act as contaminants, 
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diminishing the performance of the catalysts, and the removal of the surfactants is not 

an easy task. Furthermore, the use of surfactants is not desirable in manufacturing 

processes since it could involve additional cost for the collection, treatment, 

recycling, and disposal of the used surfactants. Therefore, it is beneficial to develop a 

method to control the particle morphology without surfactants. We achieve this goal 

in this dissertation by using mixed water-ethylene glycol solvent as the synthesis 

medium.  

The size and morphology of the synthesized particles are related to the surface 

energy of both the newly formed metal precipitates and the carbon surface in solution 

[162]. Since the surface energy of a particle is affected by the polarity of the solvent, 

the reaction rate and aggregation behavior of the newly formed particles can be 

controlled by changing the polarity of the solvent. Accordingly, the dielectric 

constant of the solvent medium is varied here by mixing water and EG in different 

ratios; water and EG have dielectric constant of, respectively, 78.5 and 41 at 20 oC.  

The interaction between the solvent and the reducing agent NaBH4 during the 

reduction of H2PtCl6 may also affect the morphology of the nanoparticles. It is known 

that NaBH4 forms [B(OH)4]– or [H2BO3]– ionic complexes in water [49, 163]. While 

these reaction complexes of NaBH4-water do not have a stabilizing effect for particle 

dispersion, the complex of [B(OCH2CH2OH)4]–, which is formed by the reaction 

between NaBH4 and EG, is thought to serve as both a reducing agent and a stabilizer 

through steric hindrance to aggregation [164]. In a mixed water-EG solvent, a 
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competition between the formation of [B(OH)4]– or [H2BO3]– and 

[B(OCH2CH2OH)4]– would occur due to the coexistence of water and EG molecules.  

7.3.2 Effect of Mixed Solvent on the COad Oxidation Peak Multiplicity 
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Figure 7.6 COad stripping voltammograms of the carbon-supported Pt nanoparticles. 

The numbers in the sample designation refers to the EG content in the 
reaction medium. For example, EG25 refers to the sample prepared in a 
75 % water – 25 % EG (by volume) medium. 

Figure 7.6 shows the COad stripping voltammograms of the Pt nanoparticles 

obtained with various EG contents in the reaction medium. The stripping 

voltammogram of EG0 (sample prepared in 100 % water medium) shows the main 
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peak at 0.8 V (Peak II) with a small additional peak at 0.7 V (Peak I). As the XEG 

content increases up to XEG = 0.67, the relative intensity of Peak I compared to that of 

Peak II keeps growing, and the stripping voltammogram of EG67 (sample prepared in 

33 % water – 67 % EG medium) exhibits clearly developed double oxidation peaks of 

Peak I and Peak II with nearly equal intensities. The increased intensity of the peak at 

the lower overpotential (Peak I) indicates an enhanced catalytic oxidation of COad at 

the Pt nanoparticle catalysts prepared in the mixed solvent. However, as XEG increases 

further, the intensity of Peak I decreases again, and EG100 (sample prepared in 

100 % EG medium) shows the stripping voltammogram similar to that of EG0.   

Regarding the peak multiplicity of the COad stripping voltammograms, we 

need to note that the observed peak multiplicity is not likely due to the bimodal size 

distribution of Pt particles. According to some literature [165-169], Pt agglomerates 

have been observed to show enhanced catalytic activity for COad oxidation in 

comparison to isolated Pt nanoparticles. Accordingly, the double voltammetric peaks 

for COad oxidation have been ascribed to the two different size ranges of Pt particles: 

Pt agglomerates corresponding to the peak at lower overpotential and isolated Pt 

nanoparticles corresponding to the peak at higher overpotential. However, in our 

samples, the relationship between particle aggregation and peak multiplicity does not 

exist. Instead, EG67, which has the highest degree of dispersion, clearly exhibits 

double peak feature with equal intensities, whereas EG0, which contains aggregated 

particles, does not.  
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Another well-known interpretation relates the peak multiplicity to the effect of 

different CO coverage. In their UHV studies, Ertl et al. [146] found that CO 

adsorption energy is strongly coverage dependent due to the surface structure 

relaxation. Based on this, Markovic et al. [170] reported that when 15% of COad is 

removed from Pt (111) surface, the adsorption energy of remaining COad is increased, 

resulting in double COad stripping peaks. In this case, the lower potential peak 

corresponding to the stripping of the first 15% of COad is much smaller than the 

higher potential peak corresponding to the rest of the COad stripping. However, in our 

experiment, the intensity of Peak I is as high as that of Peak II, particularly in EG67, 

which is inconsistent with the results described by Marcovic et al. [170]. 

