
 

Instructions for use

Title Effect of Porous Structure of Carbon Support on CO Tolerance of PEFC Platinum Alloy Anode Catalysts

Author(s) Narischat, Napan

Citation 北海道大学. 博士(工学) 甲第12378号

Issue Date 2016-06-30

DOI 10.14943/doctoral.k12378

Doc URL http://hdl.handle.net/2115/62485

Type theses (doctoral)

File Information Napan_Narischat.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


Effect of Porous Structure of Carbon Support on CO 

Tolerance of PEFC Platinum Alloy Anode Catalysts 

PEFCの白金合金 アノード用触媒の CO 耐性への炭素

担体の細孔構造の影響に関する研究 

 

 

 

 

 

DOCTORAL DISSERTATION 

 

 

 

Napan Narischat 

 

Division of Molecular Chemistry and Engineering 

Graduate School of Chemical Sciences and Engineering 

Hokkaido University 



i 

 

Abstract 

 

This thesis investigated how the porous structure of carbon support affected  

the CO tolerance of PtRu alloy anode catalysts. Various PtRu/C catalysts were prepared, 

characterized, and tested for their CO tolerance in PEFC single cell. The carbon 

supports used in this work were prepared us ing carbonization of resorcinol -

formaldehyde gels, which were derived from sol-gel polymerization of resorcinol with 

formaldehyde in the presence of sodium carbonate. The preparation condition was 

varied so that carbon supports with different pore structures were obtained. Two 

commercial carbon supports were used in this work. One was Carbon ECP that was 

used for comparison. The other was Carbon ECP600JD which was very new in  

the market. PtRu/C catalysts were prepared using these carbon supports with the rapid 

quenching method. Usually the preparation was done with a Pt/Ru molar ratio of 1.5. 

Moreover, in a typical MEA production the weight ratio between Nafion® and catalyst 

was 5:9. However, in some cases these values were varied. Moreover, in a specific case 

SnO2 was doped on a carbon support before it was used for a catalyst preparation.  

A commercial PtRu/C catalyst from Tanaka Kikinzoku Kogyo K.K., which is known 

widely to have a very high CO tolerance, was generally used for comparison. We found 

that the porous carbon supports had a very strong relationship with the CO tolerance of 

the catalysts. Suitable pore structures led to high CO tolerance (Chapters 2 and 4).  

A proper carbon support selection also led to a high Pt-Ru surface relative bonding 

ratio, which is a key factor for obtaining high CO tolerance (Chapter 3). Deposition of 

SnO2 on a carbon support before the catalyst preparation helps obtaining high  

CO tolerance due to the reduction of Pt-CO bond strength (Chapter 5). Moreover, pore 

volume and pore structure of catalyst could specific the amount of necessary Nafion® in 

order to obtain high efficiency and high CO tolerance MEAs (Chapter 6). 
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Chapter 1 

 

General Introduction 

 

1.1 Background of fuel cells 

  

The development of a sustainable energy supply is needed as a solution for the 

global energy crisis. There are many types of renewable energy technologies which are 

interesting. The utilization of fuel cells has been recognized in both industry and 

academic fields as the most effective method for producing energy. The use of fuel cells 

is also expected to reduce emissions of CO2, NOx, SOx and particulate matter that are 

generated by fossil fuel engines. Therefore, fuel cells are promising energy sources for 

the new era because of their high efficiency and low environmental impact.   

 

1.1.1 Fuel cell definition 

A fuel cell is a device that can convert fuel to electricity by a chemical reaction 

between positively charged hydrogen ions and oxygen or other oxidizing agents. A fuel 

cell is composed of a positive electrode and a negative electrode, which are called  

a cathode and an anode, respectively. A reaction that produces electricity takes place at 

these electrodes. Fuel cells also have an ion-conductive electrolyte that carries 

electrically charged particles from one electrode to the other. Hydrogen is the basic fuel 

in fuel cells, but oxygen is also required. The biggest benefit of fuel cells is that they 

generate electricity but discharge only water.  

 

1.1.2 History of fuel cells
1-3

 

Hydrogen was discovered by Paracelsus in the sixteenth century. He accidentally 

dropped iron into condensed sulphuric acid and this combination produced a gas or "air" 

as he conceived it at the time. The French chemist Nicholas Lemery showed that the gas 

produced was flammable, but it was Henry Cavendish, a British physicist, who is 

credited with the discovery of hydrogen in 1766. Another French chemist ,  

Antoine-Laurent Lavoisier (1743-1793), described one of the component elements of 

water as hydrogen, and he also noted that the only byproduct of burning hydrogen was 

water itself. Alessandro Volta discovered the battery principle in 1799, and Michael 

Faraday formulated electrochemical conversion principles (Faraday’s law) in 1832.  

The concept of fuel cells emerged around 1802, when Sir Humphry Davy found that 

passing an electric current through water caused the water to chemically decompose into 
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its component elements (electrolysis) of hydrogen and oxygen. This discovery was 

followed by the pioneering works of Christiam Friedrich Schönbein (1838), who first 

discovered the fuel cell effect, and Sir William Robert Grove (1839), who presented the 

first fuel cell power generator. Grove worked on a hydrogen-oxygen cell using liquid 

sulfuric acid as an electrolyte. However, Grove’s apparatus did not generate sufficient 

electricity. One hundred years later, in 1932, Francis T. Bacon started exploring a novel 

electrode for fuel cells using a less corrosive alkaline electrolyte and cheaper nickel 

catalysts instead of expensive platinum electrodes. In the 1960s, alkaline fuel cells were 

used to provide both electricity and drinking water onboard for more than 65,000 hours 

in over 87 flights in manned space shuttles during the Gemini and Apollo programs.  

In the late 1960s, Siemens and Varta constructed converter stations based on alkaline 

fuel cell technology for television transmitters in the power range of 25-100 W. In 1973, 

after the energy crisis, the Moonlight Program was started in Japan.  

 

1.1.3 Types of fuel cells 

There are various types of fuel cells that are categorized by their electrolytes: alkali, 

molten carbonate, phosphoric acid, polymer electrolyte and solid oxide.  

1.1.3.1  A solution of potassium hydroxide (KOH) is generally used as the 

electrolyte in alkali fuel cells (AFC)
4
. The ionic species is OH

-
. The operating 

temperature is 60 to 100 C. The cell output range is from 300 watts to 5000 watts. 

Electrochemical reactions of an AFC are as follows:   

Anode:  H2 + 2OH
-
    2H2O + 2e

-
        (1.1) 

Cathode:  1/2O2 + H2O + 2e
-
    2OH

-
         (1.2) 

1.1.3.2  Compounds of salts (such as lithium, potassium, sodium or magnesium) 

and carbonates (CO3) are generally used as the electrolyte in molten carbonate fuel cells 

(MCFC)
5
. The ionic species is CO3

2-
. The operating temperature is in the range of  

600-650 C. The output units are constructed up to 2 megawatts. A nickel electrode 

catalyst, which is used in this type of fuel cell, is much cheaper than platinum electrode-

catalysts used in other types of fuel cell. However, the temperature is probably too high 

for household applications. Electrochemical reactions of an MCFC are as follows: 

Anode:  H2 + CO3
2-

    H2O + CO2 + 2e
-
       (1.3) 

Cathode:  1/2O2 + CO2 + 2e
-
    CO3

2-
          (1.4) 
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1.1.3.3  An acid solution is used as the electrolyte in phosphoric acid fuel cells 

(PAFCs)
6
. The operating temperature is about 180-220 C. The outputs of existing 

phosphoric acid cells are up to 200 kW, and the units have been tested at 11 MW.  

A PAFC can tolerate carbon monoxide at a concentration of up to 1.5 percent, and thus  

the choice of fuels that can be used is broadened. Electrochemical reactions of a PAFC 

are as follows: 

Anode:  H2      2H
+
 + 2e

-
        (1.5) 

Cathode:  1/2O2 + 2H
+
 + 2e

-
    H2O          (1.6) 

1.1.3.4  A polymer electrolyte in the form of a thin permeable sheet is used in 

polymer electrolyte fuel cell (PEFCs)
7
. The operating temperature range is about  

60-80 C. The cell outputs are generally in the range of 50-250 kW. The solid flexible 

electrolyte results in no leakage and these cells are operated at a low temperature, 

making them suitable for household and vehicle applications. The main fuel for a PEFC 

is pure H2; however, if the fuel is methanol, they are called direct methanol fuel cells 

(DMFCs). Since a PEFC is the main focus in this work, the full details of a PEFC are 

given in section 1.2. Electrochemical reactions of a PEFC are as follows: 

Anode:  H2      2H
+
 + 2e

-
        (1.7) 

Cathode:  1/2O2 + 2H
+
 + 2e

-
    H2O          (1.8) 

1.1.3.5 Ceramic compounds of metal oxides (such as calcium or zirconium) are 

used as the electrolyte in solid oxide fuel cells (SOFCs)
8, 9

. The operating temperature is 

about 700-800C. The cell output is up to 100 kW. At a very high temperature,  

a reformer is not required for converting the fuel to hydrogen, and the waste heat can be 

recycled to produce additional electricity. However, the applications of an SOFC are 

limited by the high temperature, and the units are rather large. Electrochemical reactions 

of an SOFC are as follows: 

Anode:  H2 + O
2- 

   H2O + 2e
-
        (1.9) 

Cathode:  1/2O2 + 2e
-
     O

2-
                 (1.10) 
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1.2  Polymer electrolyte fuel cells (PEFCs)  

 

Polymer electrolyte fuel cells (PEFCs) or proton exchange membrane fuel cells 

(PEMFCs) have been operated using hydrogen gas or short-chained alcohols (carbon  

1-4 molecules), sodium borohydride, formic and acid as fuels. The proton-transporting 

polymer electrolyte (ionomer) is utilized in the form of a thin permeable membrane  

(ca. 25-175 gm) that is commonly composed of a perfluorosulfonic acid compound 

(e.g., Nafion
®

). The attachment of the two electrodes (anode and cathode) to the 

membrane is referred to as a membrane electrode assembly (MEA). Platinum (Pt) 

catalysts are used on both the anode and cathode. Since a Pt catalyst is sensitive to CO 

poisoning, the purity of hydrogen used must be high (CO contamination should be less 

than 10 ppm.). Moreover, a PtRu alloy anode catalyst is frequently used due to its high  

CO tolerance. More details of PtRu catalysts will be given in section 1.4.  

 

1.2.1 PEFC components and operation 

As mentioned above, an MEA consists of an anode, a cathode, and an ionomer. 

There are some concepts and steps in order to make an MEA and to operate  

a PEFC single cell. The components of a PEFC are shown in Fig. 1.1. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 Components of a PEFC. 

Bipolar Plate 
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1.2.1.1  Electrolyte
10, 11

  

Nafion
®

 is a perfluorinated sulfonic acid resin (PFSA) developed by Dr. Walther 

Grot at the E. I. DuPont Company in the late 1960’s by modifying Teflon. Due to its 

chemical stability, superior mechanical properties, high chemical inertness, and proton 

conductivity, Nafion
®

 is currently used in commercial membranes and catalyst layers of 

fuel cells. The structure of Nafion
®

 is shown in Fig. 1.2. After fabrication (extrusion and 

lamination) into the desired shape, the -SO2F groups are hydrolyzed in a hot solution of 

NaOH or KOH and optionally converted to the H
+
 form using HNO3. 

  

. 

 

 

 

 

 

 

 

 

Fig. 1.2 Structure of Nafion
®

. 

(ref:http://www.sigmaaldrich.com/catalog/product/aldrich/274674?lang=en&region=JP) 

 

1.2.1.2  Catalyst ionomer ink and catalyst layer
12, 13

 

A catalyst ink or a catalyst ionomer ink is a mixture of a catalyst and an ionomer for 

paint or spraying to make a catalyst layer on a gas diffusion layer. One of the main 

resistances in the catalyst layer is contact resistance at the membrane/catalyst layer 

interface. The content of the ionomer in the catalyst layer is a key parameter for 

optimizing the MEA structure and performance. With the optimization, a significant 

reduction of the platinum content from about 4.0 mg cm
-2 

to less than 0.5 mg cm
-2

 has 

been achieved.  

 

1.2.1.3  Gas diffusion layer 

A gas diffusion layer is a porous material composed of a dense array of carbon 

fibers that functions as a gas diffused pathway from flow channels to the catalyst layers 

and provides an electrically conductive pathway for current collection. It also aids the 

removal of by-produced water outside the catalyst layer. This can prevent flooding but 

still keep some water on the surface and thus maintain conductivity through the 
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membrane. Ishikawa reported that the water distribution inside an MEA strongly 

affected current density and O2 partial pressure in the gas diffusion layer.
14

 In addition, 

a gas diffusion layer can be a medium for heat transfer during cell operation and also 

provides sufficient mechanical strength to prevent extension of MEA caused by water 

absorbance. Normally, a gas diffusion layer is coated with polytetrafluoroethylene 

(PTFE) in order to bind carbon particles with a large surface area. The amount of PTFE 

loading was reported to influence the performance of the electrode.  

 

1.2.1.4  Electrode and membrane assembly electrode
7
 

After the catalyst ink has been painted or sprayed to form a catalyst layer on the 

PTFE-coated gas diffusion layer, the resulting layer is ready to be assembled to an 

MEA. In the MEA, the polymer electrolyte membrane is sandwiched with an anode and  

a cathode. The precise control of charges and of mass and energy transport within the 

MEA is a key issue for highly efficient PEFCs. The transportation of protons from  

the membrane into the catalyst layers and the deposited catalysts is very important.   

 

1.2.1.5  Single cells
15

 

To create a single PEFC, the MEA must be placed between bipolar plates that 

provide a gas channel and serve as reactant distributors, current collectors, and heat- 

transfer elements. The requirements for the bipolar plate are uniform distribution of 

reactants over the entire electrode surface and effective water removal from  

the cell. Recent studies have shown that sustained voltage oscillations can occur in 

PEFCs fed with H2/CO mixtures. Oscillatory behavior can also result from degradation 

effects. 

  

1.2.2 PEFC application 

A PEFC using hydrogen fuel is a key option for transportation and small-scale 

power applications in combination with heat (residential units) due to its compactness, 

high modularity, high conversion efficience and low levels of noise and pollutant 

emission
16, 17

. The major challenge for the implementation of a hydrogen fueling 

infrastructure is the storage of hydrogen, which requires high pressure (30 MPa at  

298 K), low temperature (-20 K) and the use of weight intensive metal hydrides. 

Furthermore, a network of fueling stations should be established. The absence of  

a hydrogen distributing infrastructure and the problem of hydrogen storage have led to 

the development of hydrogen-rich reformate gas from natural gas and biogas for use in 

the PEFC system
18-20

. In order to utilize the reformate gas, CO concentration has been 
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reduced to an acceptable level (10 ppm) for protection against CO poisoning, which will 

degrade the anode catalyst
21, 22

. 

Commercialized residential PEFC units have been installed and utilized in Japan 

since 2009. One residential PEFC co-generation unit, in which natural gas can be used 

directly, consists of a desulfurizer unit to remove sulfur contamination, a steam 

reforming unit to convert CH4 to H2, a CO shift converter unit to reduce CO 

contamination to less than 5000 ppm, and a CO preferential oxidizer unit to reduce CO 

contamination from about 5000 ppm to less than 10 ppm. This results in quite  

a complicated system. A simple system is needed to accelerate the use of residential fuel 

cells. CO-insensitive electrocatalysts are therefore needed.  

 

1.3  PEFC catalysis 

 

The major cost of a PEFC is the Pt-based catalysts. Pt-based catalysts for both the 

anode (H2 oxidation reaction) and cathode (O2 reduction reaction) are the most reliable 

catalysts in terms of catalytic activity and stability.  