Furthermore, the development of Peak I shows strong particle size dependence, and 

this cannot be explained by the CO coverage effect. Therefore, the observed peak 

multiplicity in our samples should be ascribed to the surface heterogeneity of the Pt 

nanoparticles in relationship to the particle size. 

7.3.3 Effect of Mixed Solvent on the Activity for COad Oxidation 

It is known that the activity for COad oxidation decreases with decreasing 

particle size [165-167, 171]. For instance, Guerin et al. [171] have obtained a series 

of carbon-supported Pt nanoparticle catalysts with various Pt particle sizes and 

compared their activity for COad oxidation reaction. In their COad stripping 

voltammograms, the development of the double peak features (Peak I at 0.7 V and 

Peak II at 0.8 V) was clearly observed with a strong relationship to particle size 

consistent with the previous results: the larger the particle, the stronger the Peak I. 
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However, the relationship we observe here between the size of the Pt nanoparticles 

and the COad oxidation activity is opposite to that of what is known in the literature: 

as the particle size decreases, the relative intensity of Peak I over Peak II increases, 

indicating increasing catalytic activity for COad oxidation. The relative intensities of 

Peak I over Peak II are plotted as a function of particle size in Fig. 7.7. For a 

comparison, the data from Guerin et al. [171] are also presented in Fig. 7.7.  
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Figure 7.7 Plot of the intensity ratio of Peak I over Peak II as a function of particle 

size. Solid circles are data points from this study, and the triangles are 
data points from Guerin et al. [171] for a comparison.  

Despite a variety of the interpretations suggested for the size effect on the 

COad stripping voltammetry, two major explanations are prominent i.e., pure particle 

size effect mechanism and surface defect structure mechanism. The pure particle size 

effect mechanism assumes a cubo-octahedral structure, which is consisting of (111) 

and (100) facets bounded by edge atom rows, as the equilibrium shape of the fcc Pt 
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nanoparticles. Since Kinoshita [158] has described an exponential decrease in the 

number of the low coordination sites (edge and vertex sites) and an increase in the 

facet sites as the particle size goes from 1 to 9 nm, there has been a lot of effort to 

understand the particle size effect on the COad oxidation kinetics. Mukerjee et al. 

[172] have shown stronger adsorption of both CO and OH on smaller particles 

through X-ray adsorption spectroscopy (XAS) and attributed it to an increase in the 

number of low coordination sites on the smaller Pt particles. Theoretical calculations 

based on density functional theory (DFT) have also demonstrated a higher reaction 

barrier of COad + OHad → COOHad on the edge site than that on the facet site [173].  

Besides the low coordination sites such as edges and vertices, the 

heterogeneous adsorption energy of COad on different Pt facets has also been 

considered as the origin of the particle size effect on the peak multiplicity [174]. For 

instance, Lebedeva et al. [175] have reported that the adsorption strength of CO on 

(111) sites is significantly weaker than that on (110) and (100) sites from 

voltammetric and infrared analysis. In the cubo-octahedral structure, the (111) terrace 

size decreases as particle size decreases thus the smaller particles, which contain a 

smaller portion of the low energy (111) facets, was presumed to exhibit the COad 

oxidation peak at higher overpotential. Recently, Brimaud et al. [176] have also 

reported the relationship between the double peak features and specific 

crystallographic facets using shape-controlled Pt particles. Most of the results that 

support the pure particle size effect mechanisms were obtained with the unsupported 
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Pt particles with relatively larger particle size so that the specific surface effect is 

prominent.  

Although the study based on cubo-octahedral structure model has provided 

many insights into the particle size sensitivity of electrochemical reactions, the 

practical particles in the size range of 1 – 5 nm are not likely to be perfectly 

crystalline. Recent HRTEM studies have revealed significant degree of surface 

disorder on the surface of the nanoparticles [159]. This irregularity may create 

various surface defects. Therefore, the importance of surface defects in the activity 

for COad oxidation has been emphasized by some research groups. For example, 

Arenz et al. [159, 160] have suggested that the catalytic activity for COad oxidation is 

predominantly influenced by the ability of the surface to form OHad on the defect 

sites using infrared absorption spectroscopy (IRAS) and rotating disk electrode. 

Garcia et al. [177] have reported a very interesting result on this subject where the 

defect structure sensitivity on the COad oxidation is probed by using stepped Pt 

electrode. In their study, CO approaching the step from the bottom was the most 

reactive, whereas CO sitting on top of the step was the lease reactive.  

These findings on the importance of defect structure implies a possible 

existence of low energy surface structure, which may contain a high population of 

active sites, i.e. the sites of high defect population and their favorable arrangement. 

According to Arenz et al. [159], larger Pt particles (ca. ~30 nm) have more irregular 

surfaces, and this may be the reason for the higher COad oxidation activity reported 

previously on larger particles. Therefore, the abnormal formation of low energy 
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surface structure in our Pt/C samples prepared in mixed water-ethylene glycol solvent 

could be proposed as the origin of their high activity for COad oxidation, which 

otherwise cannot be explained by the cubo-octahedral based pure size effect 

mechanism. The formation of the low energy surface structure in the Pt nanoparticles 

prepared in the mixed solvent medium may be related to the changes in surface 

energy, reaction rate, and coalescence behavior of the newly produced nanoparticles 

influenced by the different solvent polarity and NaBH4-EG reaction complex.  

 

7.4 CONCLUSIONS 

Carbon-supported Pt nanoparticles have been synthesized by a modified 

chemical reduction method in a mixed water-ethylene glycol solvent with different 

water to ethylene glycol ratios, and their particle size, morphology, and activity for 

COad oxidation reaction have been characterized. The results can be summarized as 

follows: 

• While the XRD particle size d of the samples exhibits a reverse-volcano type 

relationship with the ethylene glycol content XEG, with the minimum d = 2.9 nm 

at XEG = 0.67, the degree of dispersion D of the particles increases monotonously 

with increasing XEG.  

• The COad stripping voltammetry shows double peak features, and the relative 

intensity of the peak at the lower overpotential compared to the peak at higher 

overpotential increases with decreasing d. This relationship of increasing catalytic 



 142

activity with decreasing particle size is opposite to that of what is known in the 

literature. 

• The observed particle size effect on the COad oxidation reaction cannot be 

explained by the pure particle size effect mechanism, which is based on the cubo-

octahedral type structure model. Therefore, it is explained by the abnormal 

formation of low energy surface structure in the samples prepared in the mixed 

water-ethylene glycol solvent medium. 

• When the mixed water-ethylene glycol solvent is used as a synthesis medium, the 

solvent polarity and NaBH4-EG reaction complex such as [B(OCH2CH2OH)4]– 

may affect the particle precipitation energetic, resulting in homogeneously 

dispersed Pt nanoparticles with smaller size and higher population of low energy 

surface structures. 

• With the synthesis method presented here, Pt nanoparticles with both higher 

surface area and higher intrinsic catalytic activity can be obtained, and the 

advantage of the increased surface area can be utilized without compromising the 

effect of the intrinsic activity of the Pt nanoparticle catalysts. 
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CHAPTER 8 

Summary 
 

Pt-Ru is the standard catalyst for the anode of direct methanol fuel cells 

(DMFC) due to its high catalytic activity for the methanol electro-oxidation reaction 

(MOR). However, the instability of Ru component under the fuel cell operating 

conditions poses serious problems for the durability of the DMFC system. In this 

regard, with an aim to design and develop alternative anode catalysts for direct 

alcohol fuel cells, non-Ru, Pt-based electrocatalysts have been investigated with the 

following strategies: 

• Part I – In order to improve the durability of DMFC, non-Ru, Pt-based 

bimetallic electrocatalysts exhibiting higher stability than and comparable 

catalytic activity to Pt-Ru have been investigated. Particularly, Pt-Sn and Pt-

CeO2 catalysts have been synthesized and their catalytic activity and 

durability have been compared with those of Pt and Pt-Ru under accelerated 

durability test (ADT) conditions with an aim to assess the feasibility of the Pt-

Sn and Pt-CeO2 based catalysts as an alternative to Pt-Ru.  

• Part II – In order to enhance the performance of the direct ethanol fuel cells 

(DEFC), the activity of Pt-Sn, which is known to be the best catalyst for 

ethanol electro-oxidation reaction (EOR), has further been increased by 

incorporating a third metal M to form the ternary Pt-Sn-M (M = Mo and Pd) 

catalysts. 
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• Part III – The effect of the synthesis medium on controlling the properties of 

the carbon-supported Pt nanoparticles has been investigated, focusing on the 

intrinsic properties of the Pt nanoparticle itself without the promoting 

elements.    

The results obtained with the strategies are briefly summarized below. 