 

1.3.1 Oxygen reduction reaction (ORR) 

ORR at a cathode is normally a very slow reaction. A cathode ORR catalyst is 

therefore necessary to speed up the ORR kinetics to usable level. It is well known that  

Pt-based materials are the most active catalysts. However, Pt-based catalysts are very 

expensive, and many researches have therefore focused on the development of 

alternative catalysts. 

 

1.3.1.1 Oxygen reduction reaction (ORR) mechanism on Pt
23, 24

 

ORR is a multistep reaction. Dissociative and associative mechanisms have been 

proposed for a low current density range and high current density range. 

 

Dissociative mechanism: 

 

1/2O2 + *    O*       (1.11) 

O* + H
+
 + e

-
  OH*       (1.12) 

OH* + H
+
 + e

- 


 
H2O + *      (1.13) 

 

* denotes a site on the Pt surface. O2 adsorbs on the Pt surface, then the O-O bond 

breaks, resulting in the formation of adsorbed atomic O. 
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Associative mechanism: 

 

O2 + *   O2*       (1.14) 

O2* + H
+
 + e

-
    HO2*       (1.15) 

HO2* + H
+
 + e

-
  H2O + O*      (1.16) 

O* + H
+
 + e

-
  OH*       (1.17) 

 OH* + H
+
 + e

-
   H2O + *      (1.18) 

 

Since adsorbed O2 is present, the O-O bond may not be broken in the following 

steps, and then H2O2 can be formed. The H2O2 could be further reduced to H2O or 

remain in the H2O2 form.
 

 

1.3.2 Hydrogen oxidation reaction (HOR)  

On the anode side, hydrogen electrooxidation catalysis is a model system for  

understanding the electrochemical kinetics, electrocatalysis and electrochemical surface 

science. Moreover, hydrogen evolution/oxidation (HER/HOR) reaction is the most 

widely studied electrochemical process. 

 

1.3.2.1 HOR mechanism
25

 

There are three steps of the HOR. The first step is adsorption. Hydrogen molecules 

diffuse from the electrolyte to the electrode and then adsorb on the electrode surface to 

form surface species (H2, ads): 

 

 H2    H2, solv    H2, ads   (1.19) 

 

The second step is hydration. The adsorbed hydrogen forms adsorbed H atoms 

(Had) through the Tafel or Heyrovsky reaction followed by the Volmer reaction. 

 

Tafel reaction:  H2, ads    2Had      (1.20) 

Heyrovsky reaction: H2, ads    Had H
+
 + e

-
      Had + H

+
 + e

-   
(1.21)

 

Volmer reaction: Had    H
+
 + e

-
      (1.22) 

  

The last step is desorption. Products such as H
+
 and H2O are desorbed from the 

anode catalyst and transported into the electrolyte. 

The adsorption of hydrogen is considered to be the rate-determining step in both the 

Tafel-Volmer and Heyrovsky-Volmer mechanisms. It has been reported that the  
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Tafel-Volmer mechanism is the rate-determining step at low potential while Heyrovsky-

Volmer mechanism is the rate determining step at higher potentials. 

  

1.3.2.2 Thermodynamics  

Thermodynamic relations for the HOR (H2 to proton) are as follows: 

  

EH      =     −
△G

F
         (1.23) 

△ G    =     −
1

2
μH2

− μH+      

       =     [
1

2
μH2

0 − μH+
0 ] + RTln

PH2

1 2⁄

aH+
      (1.24) 

EH      =      EH
0 −

RT

F
ln[

PH2

1 2⁄

aH+
]       (1.25) 

 

where △G is Gibbs energy, μH2
 and μH+ are chemical potentials of H2 and H

+
, 

respectively, aH+ is the activity of protons, F is the Faraday constant, and aH+ has  

a practical significance through the definition of pH. EH
0  is defined as the standard 

hydrogen electrode potential with EH
0  equal to 0 V under the standard condition.  

 

1.4  Mechanisms of CO poisoning and factors enhancing CO tolerance  

 

It is generally accepted that CO adsorbs onto the Pt surface (Eq. (1.26)) at low 

potentials and is not electrochemically oxidized until the potential reaches about 0.7 V  

vs. RHE. The concentration of CO at ppm levels causes a high degree of Pt surface 

coverage: 

 

CO + Pt          Pt-CO       (1.26) 

 

The CO coverage also causes dramatic deactivation of the anode electrocatalyst by 

hydrogen dissociation and oxidation reactions as shown in Eqs. (1.27) and (1.28), 

respectively: 

 

2Pt + H2   2Pt-H       (1.27) 

Pt-H       Pt + H
+
 + e

-
       (1.28) 
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At higher potentials, CO can be removed by the Langmuir-Hinshelwood mechanism as 

follows: 

 

Pt + H2O    ↔      Pt-OH + H
+
 + e

-
     (1.29) 

Pt-CO + Pt-OH   ↔      CO2 + 2Pt + H
+
 + e

-
    (1.30) 

 

The electrode potential necessary for significant electrochemical CO oxidation on  

a Pt/C catalyst is too high for practical applications. Therefore, carbon-supported Pt 

catalysts alloyed with Ru (PtRu/C), which lowers the potential for CO oxidation, are 

most commonly used. Its mechanism for CO oxidation is shown below: 

 

Ru + H2O   ↔      Ru-OH +H
+
 + e

-
     (1.31) 

Pt-CO + Ru-OH   ↔      CO2 + Pt + Ru + H
+
 + e

-
    (1.32) 

 

It is believed that a Pt-Ru alloy enhances CO tolerance by either of the following two 

mechanisms. Firstly, Ru forms hydroxide (as described by Eq. (1.31)) for use in CO 

oxidation (Eq. (1.32)). This mechanism is called a bifunctional mechanism
26

. Secondly,  

Ru-OH decreases the bond energy of Pt and CO. This mechanism is called the ligand 

effect
27-29

 (or electronic effect). Both mechanisms are shown simply in Fig. 1.3. 

There are many factors that can enhance CO tolerance. The most important factors, 

including as alloying species, Pt-alloying degree and particle sizes as well as catalyst 

supports, have been reviewed and are described below.  

 

1.4.1 Effect of second element Pt-alloys 

In case of pure H2, the platinum on a carbon-supported (Pt/C) catalyst shows very 

small polarization loss with respect to hydrogen oxidation in a PEFC. However, when  

a small amount of CO is present, the potential loss is vital. It has been found that  

the presence of a second alloy along with Pt such as Ru, Sn, Os, Mo yields significant 

improvement in CO tolerance compared to that of pure Pt.
27-34

 It was discovered for 

more than 30 years ago that the best catalyst that can endure CO in practical use is  

a bimetallic Pt-Ru catalyst.
35-37

 The function of Ru is generation of an oxygen-

containing species or weakening of the bonds of Pt-CO by reducing the d-electron 

deficiency of Pt atoms.
38-43

  

 

 

 



11 

 

 

Fig. 1.3 CO adsorption and removal by the bifunctional mechanism and ligand effects. 

 

 

Bifunctional Mechanism CO adsorption  

Ligand effect 
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1.4.2 Effects of alloying degree and particle size 

It has been reported that high CO tolerance was achieved when Ru was deposited 

on a highly dispersed Pt/C catalyst with subsequent annealing to induce alloying 

between Pt and Ru.
44-49

 This PtRu alloy is an important factor for achieving high  

CO tolerance. However, the alloying process at a high temperature also leads to 

agglomeration of PtRu particles, resulting in the formation of large PtRu particles.  

It has therefore been difficult to control the degree of alloying and the degree of 

dispersion independently. Preparation of highly alloyed and highly dispersed PtRu/C 

catalysts has been particularly difficult. Information on the effect of particle size on  

CO tolerance is still lacking. Separate control of alloying degree and dispersion degree 

(particle size) is needed to obtain such information. However, there is inconsistency in 

information about PtRu particle size. Some researchers reported that small PtRu 

particles showed higher activity, whereas other researchers prefer a size of 5 nm  

(to prevent Ru dissolution after long operations).
50, 51

 

  

1.4.3 Effect of supports 

There are many types of supports being used as supports for fuel cell electrode 

catalysts. Their properties such as type, structure, porosity, and conductivity have been 

considered to be factors to improve catalyst efficiency and CO tolerance. A metal-

support interaction can modify the electronic structure of a metal.
52, 53

 The stability of 

the support in the fuel cell environment is also important because it can affect the 

durability and stability of catalysts. The presence of water and/or oxygen, high 

potentials (> 0.6 V vs. RHE), high temperatures (50-90 °C) and low pH (< 1) can cause 

corrosion on the support. Loss of the support usually leads to the agglomeration of 

metal particles, resulting in a decrease in the electrochemical surface area. Therefore, 

the interaction between a metal and carbon support has a strong influence on the 

physicochemical and electrochemical properties of the catalyst and its performance in 

fuel cell operations. The various types of supports are explained below. 

 

1.4.3.1 Carbon blacks: Carbon black is widely used as a catalyst support in low 

temperature fuel cells due to its low cost and high availability. Vulcan XC-72R is 

commonly used in the preparation of electrocatalysts, especially for a PEFC, because of 

its high electrical conductivity and high specific surface area. Recently, Ketjen black 

(highly electro-conductive carbon black) has becoming attractive because of its higher 

specific surface area and electrical conductivity than those of Vulcan XC72R. However, 

both Vulcan XC72R and Ketjen black contain a large amount of micropores (less than 
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2 nm) that are difficult to be fully accessible. To avoid this problem, many types of new 

carbon materials with a mesoporous (2-50 nm) structure have been tested as supports 

for fuel cell catalysts.  

 

1.4.3.2 Carbon nanotubes: There have been many studies in which carbon nanotube 

were used as supports for PtRu/C anode catalysts. They studies showed that a carbon 

nanotube is a good candidate for supporting materials for a PEFC because very small 

and uniform PtRu particles can be obtained.
54-58

 Neetu et al.
59

 reviewed the effect of 

chemical functionalization on the morphology and physical properties of a single-wall 

nanotube (SWNT) and suggested that a thin SWNT film based support had superior 

properties more than conventional supports. 

 

1.4.3.3 Graphene: Graphene has a very high surface area (∼2630 m
2
 g

-1
), which is 

higher than that of graphite (∼10 m
2
 g

-1
) or a carbon nanotube (1300 m

2
 g

-1
). Graphene 

also shows excellent electrical, thermal, mechanical, electronic, and optical properties. 

It has a high specific surface area, high chemical stability, high optical transmittance, 

high elasticity, high porosity, biocompatibility, and a tunable band gap. The chemical 

functionalization actually helps in tuning its properties. All of these remarkable 

properties make graphene promising for fuel cell applications.
60-63

 Novoselov et al.
64

 

reported an interesting result when using graphene as a support . They found that 

graphene decreased platinum particle size to a nanometer scale because of strong 

interaction between platinum atoms and graphene. 

 

1.4.3.4 Mesoporous carbons: Recently, ordered mesoporous carbons have received 

great attention due to their potential as catalytic supports in fuel cell electrodes.  

They have high specific surface areas, large pore volumes and controllable pore sizes. 

Their high specific surface areas enable the preparation of highly dispersed metal 

particles, whereas their highly interconnected mesopore structures provide an open 

network around the active sites, facilitating effective diffusion of the reactants and 

byproducts. The most interesting mesoporous carbon is resorcinol formaldehyde carbon 

(RFC) gel,
65-67

 which is the main support used in this study. Marie et al.
68

 investigated 

many carbon aerogels  for  cathodes and demonstrated that  the tex ture of  

the carbon support for cathodes has a significant impact on performance of the MEA 

because the gas diffusion rate can be significantly improveed. Job et al.
69

 reported that 

carbon xerogels, which are very easy to prepare , could replace carbon aerogels 

previously used in the same system without decreasing catalytic performance. 
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In conclusion, carbon supports have a strong influence on particle size and 

dispersion of metal and provide potential benefits for improvements in both the 

properties and the stability of electrocatalysts. Moreover, the carbon structure plays an 

important role in catalyst performance because it affects the access of the reactants on 

the catalytic sites and the removal of reaction products. Hence, the optimization of 

carbon supports is very important in the development of PEFC technology.  

 

1.5 RFC synthesis and pore structure adjustment  

 

Pekala
70

 reported successful synthesis of carbon aerogels by carbonization of 

resorcinol-formaldehyde resins. The carbon aerogels are expected to be used for 

electrochemical applications due to their high surface areas, controllable pore sizes, and 

low electrical resistance. The structures and properties of carbon aerogel electrodes 

depend on the synthesis conditions, pyrolysis temperatures, activation procedures, and 

presence of selected dopants. Tamon et al.
71

 reported that the mesoporous structure of 

aerogels could be controlled by adjusting the molar ratio of resorcinol to the catalyst 

(Na2CO3) used (R/C) and the ratio of resorcinol to distilled water used as the diluent 

(R/W) in the polycondensation process.  

 

1.5.1 Synthesis conditions
72, 73

  

In order to synthesize RFC carbon gel, resorcinol and formaldehyde are first 

polymerized using a base catalyst. The main reaction is a condensation reaction that 

leads to the formation of compounds that have methylene bridges and methylene ether 

bridges. Such oligomers form clusters that agglomerate to colloidal particles. These 

particles coagulate and form a wet gel (hydrogel). Next, the hydrogel is dried to remove 

the solvent in its gel structure. Then the dried gel is heat-treated in an inert atmosphere 

and is transformed to carbon. Finally, the carbon is activated by gases such as steam or 

CO2 to increase its pore volume, pore size and surface area. However, a higher 

carbonization temperature generally leads to lower pore volume. In addition, a change 

in the R/C molar ratio of the starting solution to be used in the RFC synthesis results in 

a change in the final carbon microstructure. A lower R/C ratio also results in small 

polymer particles (3-5 nm) that have a higher density. Polymeric RF gels that are 

formed by small polymer particles generally have a high surface area and high 

compressive modulus; however, the gels shrink during the drying process. In the case of 

synthesis at high R/C ratios and formation by large polymer particles (16-200 nm), the 

RF gels have low surface areas and low compressive modulus. However, there is no 
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shrinkage after the drying process. 

 

1.5.2 Solvent exchange process
74, 75

 

Kraiwattanawong et al. reported that solvent exchange prior to drying of the 

hydrogels reduced the pore shrinkage, caused by capillary forces, and enhanced 

mesoporosity of carbon xerogels. 

 

1.5.3 Heat treatment process
76

 

The mesopore volume of an RFC support can be controlled by adjusting  

the carbonization and activation conditions. In addition, adjustment of the carbonization 

and activation process can be used for controlling the physical and electrochemical 

properties.  

 

1.6 Purpose of the research 

 

In order to prepare better CO-tolerant anode catalysts and understand the 

enhancement mechanism of CO tolerance, several studies have focused on the 

characteristics of active sites of PtRu structures, the third element to form an alloy, and 

other issues. However, there has been little investigation of the effects of the support 

structure and distribution of pore sizes, which can improve both the formation of PtRu 

particles and transportation of gases. Thus, this work mainly focused on the effect of 

support on CO tolerance. This thesis consists of 7 chapters. An outline of each chapter 

is as follows: 

 

Chapter 2: In experiments for which results are shown in Chapter 2, the effects of 

activation degrees of RFC supports were investigated. After resorcinol formaldehyde 

carbon gel had been prepared, the activation process with CO2 was carried out at 

different specific times to obtain various activation degrees of RFC supports. Then PtRu 

was deposited on these supports and CO tolerance was evaluated. 

 

Chapter 3: In experiments for which results are shown in Chapter 3, the effect of 

Ru:Pt ratio on two commercial supports were studied. PtRu/C catalysts with various 

Ru:Pt ratios were prepared on supports which different surface areas. The obtained 

catalysts were characterized mainly by XRD and their CO tolerance was evaluated 

using a PEFC single cell. 
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Chapter 4: In experiments for which results are shown in Chapter 4, the effect of 

mesoporous structure on CO tolerance was studied. By changing the resorcinol-to-

catalyst (R/C) ratio of the prepared RF carbon gels, the pore structures of obtained 

RFCs were different. Then PtRu were deposited on these supports, and BET surface 

area and pore distribution were examined. Finally, MEAs using these catalysts were 

evaluated for CO tolerance. 

 

Chapter 5: In experiments for which results are shown in Chapter 5, the effect of 

SnO2 decorated on a commercial carbon support was studied. A small amount of SnO2 

(2 wt%) was deposited on the carbon support before the PtRu catalyst preparation 

process. The obtained catalysts were characterized by XRD, FTIR and CO stripping. 

 

Chapter 6: In experiments for which results are shown in Chapter 6, the effect of 

Nafion
®

 content on CO tolerance of anode catalysts was studied. The prepared 

Pt2Ru3/RFC and commercial Pt2Ru3 catalysts were mixed with different amounts of 

Nafion
®

. These samples were tested by N2 adsorption for BET surface area and DH 

pore distribution. The MEAs using these anode catalysts were evaluated for CO 

tolerance. 

 

Chapter 7: The results of each chapter are summarized in Chapter 7. 
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Chapter 2 

 

Effect of Activation Degree of Resorcinol-Formaldehyde Carbon Gels  

on Carbon Monoxide Tolerance of Platinum-Ruthenium Polymer Electrolyte  

Fuel Cell Anode Catalyst 

 

2.1  Introduction 

 

Polymer electrolyte fuel cell (PEFC) is considered to become promising energy 

storage devices because of their low operating temperature, high power density and 

light weight. Key technologies for automotive, stationary and portable applications have 

been developed in academic, institutional, and industrial sectors
1
. In Japan, residential 

PEFC systems have been developed rapidly during the last 10 years. Osaka Gas has 

commercialized a residential gas engine co-generation system, also known as CHP 

(combined heat and power), in March, 2003. Recently, a 0.7-1.0 kW class PEFC 

cogeneration system has become available in Japanese residential market.
2
 A joint-

project led by Panasonic and Tokyo Gas also has reported a significant development in 

residential PEFC.
3
 Many other countries around the world also have been developing 

this battery system.
4-6

  

In order to utilize a PEFC for residential applications, the fuel source is considered 

the most important factor. Natural gas appears to be the best fuel as it is a hydrogen-rich 

gas. The primary route for the reforming of natural gas fuel for PEFC applications is 

steam reforming. However, fuel obtained through this route contains CO, which is an 

undesired byproduct because it strongly adsorbs onto the Pt surface used in PEFC, and 

seriously hinders the hydrogen oxidation reaction (HOR) which occurs at the anode  

Pt catalyst layer.
7, 8

 Electrode catalysts insensitive to CO poisoning are thus desired.  

For more than 30 years since its discovery, the only catalyst that can endure CO for 

practical uses has been a carbon-supported PtRu bimetallic catalyst. The function of Ru 

is to generate oxygen containing species, or to weaken Pt-CO bonding by reducing  

the d-electron deficiency of Pt atoms.
9
 Because of the limited availability of Ru, other 

metals that can substitute Ru have been sought after for more than a decade.
10-12

 

Although there has been significant effort to develop multi-metallic Pt-based anode 

electrocatalysts with higher CO tolerance, common use of PtRu bimetallic catalysts for 

anodes only permit less than 100 ppm CO at the anode inlet.
13
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It was found earlier that, in order to obtain a high CO tolerant PtRu catalyst,  its 

alloying degree should be high, its particle size should be about 3-5 nm, and its Pt:Ru 

molar ratio should be 2:3 (or 1:1.5). t was also shown that the size and alloying degree 

can be controlled by adjusting the preparation condition and heat treatment  

processe.
14-16

 Moreover, from the concept of strong metal support interactions (SMSI), 

structure of the catalyst support could influence physical and electrical properties of  

the catalyst significantly.
17, 18

 To investigate the effect of support, we chose resorcinol-

formaldehyde (RF) resin derived carbon gels because we can tailor its surface area and 

pore structure by adjusting synthesis conditions.  

Recently, some researchers reported the effects of carbon support structure on  

the performance of PtRu anode catalysts. It was found that the surface area, pore 

volume and accessibili ty to PtRu particles highly affects the efficiency of 

electrocatalysts.
19-21

 However, how the structure of the carbon support affects  

the formation of PtRu particles and how it affects the CO tolerance of the resulting 

catalyst is not understood yet.  

The aim of this present chapter is to clarify how the activation degree of the catalyst 

support affects the performance and CO tolerance of a carbon-gel based PtRu anode 

catalyst. Single cell analysis was conducted using fuels containing 0-2,000 ppm CO, 

and the results were compared with a well-known high CO tolerant commercial catalyst.  

 

2.2 Experimental 

 

2.2.1 Resorcinol-formaldehyde carbon gel preparation 

Resorcinol-formaldehyde (RF) solutions were prepared from resorcinol (R), 

formaldehyde (F), sodium carbonate (C), and distilled water (W). The molar ratios of 

resorcinol to catalyst (R/C), and resorcinol to formaldehyde (R/F), and the mass to 

volume ratio of resorcinol to water (R/W) were fixed to 1,000 mol/mol, 0.5 mol/mol, 

and 0.5 g/mL, respectively. The prepared RF solutions were first kept at room 

temperature until they transformed to gels. Then, the obtained RF hydrogels were aged 

at 60 °C for 3 days. Solvent was then exchanged by immersing the RF hydrogels in  

t-butanol kept at 60 °C for 3 days, the solvent was replaced every day. Then, the RF 

hydrogels were dried at 120 °C for 3 days before being carbonized. Carbonization was 

conducted in a 100 cm
3
-STP min

-1
 (ccm) flow of nitrogen gas. Samples were heated up 

to 250 °C at a 250 °C/h heating rate, and were kept at this temperature for 2 h. Heating 

was then continued at a rate of 250 °C/h until the temperature reached 1,000 °C and  
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the temperature was kept constant for 4 h. Activation was carried out in a 20 ccm CO2 

and 100 ccm N2 flow at 1,000 °C. Activation degree (or burn-off ratio) was calculated 

as follows: 

 

activation degree = weight loss after activation*100/weight before activation    (2.1) 

 

RF Carbons were named by their R/C ratio and activation degree, for example, 

RC1000ac0 denotes that the carbon was prepared at an R/C ratio of 1,000 without 

activation and RC1000ac58 indicates that the carbon was prepared under the same R/C 

ratio but was activation to a burn-off of 58%. 

  

2.2.2 Preparation of Pt2Ru3 anode catalysts  

The Pt2Ru3 anode catalyst were prepare through a three-step process. In the first 

step, the preparation of Pt/RC1000ac58, 189.6 mg of Pt(NH3)2(NO2)2 solution  

(4.554 wt% Pt, Tanaka Kikinzoku Kogyo K.K.) and 283.7 mg of RC1000ac58,  

283.7 mg in were mixed with 300 mL distilled water in a three-neck flask at room 

temperature (20 °C) for 1 h, Pt was then reduced by adding 30 mL of ethanol to  

the mixture and heating the mixture up to 95 °C followed by holding the mixture at this 

temperature overnight. After that, the catalysts were filtered out and washed with 

distilled water. Then the catalysts were dried in air at 80 °C for 10 h. In the second step, 

for example for the preparation of Pt2Ru3/RC1000ac58, 303.8 mg of RuCl3·nH2O 

(99.9%, Wako) was dissolved in 100 mL distilled water and the obtained solution was 

mixed with Pt/RC1000ac58 at room temperature for 1 h. Then Ru was reduced by 

adding 20 mL of methanol to the mixture and heating the mixture up to 70 °C followed 

by holding the mixture at this temperature overnight. After that, the obtained catalysts 

were filtered and washed with distilled water. Then the catalysts were dried in N2 at  

80 °C for 10 h. In the final step, the heat treatment process, the catalysts were reduced 

in H2/Ar (5 % H2) at room temperature for 1 h followed by rapid heating in He up to  

880 °C within 12 min. The oven was turned off when the temperature reached 880 °C to 

cool the catalysts immediately. Then, the catalysts were reduced again in H2/Ar  

(H2 5 %) at 150 °C for 2 h. Pt2Ru3/RC1000ac0, Pt2Ru3/RC1000ac37 and 

Pt2Ru3/RC1000ac88 were also prepared by the same method. A commercial catalyst 

Pt2Ru3/TKK TEC61E54 (Pt 29.6 %, Ru 23.0 %, Tanaka Kikinzoku Kogyo K.K.) was 

used as received for comparison. 
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2.2.3 Physical characterization 

In order to estimate the PtRu metal crystallite size, XRD patterns of the catalysts 

were measured using a X-ray diffractometer (RIGAKU, RINT 2000). The tube current 

used for Cu Kα radiation was 40 mA and the tube voltage was 40 kV.  

The angular region of the 2θ scan was set between 10 ° and 85 °, and the scan rate was  

1 ° min
−1

. The peak profile of the (220) reflection of Pt fcc structure was fitted with  

a Gaussian function. The crystallite sizes were evaluated from the position and width of 

the optimum Gaussian functions. Catalyst morphology was also investigated by using  

a Hitachi HD-2000 a scanning transmission electron microscope (STEM) instrument 

with electron energy of 200 kV and a beam current of 30 μA. Transmission electron 

microscopy (TEM) images were obtained with a JEM-2000FX (JEOL) equipped with 

LaB6 filament using an accelerating voltage of 200 kV.  

 

2.2.4 MEA preparation and single cell performance testing 

For preparation of the membrane electrode assembly (MEA), carbon paper (P50T) 

was used as the backing layers of the anode and cathode. Anode catalyst inks were 

prepared by dispersing PtRu/RC1000 catalysts in 4 drops of distilled water and ethanol 

with Nafion
®

 solution (5 wt% dispersion, Aldrich). Cathode catalyst ink was prepared 

by dispersing commercial catalyst TEC61E54, 54 wt% PtRu in distilled water and 

ethanol with Nafion
®

. In both electrodes, the catalysts were painted onto each electrode 

at a metal loading of 0.5 mg cm
-2

, followed by a coating of Nafion
®

 at density of  

0.5 mg cm
-2

. Finally, the anode and cathode (22 mm × 22 mm) were placed onto  

the two sides of a Nafion
®
 NRE-212 membrane (Aldrich) and hot-pressed at 135 °C and 

10 MPa for 20 min to form the MEA.  

The MEA was assembled into a single cell with flow field plates made of graphite 

and copper end plates attached to a heater (FC05-01SP, ElectroChem, Inc.). The single 

cell was connected to fuel cell test equipment (Chino Corp.). Pure H2 (or H2/CO 

mixture) and O2 were supplied at flow rates of 80 mL/min to the anode and cathode, 

respectively, at ambient pressure. During the measurement, the anode and cathode 

humidifiers were set at 70 °C and 68 °C, respectively, and a single cell was operated  

at 70 °C. 
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2.2.5 CO tolerance experiment 

The CO tolerance experiments were performed basically under the same conditions 

as single cell performance tests. But the current density was fixed at (0.2 A cm
-2

). 

Experiments were conducted by first providing pure H2 for one hour and then 100 ppm 

of CO was introduced in the H2 flow for 2 hours. Next, the CO concentration was 

increased to 500 ppm, 1,000 ppm and 2,000 ppm at an interval of 2 h.  

 

2.3  Results and Discussion 

 

2.3.1 Structural characterization-BET 

Table 2.1 shows the surface area of RF carbon RC1000 with various activation 

degrees from ac0 to ac88. As the activation degree was increased, the surface area and 

average pore diameter increased. Carbon RC1000Ac0 has a surface area of 633 m
2
 g

-1
, 

which is smaller than that of the carbon support of the commercial catalyst (823 m
2
 g

-1
). 

With an increase in activation degree from ac37 to ac88, surface areas increased from  

1,671 m
2
 g

-1 
to 3,429 m

2
 g

-1
. 

 

2.3.2 Structural characterization-XRD 

Fig. 2.1 shows the XRD patterns of Pt2Ru3/RC1000 with various activation degrees 

from ac 0 to ac 88 and the Pt2Ru3 commercial catalyst. All XRD data were summarized 

in Table 2.1. The peaks positioned at 2Ө degrees of 39.2 º, 42.9 º and 67.5 º 

(corresponding d-spacings are 2.30 Å, 2.11 Å and 1.39 Å, respectively), can be 

respectively assigned to the (111), (200), (220), and (311) planes of the face-centered 

cubic (fcc) crystal structure. The crystallite sizes were estimated from the (220) plane 

using the Scherer’s equation because there are no interferences from the carbon 

background. Pure 50 wt% Pt/RC1000ac48 was analyzed as a reference. 

 

Table 2.1 Relation between activation degrees and surface areas.  

RF gel RC 1000  Surface area of support 

 (m
2 

g
-1

)  

 AVG pore diameter 

(nm) 

ac0 

ac37 

ac58 

ac88 

commercial catalyst 

 633 

1671 

2775 

3429 

823 

 0.52 

0.57 

0.79 

1.22 

- 
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Table 2.2 XRD peak positions for (220) plane of Pt metal in the supported Pt2Ru3 and 

calculated metal crystal sizes.  

Catalyst  Pt (220) peak position 

(2Ө) (degrees) 

 Crystallite size  

(nm) 

ac0 

ac37 

ac58 

ac88 

commercial catalyst 

 68.75 

69.15 

69.47 

69.14 

68.83 

 2.48 

2.86 

2.81 

2.94 

3.48 

 

 

Fig. 2.1 XRD patterns of Pt2Ru3-commercial catalyst and prepared catalysts. 
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All diffractograms show the three peaks. These d-spacings are close to those 

characteristic of (111), (200) and (220) planes of the face-centered cubic (fcc) crystal 

structure Pt metal but shifted slightly. Thus, the results indicate all of the samples have  

a similar degree of alloying of Pt with Ru.  

It was found that Pt2Ru3 commercial catalyst has the largest PtRu particles  

(3.48 nm), followed by Pt2Ru3/RC1000ac88 and Pt2Ru3/RC1000ac37 (2.94 nm and  

2.86 nm, respectively). The crystallite size of Pt2Ru3/RC1000ac58 was calculated to be 

2.81 nm, and that of Pt2Ru3/RC1000ac0 was the smallest and was 2.48 nm. In the case 

of peak position, pure 50 wt% Pt/RC1000ac48 showed the peak of (220) plane at 67.5 º.  

A larger surface area was expected to result in a smaller PtRu crystallite size but 

from BET and XRD data, this was not the case. For example, the crystallite size of 

Pt2Ru3/RC1000ac88 which has the largest surface area but the crystallite size was  

2.86 nm, larger than or almost equal to that of Pt2Ru3/RC1000ac58 (2.81 nm) which has 

a much smaller surface area. As another example, the crystallite size of 

Pt2Ru3/RC1000ac0 is smaller than that of the commercial catalyst even though it has  

the smallest surface area. Therefore, the surface area of the support may not be  

the major factor which governs the crystallite size. 