Pt, Pt-Ru, and Pt3-Sn electrocatalysts have been synthesized by a modified 

polyol method. Various materials characterization analyses reveal that the as-prepared 

samples are composed of mainly Pt and RuO2 or SnO2 and the formation of alloys is 

found only after heat-treatment at 200 oC in a flowing 10 % H2 – 90 % Ar 

atmosphere. Regardless of the heat-treatment, the catalytic activity of Pt-Ru/C 

decreases significantly during the accelerated durability test (ADT) carried out by 

scanning the electrode potential for 100 times between 0.02 and 1.2 V vs. NHE due to 

the changes in the electrochemical surface characteristics caused by the dissolution of 

Ru. Although the catalytic activity of Pt3-Sn/C is lower than that of Pt-Ru initially, it 

shows better durability than Pt-Ru/C, which is confirmed by a negligible dissolution 

of the Sn component and the stable surface characteristics of Pt3-Sn/C during the 

ADT.  

Besides the alloy catalysts, the use of stable CeO2 as a promoting element to 

Pt has also been investigated. The Pt-CeO2/C catalysts have been synthesized by a 

one-step reverse microemulsion (RME) method with an aim to improve the particle 

morphology of the catalysts. Scanning transmission electron microscopic (STEM) 
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images with energy dispersive spectroscopic (EDS) elemental mapping analysis 

reveals that the Pt-CeO2/C sample prepared by the RME method has a homogeneous 

distribution of Pt and CeO2 with intimate contact between the Pt and CeO2 

nanoparticles, while the Pt-CeO2/C sample prepared by the conventional borohydride 

reduction (CBR) method consists of large aggregations of Pt and CeO2. The 

advantage of the improved nanoparticle morphology of the RME-samples manifests 

in higher catalytic activity for methanol oxidation reaction (MOR). A comparison of 

the durability of the catalysts by the ADT reveals that the Pt-CeO2/C catalysts 

prepared by the RME method show higher durability than commercial Pt/C. With 

MOR activity comparable to and durability better than that of Pt-Ru (or even that of 

Pt), the Pt-Sn and Pt-CeO2 based catalysts offer the potential to be employed as anode 

catalysts in direct methanol fuel cells. 

Then, the enhanced catalytic activity for ethanol electro-oxidation reaction 

(EOR) of the ternary Pt-Sn-M (M = Mo and Pd) has been studied. Pt-Sn-Mo/C and 

Pt-Sn-Pd/C electrocatalysts have been synthesized, respectively, by polyol method 

and conventional borohydride reduction method. While the intended atomic ratios of 

the comprising elements are obtained in the Pt-Sn-Pd/C samples, EDS analysis 

reveals that the Mo contents in the Pt-Sn-Mo/C catalysts are lower than the nominal 

value, indicating incomplete reduction of the Mo precursors. X-ray photoelectron 

spectroscopy (XPS) and X-ray diffraction (XRD) analyses reveal that the Sn and Mo 

exist as oxide phases at the surface layers of the nanoparticles and the degree of 

alloying is very low. On the other hand, Pd alloys with Pt to a higher degree in the Pt-
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Sn-Pd/C catalysts. Various electrochemical analyses including cyclic voltammetry 

(CV), chronoamperometry, COad stripping voltammetry, electrochemical impedance 

spectroscopy (EIS), and single cell DEFC test indicate an enhancement in the 

catalytic activities of the Pt-Sn-Mo/C and Pt-Sn-Pd/C catalysts for EOR compared to 

that of Pt-Sn/C. An analysis of the electrochemical data suggests that the 

incorporation of Mo in to Pt-Sn enhances further the catalytic activity for EOR. The 

promoting mechanism of each of these ternary catalysts is discussed based on the 

bifunctional promoting effect through the SnOx phase with either hydrogen spill-over 

mechanism through the MoOx phase in Pt-Sn-Mo/C or the effect of lattice parameter 

modification by alloying with Pd in Pt-Sn-Pd/C.   

Finally, the modification of the intrinsic properties of the Pt nanoparticles has 

been investigated with the carbon-supported Pt nanoparticles prepared by modified 

borohydride reduction method in a mixed water-ethylene glycol solvent with different 

water to ethylene glycol ratios. While the XRD particle size d of the samples exhibits 

a reverse-volcano type relationship with the ethylene glycol content XEG, with the 

minimum d = 2.9 nm at XEG = 0.67, the degree of dispersion D of the particles on the 

carbon support increases monotonously with increasing XEG. The COad stripping 

voltammetry shows additional oxidation peaks at lower potentials with the smaller Pt 

nanoparticles, indicating enhanced COad oxidation. This observed relationship 

between the COad oxidation activity and the size of the Pt nanoparticles is opposite to 

what is reported in the literature, and it provides new insights for the COad oxidation 
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mechanism on nanoparticle surface: it is in support of the surface structure effect 

mechanism over a pure size effect or agglomeration effect mechanism. 
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