 

2.3.3 Structural characterizations-STEM 

In order to understand how PtRu particles are formed on the surface of the catalyst 

support, STEM technique was used. Figs. 2.2 (A)-(F) shows STEM pictures of  

the Pt2Ru3 commercial catalyst, Pt2Ru3/RC1000ac0, Pt2Ru3/RC1000ac37, 

Pt2Ru3/RC1000ac58 and Pt2Ru3/RC1000ac88, respectively. Since only the micropore 

structure is changed by activation except for Pt2Ru3/RC1000ac88 (Figs. 2.2 (E)-(F), 

88 % activation degree), macro and mesopore structures are essentially identical.  

The comparison of the Pt2Ru3 commercial catalyst and all prepared catalysts clearly 

show that the dispersion of metal particles on the surface of prepared catalysts is much 

better than the commercial one. It should be noted that all catalysts were prepared based 

on the same metal content of about 53 %.   

Figs. 2.2 (B)-(E) showed that the carbon structure of the prepared catalysts were 

quite the same because all catalysts were prepared from the same RC1000 carbon 

through the same preparation process. It was observed that the PtRu particle size of 

Pt2Ru3/RC1000ac0 was much larger than other catalysts (different from XRD results).  

Unfortunately, in Fig. 2.2 (F) (bright field mode) the existence of agglomerated 

particles can be confirmed. Many pictures of Pt2Ru3/RC1000ac88 showed agglomerated 

particles located inside the carbon but not on its surface. It is possible that sintering 
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occurred as the micropores within the carbon are interconnected. Activation degree 

increases surface area via introduction of additional micropores but it was confirmed by 

STEM that the basic structure of RF carbons was not changed significantly.  

 

 

Fig. 2.2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2  STEM image: (A) commercial  Pt 2Ru3 /C, (B) Pt 2Ru3 /RC1000ac0,  

(C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, (E) Pt2Ru3/RC1000ac88, and  

(F) transmission mode of Pt2Ru3/RC1000ac88 at scale bars = 50 nm.    

 

2.3.4 Structural characterizations-TEM 

Fig. 2.3 shows the TEM pictures of the prepared catalysts and the commercial 

catalyst. Particle size distributions obtained from TEM pictures are also shown.  

The distributions focus on the range of 1-6 nm, as particles must have sizes in the range 
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about 3-5 nm to show high catalytic activities 16. About 200 particles per catalyst were 

measured to obtain these distributions. In Fig. 2.3 (A), TEM picture of the commercial 

catalyst; large metal particles with sizes around 9 nm can be found. The sizes of the 

metal particles were not uniform, ranging from 2 nm to 12 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 TEM  micrograph: (A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC1000ac0, 

(C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, and (E) Pt2Ru3/RC1000ac88  

at scale bars = 20 nm. 
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Fig. 2.3 (B), the TEM picture of Pt2Ru3/RC1000ac0, a catalyst with a lower surface area 

than commercial catalyst, shows that the PtRu particles are not uniform but the sized are 

a little bit smaller, in the range of 1-10 nm. Fig. 2.3 (C), reveals that the sizes of metal 

particles in Pt2Ru3/RC1000ac37 are much smaller (1-5 nm) and are quite uniform,  

Fig. 2.3 (D), shows that Pt2Ru3/RC1000ac58 has the most uniform sized particles in  

the range of 1-4 nm. As shown in Fig. 2.3 (E), although Pt2Ru3/RC1000ac88 has  

the largest surface area, the size of its PtRu particles is not as uniform as those of 

Pt2Ru3/RC1000ac58. It was found that the size of the metal particles size between 1 nm 

and 8 nm and a large particle (30 nm) was also found. This is consistent with  

Fig. 2.2 (F). These results clearly show that all the prepared catalysts have a narrower 

PtRu particle size distribution than the commercial catalyst, even RC1000ac0, which 

surface area is less than that of the commercial catalyst. This strongly suggests that  

the structure of the carbon support plays a major role in PtRu particle formation, not 

only its surface area. TEM pictures also show the effect of activation degree. The PtRu 

particle size distribution basically becomes narrower with the increase in activation 

degree (from ac0 to ac58), but when the degree becomes too large (ac88), large particles 

appear, probably due to the sintering through the developed micropore network of the 

highly activated carbon support.  

  

2.3.5 Performance and CO tolerance examination via single cell analysis 

Fig. 2.4 shows the current density-voltage curves and power density curves of 

electrodes constructed using the catalysts. The metal content in the entire of anode 

electrodes were 0.5 g cm
-2

. Fig. 2.4 (a), the power density curve of Pt2Ru3/RC1000ac37 

shows a maximum power density of 0.73 W cm
−2

 which value is higher than those of 

Pt2Ru3/RC1000ac58 and Pt2Ru3 commercial catalysts which are quite similar and are 

0.66 W cm
-2

 and 0.67 W cm
-2

, respectively. On the other hand, the current density of the 

commercial catalyst at 0.6 V potential is 0.9 A cm
-2

, lower than those of 

Pt2Ru3/RC1000ac58 and Pt2Ru3/RC1000ac37 which are 1.0 A cm
-2 

and 1.1 A cm
-2

, 

respectively. If we consider the three potential loss region, all catalysts except 

Pt2Ru3/RC1000ac0 show high activation polarization (reaction rate loss are low) in  

the first region. In the second region, the region of ohmic polarization (resistance loss), 

catalyst synthesis using a higher activation degree carbon, such as Pt2Ru3/RC1000ac58 

and Pt2Ru3/RC1000ac88 lose more potential due to their larger surface areas.  
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Fig. 2.4 Comparison of unit cell performance between current-voltage curves of 

electrodes and power density curves of electrodes with prepared and commercial 

catalysts as respective anode electrocatalyst: (a) full range (b) zoom at activity loss 

r a n g e :  ( A )  P t 2 R u 3 / C  c o m m e r c i a l  c a t a l y s t ,  ( B )  P t 2 R u 3 / R C 1 0 0 0 a c 0 ,  

(C) Pt2Ru3/RC1000ac37, (D) Pt2Ru3/RC1000ac58, and (E) Pt2Ru3/RC1000ac88.  

 

In the final region, region of concentration polarization (gas transport loss), not only 

catalysts synthesized using higher activation degree carbons such as 

Pt2Ru3/RC1000ac88 but also those synthesized using lower activation degree carbon 

such as Pt2Ru3/RC1000ac0 show a sharp drop of potential, indicating that optimizing 

the activation degree of the carbon support may also lead to gas transportation 
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enhancement. However, Fig. 2.4 (a) showed that Pt2Ru3/RC1000ac37 exhibits a better 

performance than that exhibited by The Pt2Ru3 commercial PtRu/C catalyst in a unit cell 

test. Fig. 2.4 (b), an enlarge portion of Fig. 2.4 (a) reveal that the order of the catalyst 

are Pt2Ru3/RC1000ac58 > Pt2Ru3/RC1000ac37 > Pt2Ru3/RC1000ac88 > Pt2Ru3 

commercial catalyst > Pt2Ru3/RC1000ac0. Better catalytic activity indicates  

the possibly of the enhancement of CO oxidation reaction, resulting in the enhancement 

of CO removal process.   

Therefore, we checked the CO tolerance of the catalysts Fig. 2.5 (a) shows  

the relation between cell efficiency and CO contamination. At the beginning, pure H2 

was fed to the anode side, and it was found that Pt2Ru3/RC1000ac58 showed the highest 

cell voltage of 0.787 V after the current density was fixed to 0.2 A cm
-2

 for 1 h, 

followed by 0.767 V of Pt2Ru3/RC1000ac37. Pt2Ru3/RC1000ac88 and the Pt2Ru3 

commercial catalyst showed cell voltages of 0.755 V and 0.748 V, respectively. 

Pt2Ru3/RC1000ac0 showed a cell voltage of 0.745 V for a few seconds but the voltage 

suddenly dropped to 0.667 V. Then, 100 ppm CO was mixed with the H2 and fed to  

the anode side of the cells. Pt2Ru3/RC1000ac58 still showed the highest performance 

although the cell voltage slightly decreased to 0.758 V after the current density was 

fixed at 0.2 A cm
-2

. The cell voltage of Pt2Ru3/RC1000ac37 decreased to 0.736 V, and 

that of Pt2Ru3/RC1000ac88 to 0.722 V. The Pt2Ru3 commercial catalyst showed a cell 

voltage of 0.719 V. That of Pt2Ru3/RC1000 ac0 was 0.635 V indicating that this catalyst 

still shows the lowest efficiency.  

The critical level of CO contamination is 500 ppm, which is thought to be the actual 

possible CO concentration in H2 from refineries and also from CO shift converters in 

residential gas systems. All of the reported catalysts including the Pt2Ru3 commercial 

catalyst, which is well known as the best CO tolerant catalyst, cannot tolerate this level. 

After 2 h at a fixed current density of 0.2 A cm
-2

, the cell voltage of the Pt2Ru3 

commercial catalyst dropped to 0.567 V, which indicates 24.2 % efficiency decrease.  

Surprisingly, all prepared catalysts, including Pt2Ru3/RC1000ac0 showed higher 

performances at this CO level. Pt2Ru3/RC1000ac58 still showed the highest cell voltage 

of at 0.72 V, which dropped by only 8.5% from when compared with the voltage of 

starting period. Cell voltage of Pt2Ru3/RC1000ac37, Pt2Ru3/RC1000ac88, and 

Pt2Ru3/RC1000ac0 were 0.704 V, 0.669 V and 0.593 V, respectively. 
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Fig. 2.5 (a) Effect of CO concentration on potential at 0.2 A cm
-2

. cell temp.: 70 
o
C; 

electrolyte: Nafion
®

 NRE 212; cathode: Pt/C (0.5 mg cm
-2

 ); O2 humidified at 68 
o
C; 

flow rate: 80 mL min
-1

; anode: Pt2Ru3/C (0.5 mg-PtRu cm
-2

); H2 containing 0 ppm,  

100 ppm, 500 ppm and 2,000 ppm CO humidified at 70
 o

C; flow rate: 80 mL min
-1

:  

(A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC1000ac0, (C) Pt2Ru3/RC1000ac37,  

(D) Pt2Ru3/RC1000ac58, and (E) Pt2Ru3/RC1000ac88,  

(b) Comparison of surface area (m
2
 g

-1
) and potential at 0.2 A cm

-2
 in the presence of 

CO 1,000 ppm (V) contamination by single cell performance and the second axis 

presenting the sample standard deviation (SSD) of PtRu particle dispersion as observed 

by TEM. 
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CO tolerance analysis at 2,000 ppm confirmed that all of the prepared catalysts 

show a better CO tolerance than the commercial catalyst. The catalyst showing  

the highest performance and the order among the catalysts did not change.  

Pt2Ru3/RC1000ac58 showed a cell voltage of 0.655 V (0.132 V or only 16.8 % 

overvoltage). The cell voltages of Pt2Ru3/RC1000ac37, Pt2Ru3/RC1000ac88, and 

Pt2Ru3/RC1000ac0 were 0.556 V, 0.583 V and 0.514 V, respectively. On the other 

hand, the Pt2Ru3 commercial catalyst generated only 0.394 V, 0.354 V or 47.3 % 

overvoltage. 

The commercial catalyst is well known for its high CO tolerance, but this 

investigation reveals that Pt2Ru3/RC1000ac37, Pt2Ru3/RC1000ac58, and 

Pt2Ru3/RC1000ac88 anode catalysts show higher performance than the Pt2Ru3 

commercial catalyst in the CO concentration rage from 500 ppm to 2,000 ppm.  

Even PtRu/RC1000ac0, the catalyst showing the lowest performance, showed a higher 

efficiency than the commercial catalyst. Especially the over potential of 

Pt2Ru3/RC1000ac58 at 2,000 ppm, CO contamination was 0.132 V (16.8 %) which is 

much lower than that of the commercial catalyst (0.354 V, 47.3 %). Activation degree 

of the support highly affects the CO tolerance of the resulting catalyst. Fig. 2.5 (b) 

shows the relation between the potential at 0.2 A cm
-2

 in the presence of 1,000 ppm CO 

and the surface area of the catalyst support, it can be seen that an optimum surface area 

which the highest potential exits. Moreover, the standard deviation of PtRu particle size 

observed by TEM confirmed the higher uniformity of particle size. Adjusting  

the activation degree of the catalyst support is thought to have led to the optimization of 

micropore structure, resulting in the uniform dispersion of catalyst particles.  

 

2.4  Conclusion 

 

Resorcinol-formaldehyde carbon gels with various volumes of micropores were 

prepared by changing the degree of CO2 activation from 0 % to 88 %. Pt and Ru 

nanoparticles were dispersed on these carbons by a rapid quenching method.  

The crystallite sizes of the PtRu particles within the prepared catalysts were smaller 

than those in a typical commercial catalyst. STEM pictures show that increasing  

the degree of activation, leads to a better distribution of PtRu particles on the surface of 

carbon. TEM pictures also showed the same trend that a higher degree of activation, 

leads to  smal ler  P tRu part ic les ,  but  when the degree  becomes  too  large 

(Pt2Ru3/RC1000ac88), large particle tend to be formed inside the carbon. Micorpores 

play an important role to stabilized PtRu particles on the support surface but too high 
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volume of micropore increase the electrical resistance of the cell. Finally, single cell 

experiments were performed. With pure H2, cell voltage of all anode catalysts at  

a constant current of 0.2 A cm
-2

 was in the range of 0.759-0.795 V, except that of 

Pt2Ru3/RC1000ac0 (0.66 V). After CO was introduced to H 2 from 100 ppm to  

2000 ppm, the decrease in the cell voltage of the prepared showed was much smaller 

than that commercial catalyst showed. When the contamination level reached 500 ppm 

even Pt2Ru3/RC1000ac0 generated a higher potential than the commercial catalyst. 

Pt2Ru3/RC1000ac58, which is thought to be prepared with the carbon support having 

the optimum degree of activation, showed the best performance due to its proper carbon 

micropore structure which allows the uniform dispersion of PtRu particles. From this 

study, it was shown that adjusting the degree of activation of the carbon support leads to 

the efficient loading of PtRu particles, both in terms of particle size and distribution 

resulting in a higher performance and higher CO tolerance. 
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Chapter 3 

 

Effect of Carbon Supports on Alloying Degree: CO Tolerance  

of PtRu/C PEFC Anode Catalysts Study  

 

3.1 Introduction 

 

Commercialization of residential polymer electrolyte fuel cells (PEFCs) is hindered 

by the severe damage of anode catalysts caused by CO contamination. There have been 

many reports on enhancement of CO tolerance.
1-3

 The most widely used method for 

achieving CO tolerance enhancement is by alloying Pt with other metal elements such 

as Ru, Mo, and Sn.
4-7

 Ru was found to be the best second metal element for increasing 

the CO tolerance of Pt catalysts.
8-12

 There are two theories regarding the role of Ru as 

second metal element. One theory is the bifunctional mechanism, by which Ru helps Pt 

to maintain its catalytic activity by activating a CO water-gas shift reaction.
13, 14

  

The other theory is the ligand effect, by which Ru reduces the bond energy of Pt-CO so 

that the electronical CO oxidation ability is increased.
15-17 

Regarding the ligand effect,  

it would be interesting to investigate how the nanostructure of Ru incorporated with Pt 

in PtRu particles affects the catalytic activity of the PtRu/C anode catalyst. Many efforts 

have been made to develop new synthetic routes in order to fabricate a highly catalytic 

and highly CO-tolerant PtRu nanostructure. There have been reports on PtRu prepared 

by an impregnation method, colloidal method, nanocapsule method and rapid quenching 

method (our laboratory method).
18, 19

 The resulted PtRu alloy nanoparticles obtained by 

using these methods have various nanostructures and degrees of alloying. The degree of 

alloying is defined as the ratio of the amount of alloyed Ru (Rual) to the total amount of 

Ru (Rutot), which is given by  

  

xRu = [
Rual

Pt+Rual
]             (3.1) 

 

Rual

Rutot
=

Rual
Pt

Rutot
Pt

=
XRu

(1−XRu)×
Rutot

Pt

           (3.2) 

 

where Rutot is the Ru atomic content in the Pt-Ru alloy catalyst and XRu is the Ru atomic 

fraction. The degree of alloying can be determined by changing the lattice parameter. 

The Ru atomic fraction (XRu) is estimated by Vegard’s law: 
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xRu = [
aul−a0

as−a0
]             (3.3) 

 

where aul is the lattice parameter obtained from a Pt peak of an X-ray diffraction pattern, 

and a0 and as are lattice parameters of bulk Pt and PtRu, respectively.  

 

In this work, PtRu/C catalysts with different degrees of alloying were prepared by 

changing the Ru:Pt molar ratio and carbon support. The two commercial carbon 

supports used have different BET surface areas. One of them, Ketjenbalck (KB) 300J, 

also known as E support in Japan, has a low BET surface area and has been widely used 

for the preparation of PEFC catalysts. The other, Ketjenblack (KB) 600JD, has a large 

BET surface area and is relatively new in the market.
20

 Investigation of the CO 

tolerance of PtRu/C catalysts prepared using KB600JD would therefore be interesting.      

 

3.2 Experimental 

 

3.2.1 Catalysts synthetic procedures materials and methods  

Eight PtRu/C catalysts were prepared in this work. Four of the catalysts were 

prepared with different nominal Ru:Pt molar ratios, 1.0, 1.3, 1.5 and 2.0 using 

commercial KB300J (carbon ECP300J of LION Corporation) as  

a support. The other four catalysts were prepared in the same manner but using  

KB600JD carbon (carbon ECP600JD of LION Corporation) as a support. The PtRu/C 

catalysts that were prepared are denoted as Ex or JDx, where E and JD stand for  

KB300J and KB600JD, respectively, while x is the nominal molar ratio between Ru and 

Pt. For example, E1.0 refers to the catalyst prepared from KB300J carbon with  

a nominal Ru:Pt molar ratio of 1.0, while JD2.0 refers to the catalysts prepared from  

KB600JD carbon with a nominal Ru:Pt molar ratio of 2.0. Note that E1.3, E1.5, JD1.3, 

and JD1.5 will be test for all experiments. 

 

For preparation of the E1.0 catalyst, 0.57 g of carbon ECP and 8.31 g of 4.571% 

Pt(C2H5)2(NH2)2 aqueous solution (4.554 wt% Pt, Tanaka Kikinzoku Kogyo 

Corporation) were mixed thoroughly with an appropriate amount of distilled water and 

30 mL of ethanol and then the solution was stirred and heated at 95 C overnight.  

The obtained Pt/C powder containing 40% of Pt was washed, filtrated, and dried at  

80 C in an N2 flow for 10 h. then 0.67 g of the 40% Pt/C and 0.33 g of 85% RuCl3 
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were mixed thoroughly with an appropriate amount of distilled water and 10 mL of 

methanol and the solution was stirred and heated at 70 C overnight. The obtained 

powder was washed, filtrated, and dried at 80 C in an N2 flow for 10 h and then 

reduced by 5% H2/Ar mixture gas at room temperature for 1 h. After the remaining H2 

had been completely purged He, the temperature was increased as rapidly as possible. 

When the temperature reached 880 C, the heating process was immediately stopped. 

After cooling to room temperature, the catalyst was reduced again at 150 C for 2 h. In 

this way we could prepare PtRu/C catalysts having Pt and Ru dispersed atomically. 

PtRu/C catalysts prepared with a Ru:Pt molar ratio of 1.5 were found to have higher CO 

tolerance than that of a commercial catalyst having the same Ru:Pt molar ratio.
21, 22

   

E1.3, E1.5 and E2.0 catalysts were prepared in the same manner except that the 

amount of RuCl3 were changed, and by changed the carbon support to KB600JD, JDx 

catalysts were prepared. A commercial catalyst Pt2Ru3/TKK TEC61E54 (Pt 29.6 %, Ru 

23.0 %, Tanaka Kikinzoku Kogyo K.K.) or TKK1.5 was used as received for 

comparison. 

 

3.2.1 Physical characterization 

Nitrogen adsorption isotherms of all of the samples were measured at -196.15 °C 

using an adsorption apparatus (BELSORP-mini, BEL Japan). The specific surface areas 

were calculated from BET plots, and pore size distribution and mesopore volume were 

calculated from Dollimore–Heal (DH) plots. Mesopores were defined as pores with 

diameters between 2 and 100 nm. 

 

3.2.2 X-ray diffraction (XRD) 

XRD measurement was performed using RINT2000 (RIGAKU Corp.). The X-ray 

used was Kα operated at 40 kV and 20 mA. Each measurement was performed in the 

range of 2 between 60 ° and 80 °. Data were obtained every 0.02 ° with a scan speed of  

0.2 step s
-1

. In each XRD pattern, the peak of platinum at 2 equaled to 67.5 ° could be 

assigned to Pt (220) and was selected for metal particle size calculation because it was 

not interfered by any other peaks. Metal particle size was calculated by using Scherrer 

equation. The lattice parameter was also calculated from the position of the Pt (220) 

peak. The obtained lattice parameter was used for the calculation of the alloying degree 

of the catalyst.
23, 24
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3.2.3 Transmission electron microscopy (TEM) 

The structures of catalysts were investigated using a Hitachi HD-2000 scanning 

transmission electron microscope (STEM) with electron energy of 200 kV and a beam 

current of 30 μA. For each sample, at least 200 PtRu particles were counted to obtain 

the precise PtRu particle distribution. 

 

3.2.4 PEFC single cell performance and CO tolerance test 

The PtRu/C catalysts that were prepared were tested for their CO tolerance when 

used as anodes in PEFCs. The anode was made by painting previously prepared carbon 

paper with catalyst ink. To prepare the carbon paper, carbon slurry was made by mixing 

ca. 11% of PTFE dispersion mixture (Aldrich) with XC72R carbon powder (Vulcan) so 

that the weight ratio between PTFE and carbon was 2:3. Then P50T carbon paper 

(AvCarb) was painted with the slurry. After being dried and calcined at 350 C for 1 h, 

the carbon paper was ready to accommodate anode and cathode catalysts. For making 

the anode, the carbon paper was painted with the prepared catalysts so that the metal in 

the catalysts was loaded on the carbon paper at a density of 0.5 mg cm
-2

. The cathode 

was made in the same manner, but a Pt/C commercial catalyst (46 wt%, TKK 

TEC10E50) was used instead. The catalyst ink, for painting the carbon paper, was made 

by mixing a catalyst with 5% of Nafion
®

 dispersion mixture (Aldrich) at the 

catalyst:Nafion
®
 weight ratio of 9:1. 

After an anode and a cathode had been made, each was cut to the size of 2.2 cm  

x 2.2 cm size and placed on both sides of a 4.0 cm x 4.0 cm Nafion
®

 membrane with  

the catalyst surface facing the membrane. Then this set was pressed using a 10 kN force 

at 128 C for 20 min so that a membrane electrode assembly (MEA) could be obtained. 

The MEA was set in a PEFC single cell connected with a fuel cell testing system 

FC5100 Series (Chino) and potentiostat-galvanostat Metrohm Autolab B.V. 

PGSTAT302N (Autolab) coupled with an Autolab 10 A current booster BSTR 10A  

(Eco Chemie). Then I-V curves were obtained at 70 C with H2 gas (anode side) and O2 

gas (cathode side) flow rates of 80 mL min
-1

 and cell voltage of 0.2 A cm
-2

. After the 

system reached a steady state, CO tolerance was tested by measuring the cell voltage at 

a constant current density of 0.2 A cm
-2

 for 9 h. First, pure H2 was fed to the cell for 1 h 

(recorded as cell voltage at 0 ppm CO) and then 100 ppm of CO with H2 was introduced 

to the cell for 2 h. The concentration of CO was increased to 500 ppm, 1,000 ppm and 

finally 2000 ppm for every 2 h.  
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3.2.5 CO stripping measurement 

The catalyst ink was prepared by mixing 6.0 mg of a catalyst with 2 mL of water,  

3 mL of ethanol, and 50 µL of 5% Nafion
®
 mixture. Then a glassy carbon electronde 

was coated with 30 µL of the resulting catalyst ink. After driing in an 80 C vacuum 

oven for 30 min, the electrode was set as a working electrode in a glass vessel 

containing 0.10 M of HClO4 solution and connected to a Solartron Analytical 1280C 

Electrochemical Test System. A Pt wire was used as a counter electrode, and an 

Ag/AgCl electrode was used as a reference electrode. Before CO gas was introduced 

into the system, oxygen dissolved in the HClO4 solution was removed by an Ar flow for 

15 min and then the working electrode was cleaned by performing cyclic 

voltammogram for 10 cycles with a scan speed of 50 mV s
-1

. The voltage range used 

was the same as that for CO stripping to be performed later, i.e., 0.05 V to 1.2 V vs 

RHE. Then CO gas was introduced into the system for 10 min to let CO adsorb on the 

catalyst on the working electrode, and the solution was purged with Ar gas for 15 min. 

The potential during CO adsorption and Ar purging was kept constant at 0.1 V vs RHE. 

In all cases, the gas flow rate was 200 mL min
-1

. After Ar purging, CO stripping was 

performed with a scan speed of 10 mV s
-1

.    

 

3.3 Results and Discussion 

 

3.3.1 Surface area and pore distribution  

Nitrogen gas adsorption properties are summarized in Table 3.1. The BET 

surface area of KB600JD (1,627 m
2
g

-1
) was about two-times larger than that of 

KB300J (789 m
2
g

-1
). The pore size distribution derived by using the DH method 

is shown in Fig. 3.1. The mesopore volume of KB600JD was also significantly 

larger than that of KB300J. The mode average (most frequently occurring 

number) of pore diameters of both supports was 3.8 nm. 

  

Table 3.1 BET surface areas and pore volumes of carbon supports. 

Carbon support BET surface 

area(m
2
 g

-1
) 

Average pore 

diameter (nm) 

Mesopore volume 

(cm
3
 g

-1
) 

KB300J 789 5.44 0.96 

KB600JD 1627 6.28 2.4 
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Fig. 3.1 Pore size distribution of A) ECP300J and B) ECP600JD.  

 

3.3.2 X-ray diffraction (XRD) 

XRD measurements were performed, and the metal particle sizes and 

alloying degrees of the prepared catalysts were calculated, and the effects of 

particle size and alloying degree on CO tolerance of the catalysts were examined. 

Fig. 3.2 shows XRD patterns of the prepared E1.3, E1.5, JD1.3 and JD1.5 

catalysts. The Pt (220) peak positions and the data calculated from XRD patterns 

of the E1.3, E1.5, JD1.3 and JD1.5 catalysts are shown in Table 3.2. It can be 

seen that the XRD peaks of JDx catalysts were broader than those of Ex catalysts. 

Therefore, smaller PtRu metal particles could be obtained. The pore distribution 

data showed that KB600JD had a large volume of micropores and small 

mesopores. These pores can improve the anchoring size and dispersion of 

nanoparticles
21

. However, the good anchoring support might prevent good 

alloying of Pt and Ru. The catalysts using KB 300J supports (E1.3 and E1.5) had 

higher degrees of alloying (about 80%) than those of JD1.3 and JD1.5 (50-70%). 

Therefore, it can be seen that the carbon support had an impact on alloying 

degree of the resulted catalysts.  

 

A) 

B) 
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Fig. 3.2 XRD patterns of E1.3, E1.5, JD1.3 and JD1.5 catalysts. 

 

Table 3.2 Structural parameters of the prepared PtRu/C catalysts obtained and 

calculated from XRD patterns.  

Catalyst Pt (220) 

position  

(degree) 

Crystallite 

size (nm) 

Lattice 

constant 

(nm) 

Ru atomic 

fraction in 

PtRu (-) 

Alloying 

degree of 

PtRu (%) 

E1.3 68.89 2.0 0.3852 0.51 80 

E1.5 68.99 2.3 0.3848 0.55 80 

JD1.3 68.79 1.4 0.3857 0.47 68 

JD1.5 68.73 1.4 0.3860 0.44 53 

 

3.3.3 Transmission electron microscopy (TEM) 

Fig. 3.3 shows TEM images of E1.3, JD1.3, and TKK1.5 catalysts. It can be seen 

that PtRu particles in TKK1.5 and E1.3 catalysts were not uniformly dispersed and their 

sizes varied from 1 nm to more than 10 nm. On the other hand, in the case of JD1.3,  

the sizes of PtRu particles were quite uniform in the range of 1-6 nm (mostly in the rage 

of 2.5-3.0 nm).  Moreover, the average PtRu particle sizes of TKK1.5 (4.2 nm) and E1.3 

(3.0 nm) were slightly larger than that of JD1.3 (2.7 nm). Although the average particle 

sizes obtained by TEM are larger than those obtained from XRD, the trends of  

the particle sizes in the catalysts are similar. 
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Fig. 3.3 TEM images of E1.3, JD1.3 and TKK1.5 catalysts. 

 

3.3.4 Performance and CO tolerance  

The cell voltages at 0.2 A cm
-2

 at different CO concentrations in the anode gas 

when PtRu/C catalysts prepared in this work were used at the anode are shown in  

Table 3.3. Before CO gas was introduced into the system, the cell voltages were about  

0.75-0.76 V. When the concentration of CO was increased, the cell voltage dropped step 

by step. However, in all cases even at a CO concentration of 2,000 ppm the cell voltages 

were higher than 0.3 V. Table 3.3 showed also the result of TKK1.5, a commercial 

PtRu/C catalyst, for comparison. This TKK1.5 catalyst (Tanaka Kikinzoku Kokyu) 

having a Ru:Pt molar ratio of 1.5, is known to be a very high CO-tolerant catalyst.  

We then use the data in Table 3.3 to plot graphs to see more clearly how the type of 

carbon support and the Ru:Pt molar ratio affected the CO tolerance of the prepared 

PtRu/C catalysts.   

Fig. 3.4 shows how different Ru:Pt molar ratios in the Ex catalysts affected 

the CO tolerance of anode catalyst. At CO concentrations up to 100 ppm, change in the 

Ru:Pt molar ratio had almost no effect on CO tolerance for any of the prepared PtRu/C 

catalysts. The results in Fig. 3.4 also suggest that the best Ru:Pt ratio for improving  

the CO tolerance of Ex catalysts used at the anode is 1.3. Fig. 3.5 shows how different 

Ru:Pt molar ratios in JDx catalysts affected CO tolerance of anode catalysts. Even when 

the carbon support was changed to KB600JD, the best Ru:Pt molar ratio for improving 

CO tolerance of the catalysts was still 1.3. 
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Table 3.3 Cell voltages at 0.2 A cm
-2

 at different CO concentrations in anode gas when 

PtRu/C catalysts prepared in this work were used at the anode.
a)

  

Ru:Pt 

molar ratio 
Catalyst name 

CO concentration (ppm) 

0 100 500 1000 2000 

1.0 
E1.0 0.76 0.72 0.54 0.40 0.34 

JD1.0 0.75 0.71 0.60 0.47 0.36 

1.3 
E1.3 0.75 0.72 0.66 0.57 0.40 

JD1.3 0.75 0.72 0.67 0.63 0.47 

1.5 
E1.5 0.74 0.72 0.65 0.52 0.39 

JD1.5 0.75 0.70 0.62 0.48 0.40 

 TKK1.5 0.74 0.69 0.57 0.44 0.39 

2.0 
E2.0 0.75 0.71 0.51 0.41 0.33 

JD2.0 0.74 0.70 0.58 0.47 0.38 
a)

 Cell temperature: 70 C, electrolyte: Nafion
®
 NRE 212, cathode: Pt/C (0.5 mg cm

-2
), 

O2 humidified at 68 C, flow rate: 80 mL min
-1

, anode: Ex, JDx and TKK1.5 catalysts, 

H2 containing 0 ppm, 100 ppm, 500 ppm, 1,000 ppm, and 2,000 ppm CO humidified at 

70 C, flow rate: 80 mL min
-1

.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Effect of CO concentration on cell voltage at 0.2 A cm
-2

. Cell temp.: 70
 o

C, 

electrolyte: Nafion
®

 NRE 212, cathode: Pt/C (0.5 mg-Pt cm
-2

), O2 humidified at 68
 o

C, 

flow rate: 80 mL min
-1

, Anode: Ex catalysts (0.5 mg-PtRu cm
-2

), H2 containing 0 ppm, 

100 ppm, 500 ppm , and 2,000 ppm CO humidified at 70
 o
C, Flow rate: 80 mL min

-1
. 
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Fig. 3.5 Effect of CO concentration on cell voltage at 0.2 A cm
-2

. Cell temp.: 70 
o
C, 

electrolyte: Nafion
® 

NRE 212, cathode: Pt/C (0.5 mg-Pt cm
-2

), O2 humidified at 68
 o

C, 

flow rate: 80 mL min
-1

, anode: JDx (0.5 mg-PtRu cm
-2

), H2 containing 0 ppm, 100 ppm, 

500 ppm, and 2,000 ppm CO humidified at 70
 o
C, flow rate: 80 mL min

-1
. 

 

In order to make a detailed comparison, only four catalysts (E1.3, E1.5, JD1.3 and 

JD1.5) were focused and compared with the commercial catalyst as shown in Fig. 3.6.  

It can be seen that JD1.3 exhibited the highest CO tolerance. This result suggests that 

different carbon supports can assist the addition of Ru for improvement of Pt catalysts 

differently, and if the carbon support can provide good assistance, a PtRu/C catalyst can 

maintain its CO-tolerant ability even at high levels of CO concentrations. It is well 

known that the best Ru:Pt molar ratio for CO tolerant PtRu anode catalyst is 1.5.
25

 

However, from the results in this work, it can be concluded that an Ru:Pt ratio of 1.3, 

having a smaller amount of Ru, could be used to achieve the same and even higher level 

of CO tolerance when carbon KB300J or KB600JD was used as a the carbon support.   
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Fig. 3.6 Effect of CO concentration on potential at 0.2 A cm
-2

. Cell temp.: 70 
o
C, 

electrolyte: Nafion
®

 NRE 212, cathode: Pt/C (0.5 mg-Pt cm
-2

), O2 humidified at 68
 o

C, 

flow rate: 80 mL min
-1

, anode: E1.3, E1.5, JD1.3, JD1.5, and TKK1.5 (0.5 mg-PtRu  

cm
-2

), H2 containing 0 ppm, 100 ppm, 500 ppm, and 2,000 ppm CO humidified at  

70 
o
C, flow rate: 80 mL min

-1
. 

 

 

3.3.5 CO stripping 

A CO stripping experiment was performed to determine the relationship between 

electrooxidation activity of the catalysts and CO tolerance of the catalysts. Fig. 3.7 

shows the results of CO stripping measurements of E1.3, E1.5, JD1.3, and JD1.5 

catalysts. For all catalysts, the onset position or potential used to start CO oxidation are 

similar because they all are PtRu alloyed catalysts. From the area of each CO stripping 

peak, the energy involved in the CO oxidation process was calculated. This energy 

reflects the amount of adsorbed CO, which reflects the amount of adsorption sites.  

At higher Ru content, the number of charge coverage (CO adsorption sites) decreased. 

This should be due to the fact that Ru (non-alloyed) atoms covered some of the Pt 

adsorption sites.  

It can be seen that not only the degree of alloying but also the charge coverage has 

 a significant impact on CO tolerance. JD1.3, which had the highest CO tolerance 
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catalyst, had an alloying degree lower than those of the E catalysts but had the largest 

charge coverage. The E1.3 catalyst, the second-best CO-tolerant catalyst in this work, 

has both a high alloying degree and large charge coverage. The E1.5 catalyst had  

a slightly lower charge coverage than that of JD1.5. However, its alloying degree was 

much higher than that of JD1.5. This could sufficiently enhance the CO tolerance of 

E1.5 to overcome  that of  JD1.5. In case of the  support with lower surface area, the KB 

300J carbon, it is thought that Ru can easily reach Pt particles, resulting in the formation 

of PtRu particles  with high alloying degrees. However, the sizes of PtRu particles will 

be large due to the ease in sintering, which causes a decrease in charge coverage. This 

should be the reason why the alloying degrees of E1.3 and E1.5 were higher than those 

of JD1.3 and JD1.5. On the other hand, a larger surface area of the carbon support 

provides more space for the formation of smaller PtRu particles as shown by XRD 

results and TEM images. Their alloying degrees are, however, lower because of difficult 

accessibility of Ru to Pt molecules and the size limit of the small PtRu particles. 

  

Fig. 3.7 CO stripping results for E1.3, E1.5, JD1.3 and JD1.5 catalysts recorded during 

potential cycling with 10 mV s
-1

 from 0.05 V to 1.2 V vs RHE in 75 mL of 0.1 M 

HClO4 at 25 oC. Prior to the measurement, HClO4 solution was cleaned by Ar gas flow 

for 15 min and then CV measurement between the above-mentioned potentials was 

performed for 10 cycles with a scan speed of 50 mV s
-1

. Then CO gas was introduced 

into the system for 10 min to let CO adsorb on the catalysts and then the solution was 

purged with Ar gas for 15 min. The potential during CO adsorption and Ar purging was 

kept constant at 0.1 V vs RHE. In all cases the gas flow rates were 200 mL min
-1

. 
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In the CO tolerance mechanism, Ru-Pt bonding contributes to CO oxidation, but 

Ru-Ru bonding does not. Therefore, the Ru atomic fraction in PtRu was used together 

with the charge coverage to estimate CO tolerance property. A new parameter called the 

“Ru-Pt surface relative bonding ratio” was obtain by multiplying the Ru atomic fraction 

in PtRu by charge coverage, and the results of calculation are shown in Table 3.4. It can 

be seen that the Ru-Pt surface relative bonding ratio (JD1.3 > E1.3 > E1.5 > JD1.5 > 

TKK1.5) agree well with the sequence of the cell voltage at 1,000 ppm CO. 

 

Table 3.4 Ru-Pt surface relative bonding ratios of the prepared PtRu/C E1.3, E1.5, 

JD1.3, JD1.5, and TKK1.5 catalysts obtained from the Ru atomic fraction in PtRu and 

charge coverage.  

 

Catalyst 

Ru atomic 

fraction in 

PtRu (-) 

Charge 

coverage 

(μC gPtRu
-1

) 

Surface relative ratio 

of PtRu bonding        

(μC gPtRu
-1

) 

Cell voltage at 

1,000 ppm CO 

contamination (V) 

E1.3 0.509 59.1 30.1 0.57 

E1.5 0.549 50.0 27.5 0.52 

JD1.3 0.469 65.4 30.7 0.63 

JD1.5 0.444 52.9  23.5 0.48 

TKK1.5 0.500 45.1 22.5 0.44 

 

3.4 Conclusion 

 

By using different nominal Ru:Pt molar ratios and carbon supports with different 

BET surface areas, we prepared PtRu/C anode catalysts with various degrees of 

alloying. In case of KB300J (E series), a support with a relatively small surface area, 

was employed, Ru could easily mix and form a good alloy with Pt and consequently the 

Ru atomic fraction and alloying degree were high. Not only the alloying degree but also 

the charge coverage was found to be a key factor. The catalysts prepared using  

KB600JD (JD series), which had a larger surface area, had smaller PtRu nanoparticles 

and thus a larger number of CO oxidation active sites, which led to enhancement of CO 

tolerance. Ru-Pt bonding does contribute to CO oxidation, but Ru-Ru bonding does not, 

suggesting that the Ru atomic fraction in PtRu is a major factor together with charge 

coverage contributing to the improvement of CO tolerance. A new parameter, Ru-Pt 

surface relative bonding ratio, was obtained by multiplying the Ru atomic fraction in 

PtRu by the charge coverage, and it was found to agree well with the CO tolerance of 

PtRu catalysts. This parameter could be optimized by a proper selection of the carbon 

support. 
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Chapter 4 

Effect of the Mesopores of Carbon Supports on the CO Tolerance  

of Pt2Ru3 PEFC Anode Catalysts 

 

4.1 Introduction 

   

As mentioned in the previous chapter, Pt-Ru alloy can enhance the CO tolerance of 

Pt-Ru catalysts presumably by the bifuctional mechanism
1
 and/or ligand effect.

2
 

Moreover, results from chapters 2 and 3 reveal that carbon support plays a major role in 

enhancing CO tolerance of PtRu anode catalysts. Many studies report that the CO 

acceptant limit is lower than 100 ppm
3-6

 while in chapter 2, we reported that the cell 

voltage drop at 1,000 ppm CO contamination for Pt2Ru3/RC1000ac58 catalyst was less 

than 10 %. Although the effect of the support remains unclear, many studies have been 

focusing on its porous structure. The effects of porous structure of many carbon 

supports on cell voltage have been investigated and the porous structure of the support  

found to significantly affect  the efficiency of the electrocatalyst and their  

CO tolerance.
7-14

 

In order to understand the effect of porous structure, the pore adjustable carbon is 

necessary. The resorcinol-formaldehyde carbon gels (RFC) is the one of the most 

interesting materials to be used as a support. Their surface area, pore diameter, and 

structure are tunable by varying synthesis condition.  Two simple ways to control  

the porous structure of RFCs are to adjust the ratio of resorcinol to catalyst (R/C) of its 

starting solution and to adjust its activation degree (as in chapter 2) . In addition,  

there are some studies using RFC as a support for electrode catalysts of cathodes
15, 16

 as 

well as anodes.
17

 The effect of activation degree has already been reported.
18

  

To synthesize RFC, first resorcinol and formaldehyde are polymerized using a base 

catalyst. The main reaction is a condensation reaction which leads to the formation of 

compounds that have methylene and methylene ether bridge. Such oligomers form 

clusters that agglomerate to colloidal particles. These particles coagulate and form a wet 

gel (hydrogel). Next the hydrogel is dried so that the solvent trapped in its structure is 

removed. Then the dried gel is heat-treated in an inert atmosphere and is transformed to 

carbon. Generally a higher carbonization temperature leads to a lower pore volume of 

the resulting carbon. Finally the carbon is activated by gases such as steam or CO2 to 

increase its pore volume, pore size and surface area.
19-22

 By changing the R/C molar 

ratio in the starting solution used for RFC synthesis, the microstructure of the final 
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carbons can be varied.
21,  23

 A lower R/C ratio results in small polymer particles (3-5 nm) 

which have a higher density. Polymeric RF gels, formed by small -sized polymer 

particles, generally have a high surface area and high compressive modulus. However, 

the gels tend to shrink when dried. Whereas RF gels synthesized at high R/C ratios, 

which are formed by large polymer particles (16-200 nm) and have low surface area and 

low compressive modulus, are hardly shrink when dried.  

In this study, we focused on porous structure and investigated the effect of R/C ratio 

of the starting solution on electrochemical performance of the resulting catalysts.  

As the R/C ratio hardly affects the surface area of the resulting RFC, the direct effect of 

pore structure on electrochemical property could be clarified. 

 

4.2 Experimental 

 

4.2.1 Resorcinol-formaldehyde carbon gel (RFC) preparation 

A resorcinol-formaldehyde (RF) solution was prepared from resorcinol (R), 

formaldehyde (F), sodium carbonate (C), and distilled water (W). The molar ratios of 

resorcinol to formaldehyde (R/F) and the mass-to-volume ratio of resorcinol to water 

(R/W) were fixed to 0.5 mol/mol and 0.5 g/mL, respectively. The molar ratios of 

resorcinol to catalyst (R/C) were varied as 200, 800, and 1000. The prepared RF 

solutions were first aged and were transformed to hydrogels at room temperature.  

After that, RF hydrogels were aged at 60 °C for another 3 days. The water in  

the hydrogels was then exchanged to t-butanol by immersing the hydrogels in containers 

including this alcohol and placing the containers in a shaking water bath kept at 50 °C 

for 3 days. The t-butanol in the containers was replaced every day. Then, RF hydrogels 

were dried at 120 °C for 3 days before being carbonized. Carbonization was conducted 

in a 100 cm
3
min

-1
 (ccm) flow of nitrogen gas. Samples were heated up from 25 °C  

to 250 °C within 1 h, and were maintained at this temperature for 2 h. The temperature 

was then increased to 1,000 °C at a ramp rate of 250 °C h
-1

 and then the temperature 

was maintained at 1,000 °C for 4 h. Activation was carried out under 20 ccm CO2 and  

100 ccm N2 flow at 1,000 °C. Activation degree (or burn off ratio) was calculated as 

follows: 

 

activation degree = weight loss after activation*100/weight before activation    (4.1) 
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RFC samples RC200ac58, RC800ac62 and RC1000ac58 were prepared.  

The number following RC (200, 800, and 1,000) indicates the R/C ratio at which  

the samples were prepared, and that following ac (58 and 62) indicates the activation 

degree. 

 

4.2.2 Preparation of Pt2Ru3 anode catalysts  

Firstly, Pt/RC1000ac58 (40 wt% Pt/C) was prepared by mixing RC1000ac58 with 

Pt(NH3)2(NO2)2 (4.554 wt% Pt, Tanaka Kikinzoku Kogyo K.K.), and distilled water in  

a three-neck flask and stirring vigorously at room temperature (20 °C) for 1 h. Pt was 

then reduced by ethanol and kept at 95 °C overnight. After that, the catalyst was filtered 

and washed with distilled water, followed by drying in air at 80 °C for 10 h. Secondly, 

RuCl3·nH2O (99.9 %, Wako) was dissolved in distilled water and RC1000ac58 

supporting Pt was added. The Pt:Ru molar ratio of was adjusted to 2:3. The mixture was 

kept at room temperature for 1 h. Then the Ru in the catalyst was reduced by keeping 

the catalyst overnight in methanol maintained at 70 °C. After that, the obtained catalyst 

was, again, filtered and washed with distilled water. Then the catalyst was dried in N2 at 

80 °C for 10 h. At last, the catalyst was reduced in a H2/Ar (H2 5 %) flow at room 

temperature for 1 h, followed by rapid heating to 880 °C within 12 min in He. The oven 

was turned off once the temperature reached 880 °C in order to allow the catalyst to 

cool down immediately. The catalyst was heated again at 150 °C for 2 h in a H2/Ar  

(H2 5 %) flow. Other samples (i.e., Pt2Ru3/RC200ac58 and Pt2Ru3/RC800ac62) were 

prepared by the same method. Commercial catalyst, Pt2Ru3/TKK TEC61E54  

(Pt 29.6 %, Ru 23.0 %, Tanaka Kikinzoku Kogyo K.K.), was used as a reference. 

 

4.2.3 Physical characterization  

Nitrogen adsorption isotherms of all of the samples were measured at -196.15 °C 

using an adsorption apparatus (BELSORP-mini II surface area and pore size analyzer, 

BEL Japan). Specific surface area was calculated from BET plots. Pore size 

distributions and mesopore volumes were calculated using the Dollimore-Heal (DH) 

method
24

. Here mesopores are defined as pores with a diameter between 2 nm and  

50 nm. XRD patterns of PtRu metal crystallites within the catalyst were obtained by  

a X-ray diffractometer (XRD; RIGAKU, RINT 2000). The tube current used for Cu Kα 

radiation was 40 mA and the tube voltage was 40 kV. The angular region of the 2θ scan 

was set between 10 ° and 85 °, and the scan rate was 1 ° min
-1

.  

The crystallite sizes were evaluated from the Scherrer equation using the peak of  

the (220) reflection of Pt fcc structure. Catalyst structure was investigated by using  
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a Hitachi HD-2000 scanning transmission electron microscope (STEM) instrument with 

electron energy of 200 kV and a beam current of 30 μA.  

 

4.2.4 MEA preparation  

In the membrane electrode assembly (MEA) preparation process, carbon paper 

(P50T) was used as the backing layers of the anode and the cathode. Anode catalyst inks 

were prepared by dispersing PtRu/RFCs catalysts in distilled water and ethanol mixed 

with Nafion
®
 solution (5 wt% dispersion, Aldrich). Cathode catalyst ink was prepared 

by dissolving commercial Pt/C (46 wt%, TKK TEC10E50) in distilled water and 

ethanol including Nafion
®
. In both electrodes, the catalyst ink was painted to achieve  

a metal loading of 0.5 mg cm
-2

 followed by a coating of 0.5 mg cm
-2

 Nafion
®

. Finally,  

the anode and cathode (22 mm × 22 mm) were placed onto the two sides of a Nafion
®
  

NRE-212 membrane (Aldrich) and hot-pressed at 135 °C and 10 MPa for 20 min to 

form the MEA.  

 

4.2.5 Single cell performance testing and CO tolerance experiment 

The MEA was assembled into a single cell (FC05-01SP, ElectroChem, Inc.) having 

flow field plates made of graphite and end plates made of copper. The end plates of  

the cell were attached to a heater. The single cell was connected to a fuel cell test 

apparatus (Chino Corp.). Pure H2 (or H2/CO mixture) and O2 were supplied at flow rates 

of 80 mL min
-1

 to the anode and cathode, respectively, at ambient pressure. During 

measurements, the anode and cathode humidifiers were set at 70 °C and 68 °C, 

respectively, and the single cell was maintained at 70 °C. 

CO tolerance experiments were performed under the same conditions as single cell 

performance tests. The current density was set to 0.2 A cm
-2

. First, pure H2 was fed to 

the cell for 1 h and then 100 ppm of CO was mixed to H2. The concentration of CO was 

increased every 2 h to 500 ppm, 1,000 ppm, and finally 2,000 ppm. 

 

4.3 Results and discussion 

 

4.3.1 Characterization of textural properties of synthesized carbon gels and 

supported Pt2Ru3 catalysts  

Nitrogen gas adsorption data are summarized in Table 4.1. The synthesized RFC 

samples have similar BET surface areas ranging from 2,140 m
2
 g

-1
 to 2,490 m

2
 g

-1
, 

larger than the commercial catalyst (823 m
2
 g

-1
). Although the activation degree and  

the surface area of the samples are similar, the pore size distribution derived using  
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the DH method differed significantly. RC800 had the largest mesopore volume among 

the prepared carbon supports. 

 

Table 4.1 Physical properties of carbon supports and crystallite sizes of PtRu alloy.  

RFC  Surface area 

of carbon gel 

support 

(m
2 

g
-1

) 

 Volume of mesopore 

of carbon gel 

support 

(cm
3
 g

-1
) 

 Crystallite size 

of alloy (nm) 

(As-synthesized 

catalyst) 

RC200Ac58 

RC800Ac62 

RC1000Ac58 

Commercial catalyst 

 2180 

2470 

2140 

820 

 0.76 

2.29 

2.08 

N/A 

 2.7 

1.9 

2.3 

3.4 

 

4.3.2 XRD and STEM characterization of supported Pt2Ru3 catalysts 

Fig. 4.1 shows the XRD (X-ray diffractometer) patterns of Pt2Ru3/RFC catalysts 

with various R/C ratios ranging from 200 to 1,000 and the commercial Pt2Ru3 catalyst. 

Diffraction peaks corresponding to the (220) plane were used to calculate PtRu 

crystallite sizes because there was no interference of peaks arising from the structure of 

carbon. The pattern of a reference platinum metal shows a peak at 2Ө equaled to 67.5 º 

that is ascribed to the (220) plane of the face-centered cubic (fcc) crystal structure of the 

Pt metal. In contrast, the data for Pt2Ru3/RFC catalysts and the commercial catalyst how 

peaks at 69.2 º Thus, the results indicate all of the samples have a similar degree of 

alloying of Pt with Ru. The PtRu crystallite size was calculated by using the Scherrer 

equation (Table 4.1). The commercial catalyst has an average PtRu crystallite size of 3.4 

nm. The average PtRu crystallite sizes of the synthesized Pt2Ru3/RFC samples are 

slightly smaller than that of the commercial catalyst.  
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Fig. 4.1 XRD patterns of commercial Pt2Ru3 catalyst and prepared catalysts. 

 

Fig. 4.2 shows STEM images of commercial and prepared catalysts. The average 

PtRu particle size of Pt2Ru3/RC200ac58 (Fig. 4.2 (B)) is larger than that of  

the commercial catalyst (Fig. 4.2 (A)) and larger than the crystallite size calculated from 

XRD data. On the other hand, the average PtRu particle size of Pt2Ru3/RC800ac62 (Fig. 

4.2 (C)) and Pt2Ru3/RC1000ac58 (Fig. 4.2 (E)) are not much different from that of the 

commercial catalyst.  
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Fig. 4.2 STEM images: (A) commercial Pt2Ru3/C, (B) Pt2Ru3/RC200ac58,                         

(C) Pt2Ru3/RC800ac62, and (D) Pt2Ru3/RC1000ac58.  

 

4.3.3 Single cell test and CO tolerance  

Fig. 4.3 shows the performance of commercial and prepared catalysts. All catalysts 

were prepared under the same conditions except for the R/C ratios the carbon support of 

them were prepared, and the metal loading on the anode for MEA was fixed to  

0.5 mg cm
-2

.  
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Fig. 4.3 Effect of CO concentration on cell voltage at 0.2 A cm
-2

. Cell temp.: 70 
o
C; 

electrolyte: Nafion
®

 NRE 212; cathode: Pt/C (0.5 mg cm
-2

); O2 humidified at 68 
o
C; 

flow rate: 80 mL/min; anode: Pt2Ru3/C (0.5 mg-PtRu cm
-2

); H2 containing 0 ppm,  

100 ppm, 500 ppm, and 2,000 ppm CO humidified at 70 
o
C; flow rate: 80 mL/min.:  

(A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac58, and  

(D) Pt2Ru3/RC1000ac58. 

 

First, pure H2 is fed to the anode side at 80 mL
/
min, and the current density was set to 

0.2 A cm
-2

. After feeding pure H2 for 1 h, the cell using Pt2Ru3/RC1000ac58 generated 

the highest voltage of 0.787 V. The order of the cell voltage is as follows: 

 

 0.787 V (Pt2Ru3/RC1000ac58) > 0.775 V (Pt2Ru3/RC800ac62) > 0.748 V (commercial 

catalyst) > 0.666 V (Pt2Ru3/RC200ac58) 

 

The cell using Pt2Ru3/RC200ac58 generated the lowest cell voltage among  

the catalysts tested. Then, 100 ppm CO was mixed with the H2 flow. The cell voltage of 

Pt2Ru3/RC1000ac58 slightly decreased by 4 %, from 0.787 V to 0.758 V, after 2 h.  
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The cell voltage of Pt2Ru3/RC800ac62 also slightly decreased by 8 %, from 0.775 V to 

0.721 V, after 2 h. The cell voltages of the commercial Pt2Ru3 catalyst and 

Pt2Ru3/RC200ac58 were, respectively, 0.719 V and 0.287 V in the presence of  

100 ppm CO.   

The cell voltage of the commercial catalyst significantly decreased when  

the CO concentration was increased to 500 ppm. Constant current density was kept at             

0.2 A cm
-2

 with feeding H2 contaminated with 500 ppm CO for 2 h. The voltage 

decreased by 24 % from 0.748 V in pure H2 to 0.567 V. Interestingly, the cell voltages 

of Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 slightly decreased by 8 % and 11 %, 

respectively, to 0.726 V and 0.721 V. On the other hand, the cell voltage of 

Pt2Ru3/RC200ac58 drastically decreased. 

Finally, H2 contaminated with 2,000 ppm CO was fed. The cell using 

Pt2Ru3/RC1000ac58 showed the highest CO tolerance; the cell voltage decreased by 

16 %, from 0.787 V in pure H2 to 0.655 V. The cell voltage of Pt2Ru3/RC800ac62 

decreased from by 21 %, 0.775 V to 0.615 V, while the cell voltage for the commercial 

catalyst significantly decreases by 47.3 % from 0.748 V to 0.394 V. 

The cell voltages of Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 catalysts are 

higher than that of the commercial catalyst at all levels of CO contamination. 

Especially, in the presence of 2000 ppm CO, the voltage of Pt2Ru3/RC800ac62 is about 

0.22 V higher than that of the commercial catalyst. 

 

4.3.4 Effect of PtRu loading and Nafion
®

 mixing on pore volume.  

As the results showed above, there were no significant differences in crystallite 

size, alloying degree, and surface area among the catalysts, but their CO tolerance was 

significantly different. In order to explain this difference, the pore volume of  

the samples at each preparation step (carbon support, after PtRu loading and after 

mixing with Nafion
®

) was measured. 

As shown in Table 4.2, the mesopore volumes of all RFCs (calculated by DH plot) 

decreased by 50-60 % after PtRu loading. The volume of mesopores after PtRu loading 

of commercial Pt2Ru3 catalyst (0.77 cm
3 

g
-1

) is larger than that of Pt2Ru3/RC200ac58 

(0.34 cm
3
 g

-1
). The pore size distribution is shown in Fig. 4.4. All samples were mixed 

with Nafion
®
. The mesopore volume of both the commercial Pt2Ru3 catalyst and 

Pt2Ru3/RC200ac58 decreased drastically, by 94 % and 68 %, respectively.  On the other 

hand, the mesopore volumes of Pt2Ru3/RC800ac62 and Pt2Ru3/RC1000ac58 decreased 

by 49 % and 50 % after mixing with Nafion
®
, respectively. The mesopore volumes of 

Pt2Ru3/RC800ac62 and Pt2Ru3/RC1000ac58 are about 5 times larger than that of 
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Pt2Ru3/RC200ac58 at this stage. Fig. 4.5 shows that Pt2Ru3/RC800ac62 and 

Pt2Ru3/RC1000ac58 still have a large volume of mesopores after mixing with Nafion
®
. 

By contrast, the mesopore volume of the commercial catalyst after mixing with Nafion
®
 

is very low. Pt2Ru3/RC200ac58 contains only small mesopores (smaller than 10 nm). 

 

Table 4.2 Mesopore volumes of the catalysts at different synthesis stages.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 Pore size distribution of all Pt2Ru3 catalysts after deposition of PtRu:                       

(A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac58, and 

(D) Pt2Ru3/RC1000ac58.  

 Mesopore Volume 

RFC Carbon 

support 

(cm
3
 g

-1
) 

 After 

PtRu 

loading 

(cm
3
 g

-1
) 

 Decrease 

(%) 

 After 

Nafion
® 

 mixing 

(cm
3 

g
-1

) 

 Decrease 

(%) 

Pt2Ru3/RC200ac58 

Pt2Ru3/RC800ac62 

Pt2Ru3/RC1000ac58 

Commercial Pt2Ru3  

Catalyst 

0.76 

2.29 

2.08 

N/A 

 0.34 

0.92 

1.02 

0.77 

 55 

60 

51 

N/A 

 0.11 

0.47 

0.51 

0.05 

 68 

49 

50 

94 
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4.3.5 Diffusivity   

As explained in the previous section, catalysts on synthesized using carbons with 

larger mesopore volumes exhibited a higher CO tolerance. It remains elusive why  

the catalysts having large mesopore volume exhibit a higher CO tolerance. However, 

because mass transfer within mesopores is generally dictated by Knudsen diffusion, 

which is proportional to the diameter of mesopores, faster mass transfer of reactants and 

products may account for it.  

Fig. 4.6 shows the effect of mesopore volume on CO tolerance and diffusivity for 

all samples after Nafion
®
 mixing. The diffusivity shown here is calculated using 

Knudsen’s equation based on the modal size of the meropores of the catalyst after 

Nafion
®
 mixing. Diffusivity of CO within Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 

are much higher (D = 0.056 cm
2
 s

-1
) than that within Pt2Ru3/RC200ac58  

(D = 0.007 cm
2
 s

-1
) and the commercial catalyst (D = 0.014 cm

2
 s

-1
).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 Pore size distribution of all Pt2Ru3 catalysts after mixing of Nafion®:                  

(A) Pt2Ru3/C commercial catalyst, (B) Pt2Ru3/RC200ac58, (C) Pt2Ru3/RC800ac58, and 

(D) Pt2Ru3/RC1000ac58. 
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It is clear that high-CO tolerant Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 have 

larger mesopores. The larger size of mesopores enables faster diffusion of all gases 

when compared with the mesopores in Pt2Ru3/RC200ac58 and the commercial catalyst. 

The commercial catalyst has a bimodal pore distribution, meaning it has two 

representative diffusion parameters, but we will focus only on that of its mesopores 

since macropores are not related to the diffusion near the active sites. Consider  

the water gas shift reaction (WGSR);  

CO + H2O      CO2 + H2        (4.2) 

By nature of exothermic reactions, the WGSR equilibrium largely shifts to the right 

side at low temperature of 70 °C. Moreover, the modal size and volume of mesopores of 

Pt2Ru3/RC1000ac58 and Pt2Ru3/RC800ac62 are much larger than those of others, 

resulting in a higher diffusivity of CO. Therefore, rate of water-gas shift reaction was 

enhanced. Since CO was effectively oxidized by this reaction, HOR progressed 

effectively even in the presence of high-concentration CO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Relation between R/C ratio and diffusivity of CO after mixing of Nafion®. 
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4.4  Conclusion 

  

Pt2Ru3 anode catalysts were prepared using RFCs prepared at various R/C ratios 

(i.e., 200, 800 and 1,000). The prepared catalysts have similar physical properties such 

as alloying degree, PtRu size and BET surface area, but the catalysts exhibited 

significantly different CO tolerances. In addition, the catalysts, which have large 

volumes of mesopores with modal size as large as 50 nm after Nafion
®

 mixing, 

exhibited higher CO tolerance, suggesting the importance of these mesopores for  

CO tolerance. Effective CO removal due to the high diffusivity in large mesopores 

enhances the CO tolerance of the MEA. 
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Chapter 5 

 

Ligand Effect of SnO2 on PtRu Catalysts and Relation between Pt-CO Bond 

Strength and CO Tolerance 

 

5.1  Introduction 

 

It was reported that various Pt alloy catalysts, such as Pt-Sn, Pt-Fe, and Pt-Co alloy 

catalysts showed high CO tolerance.
1-7

 Mukerjee et al.
8
 reported that a Pt-Mo alloy 

catalyst (Pt:Mo = 5:1) showed high performance. For metal oxide-modified systems,  

it was reported that the addition of SnO2, TiO2, and NbOx enhanced CO tolerance.
9-11

 

Ioroi et al.
12

 reported that Pt/MOx/C catalysts showed higher CO tolerance than Pt-Ru 

ones. The unoccupied orbital of transition metal suppress the back-donation of Pt 5d 

electrons to CO, resulting in the weak bond strength of Pt-CO (ligand effect).
13

 Not only 

Pt-alloys but also supports can affect Pt electronic structure. Nakamura et al. reported 

the evidence that support has an interaction with Pt, resulting in Pt electronic structure 

modification which lowers adsorption energy of CO.
14-17

 

The PtMo/C
6 ,  1 8 -2 0

 and PtSnOx
2 1 -2 4

 catalysts are investigated for H 2 /CO 

electrochemical oxidation, and the promotional effect of Mo and SnOx on CO tolerance 

was observed. Compared with that of the Pt-Ru/C catalyst, lower onset potentials of 

electrochemical CO oxidation
2, 25, 26

 are obtained in the PtMo/C and PtSnOx catalysts. 

Electrochemical oxidation of CO does not significantly contribute to CO tolerance. 

Weakening of Pt-CO bond strength caused by ligand effect contributes to CO tolerance; 

however, it is hard to evaluate Pt-CO bond strength quantitatively in situ. Weakening of 

Pt-CO bond strength often decreases HOR activity
27-29

 in membrane electrode assembly 

(MEA) and CO tolerance was not improved in these cases.  

In this study, we aimed quantitative evaluation of Pt -CO bond strength, 

electrochemical CO oxidation, and HOR activity in MEA. Pt-Ru/SnO2/C catalysts were 

prepared by rapid quenching method.
30, 31

 The structure and morphology of PtRu 

particles in PtRu/SnO2/C are controlled. The preparation condition was varied so that 

PtRu/SnO2/C catalysts with the same structure and morphology of PtRu particles were 

obtained. The activities for electrochemical  CO oxidation were evaluated by  

CO stripping voltammetry and in situ infrared reflection-absorption spectroscopy 

(IRRAS).
32-34

 The Pt-CO bond strengths were evaluated by SEIRAS.
3, 35

 The HOR 

activities were evaluated by single cell in the absence/presence of CO. 
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5.2  Experimental 

 

5.2.1 Catalyst synthetic procedures materials and methods 

SnCl2 and ethylene glycol were mixed and stirred in a glass bottle at 190 °C for  

0.5 h to form SnO2 colloid. After cooling to the room temperature, carbon black, E-type 

carbon from Tanaka Kikinzoku Kogyo K.K., was added to the mixed solution, which 

was stirred at 190 °C overnight. SnO2/C sample obtained were filtered and washed with 

hot distilled water. Then the samples were dried in 60 mL/min stream of N2 at 80 °C 

overnight to form 4 wt% SnO2/C. 

Secondly, 40 wt% Pt/SnO2/C was prepared. SnO2/C, a solution of Pt(NO2)2(NH2)2 

(4.597 wt% as Pt) from Tanaka Kikinzoku Kogyo K.K., ethanol, and distilled water 

were mixed at 95
 o

C overnight. 40 wt% Pt/SnO2/C catalyst obtained were filtered and 

washed with hot distilled water. Then the samples were dried in 60 mL/min stream of 

N2 at 80 °C overnight to form 40 wt% Pt/SnO2/C. 

Next, PtRu/SnO2/C catalysts of Pt:Ru = 2:3 were prepared. 40 wt% Pt/SnO2/C, 

RuCl3·nH2O, methanol, and distilled water were mixed and stirred in a glass bottle at 

70 °C. During this process, Ru was reduced by methanol and adhered to Pt/C.  

The molar ratio of Pt:Ru in the catalysts a were 2:3. After 12 h of stirring, the catalysts 

obtained were filtered and washed with hot distilled water. Then the catalysts were dried 

in 60 mL/min stream of N2 at 80 °C overnight.  

Finally, the catalysts were treated with He for 0.5 h, H2/Ar (5 % H2) for 1 h, 

followed by for He for 1 h at the room temperature. Then, catalysts were treated with 

He during rapid heating to 900 °C within 10 min. The oven was turned off immediately 

when the temperature had reached 900 °C to rapidly cool the catalyst. The temperature 

decreased from 900 °C to 500 °C in 18 min and decreased from 500 °C to room 

temperature in about 50 min, followed by reduction in H2/Ar (5 % H2) for 2 h at 150 °C. 

Commercial catalyst, Pt2Ru3/TKK TEC61E54 (Pt 29.6 %, Ru 23.0 %, Tanaka 

Kikinzoku Kogyo K.K.), was used as a reference. 

 

5.2.2 Physical characterization 

XRD patterns of the Pt -Ru/SnO2 /C catalysts were recorded with a x -ray 

diffractometer (RIGAKU, RINT 2000) using Cu Ka radiation with a Ni filter. The tube 

current was 20 mA with a tube voltage of 40 kV. The 2θ angular regions between 10 and 

85 
o
 were explored at a scan rate of 5 ° min

-1
. The morphology of the PtRu/SnO2/C 

catalysts was investigated by using a STEM (Hitachi HD-2000) at 200 kV and 30 mA. 
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CO stripping voltammetry was carried out in a 250 mL three-electrode cell (HR200, 

Hokuto Denko Corp.) at 25 °C. A commercial glassy carbon (GC) electrode (HR2-D1-

GC-5, 5 mm in diameter, Hokuto Denko Corp.), a Pt-wire electrode (0.3 mm in 

diameter, Hokuto Denko Corp.) and a saturated calomel electrode (Hokuto Denko 

Corp.) were used as a working electrode, counter electrode, and reference electrode, 

respectively. The potential of the working electrode was controlled by an Iviumstat 

Electrochemical Interface System (Ivium Technologies B.V.). 6 mg of the catalyst was 

dispersed in a mixture of 2 mL water, 3 mL ethanol, and 50 µL Nafion
®

 solution  

(5 wt%, Aldrich) with ultrasonic stirring to form a homogeneous catalyst ink.  

The catalyst layer was prepared by dropping 10 µL of the catalyst ink (PtRu ≈ 6.4 µg) 

onto a GC disk electrode by a microsyringe and drying at room temperature.  

All potential values in this paper are referred to a reversible hydrogen electrode.  

Pure CO was supplied into the electrolyte solution (0.1 M HClO4) for 20 min at a fixed 

potential of 0.05 V at 60 °C and then high-purity Ar (99.99 %) was bubbled for 30 min 

to remove the CO dissolved in the electrolyte solution. Current-potential cycles were 

obtained from 0.05 V to 1.2 V at a scan rate of 10 mV/s.  

In situ IRRAS measurements were carried out in a homemade PTFE cell with  

a CaF2 optical window using a JASCO FT/IR-6100 spectrometer equipped with a TGS 

detector.
21, 36

 A gold disk (10 mm in diameter) was used as an electrode substrate for 

IRRAS measurements. The catalyst layers were deposited on the gold electrode surface 

by the same method as described for the CO stripping voltammetry experiments. 

Adsorption of CO was conducted first by bubbling CO into the cell for 20 min under 

potential control at 0 V, and then high-purity Ar was bubbled for 35 min to remove  

the CO dissolved in the electrolyte solution. Then the electrode was pushed onto  

the CaF2 prism window with the thin-layer geometry to reduce the IR absorption by 

aqueous solution. The in situ IR spectra were recorded with a scan rate of 0.25 mV s
-1

, 

and 25 interferograms were co-added to each spectrum. The recorded spectrum at  

the potential, that adsorbed CO was completely oxidized, was used a reference spectrum 

of adsorbed CO. The spectrum recorded at 0 V was used as a reference spectrum of  

the production of CO2. 

The SEIRAS experiments were carried out using a vertical spectro-electrochemical 

cell in Kretschmann ATR configuration as shown in Fig. 5.1. The working electrode was 

an Au thin film prepared by electroless deposition onto the hemicylindrical  Si prism 

(Pier optics).
37

 A thin gold foil was used for the electrical contact with the Au thin film. 

Pt wire and Ag/AgCl (sat. NaCl) were used as counter and reference electrodes, 

respectively. Electrode potential was controlled by a potentiostat (Hokuto Denko,  
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HA-151B) and a function generator (Hokuto Denko, HB-111). 0.5 M H2SO4 solution 

was used as an electrolyte solution. After CO gas was introduced in to the spectro -

electrochemical cell at -150 mV, CO remaining in the solution was removed by 

bubbling Ar gas through the electrolyte solution for 30 min. Consequently, CO should 

exist only on the Pt-Ru surface at the initial stage of the experiments. The spectra were 

collected with p-polarized light and the spectral resolution was 2 cm
-1

. All the 

measurements were carried out at room temperature. 

 

5.2.3 Fuel cell test 

For preparation of MEA, carbon paper was used as the backing layers of the anode 

and cathode. Anode catalysts, Pt-Ru/C and Pt-Ru/SnO2/C, and Nafion
®

 solution were 

ultrasonically suspended in water. The carbon paper was painted with the catalyst ink. 

The loading of Pt-Ru in the anode catalyst layer was 0.5 mg cm
-2

. In all cases,  

an identical cathode catalyst layer was prepared by the same procedure. A commercial 

Pt/C cathode catalyst (40 wt% Pt) was used instead of PtRu/C catalysts, and  

the loadings of Pt in the cathode layer were 0.5 mg cm
-2

. Finally, the anode and cathode 

(22 mm × 22 mm) were placed onto the two sides of a Nafion
®

 NRE-212 membrane 

(Aldrich) and hot-pressed at 135 °C and 4 MPa for 10 min to form the MEA. The MEA 

was assembled into a single cell with flow field plates made of graphite and copper end 

plates attached to a heater (FC05-01SP, ElectroChem, Inc.).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Schematic diagram of surface-enhanced infrared absorption spectroscopy 

(SEIRAS) glass cell. 
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The single cell was connected to fuel cell test equipment (Chino Corp.). Pure H2  

(or H2/CO mixture) and O2 were supplied at flow rates of 80 mL/min to the anode and 

cathode, respectively, at ambient pressure. During the measurement, a single cell was 

operated at 75 °C, and the anode and cathode humidifiers were set at 75 °C and 70 °C, 

respectively.  

 

5.3  Results and discussion 

 

5.3.1 X-ray diffraction 

XRD patterns of Pt-Ru/C and Pt-Ru/SnO2/C catalysts are shown in Fig. 5.2. Both of 

the catalysts showed similar diffraction peaks. The broad peak at around 26 ° is assigned 

to C (002) plane as it can observed for both samples. The diffraction peak at around  

40 ° and 69 ° are assigned to Pt (111) and (220) plane. If Ru and Pt with (Ru/Pt molar 

ratio of 1.5) make a merely complete alloy, peak at Pt (220) plane is expected to appear 

at 68.8 °, based on the following equation.
38, 39

  

 

a = a0 - 0.124 χRu    (χRu: Ru atomic fraction)                 (5.1) 

  

Both of PtRu/C and PtRu/SnO2/C catalyst showed a Pt (220) plane peak at 68.8 
o
, 

this indicates that alloying degrees of both PtRu/C and PtRu/SnO2/C catalysts are 

identical and high enough. The possible SnO2 (110) peak is at 25 °, which is interfered 

by C (002), then it cannot calculate the SnO2 crystallite size. 
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Fig. 5.2 XRD patterns of (a) PtRu/C and (b) PtRu/SnO2/C. 

 

5.3.2 STEM images 

Fig. 5.3 shows STEM images of PtRu/C and PtRu/SnO2/C catalysts. Both of  

the catalysts have similar morphologies with a uniform distribution on the carbon 

support and similar particle size distribution. Particle sizes of both catalysts ranging 

from 2 nm to 4 nm. These data suggested that the structure and morphology of PtRu 

particle of PtRu/SnO2/C are the same as that of PtRu/C. The SnO2 cannot recognize by 

STEM images due to the low content as 1.84 %. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3 STEM images of (a) PtRu/C and (b) PtRu/SnO2/C. 
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5.3.3 CO stripping voltammetry 

Fig. 5.4 shows the results of CO stripping voltammetry at 60 °C for of both PtRu/C 

and PtRu/SnO2/C catalysts. For the PtRu/C catalyst, CO is electrochemically oxidized at 

0.28 V. In case of PtRu/SnO2/C, CO is electrochemically oxidized at 0.13 V. This result 

indicated that SnO2 addition improved activity for electrochemical CO oxidation. 

Maillaerd et al.
40

 reviewed the electrochemical CO oxidation on PtRu. Based on  

the bifunctional mechanism, CO is preferably adsorbed on Pt for PtRu/C, S(PtRu) is  

a surface site on the PtRu alloy, while CO-S(Pt) is CO adsorbed on the Pt. H2O is 

oxidized to form OH group preferably on Ru surface. 

  

CO + S(PtRu)   →      CO-S(Pt)        (5.2) 

H2O + S(PtRu)            OH-S(Ru) + H
+
 + e

-
            (5.3) 

 

OH-S(Ru) is OH adsorbed on Ru. CO reacts with OH to form CO2. 

 

CO-S(Pt) + OH-S(Ru) → CO2 + H
+
 + e

-
 + 2S(PtRu)       (5.4) 

 

For PtRu/SnO2/C catalyst, not only above reactions (5.3) and (5.4), but also following 

reactions (5.5) and (5.6) proceed 

 

H2O + S(SnO2)           OH-S(SnO2) + H
+
 + e

-
      (5.5) 

CO-S(Pt) + OH-S(SnO2)     →  CO2 + H
+
 + e

-
 + S(PtRu) + S(SnO2)      (5.6) 

 

S(SnO2) is surface site of SnO2, while OH-S(SnO2) is OH adsorbed on SnO2.  

It is obvious that the PtRu/SnO2/C catalyst showed the lowest onset potential.  

By bifunctional mechanism, the enhancement of activity for electrochemical  

CO oxidation by the SnO2 addition, was quantitatively evaluated by CO stripping 

voltammetry. 

 

5.3.4 In situ IRRAS 

By the FTIR results from our previous research showed that Pt/SnO2, which has 

better CO oxidation, also has less CO tolerance than PtRu/C,
41

 the ranking of  

CO stripping and tolerance of the catalysts are as follows: 
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CO oxidation by CO stripping:  Pt/SnO2  >   PtRu  >   Pt 

CO tolerance by MEA analysis: PtRu  >   Pt/SnO2   >   Pt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 CO stripping voltammetry at 60 °C for (a) PtRu/C and (b) PtRu/SnO2/C.  

CO was (1) fed for 20 min at 0.05 V in 0.1 M HClO4; (2) purged for 30 min; and  

(3) swept at 60 °C between 0.05 V and 0.8 V at 10 mV/s.                                                           

 

In situ IRRAS measurement was carried out to observe CO 2 formation on  

the catalyst surface during the electrochemical CO oxidation. Fig. 5.5 shows in situ IR 

spectra obtained from the PtRu/C and PtRu/SnO2/C surface in CO-dissolved 0.1 M 

HClO4 solution, in the potential region between 0 V and 0.6 V. As shown in Fig. 5.5 (a), 

at 0.20 V, a new positive peak and a new negative peak appear at around 2,340 cm
-1

 and 

2,030 cm
-1

, which can be assigned to C-O stretching mode of CO2 and Pt-adsorbed CO, 

respectively.  Figs. 5.5 (a) and 5.5 (b) show the integrated IR intensities of generated 

CO2 and the reacted CO for PtRu/C and PtRu/SnO2/C catalyst. Fig. 5.5 indicate that CO  

is oxidized over 0.2 V on PtRu/C, while CO is oxidized over 0.1 V on PtRu/SnO2/C. 

Rate of CO2 formation PtRu/SnO2/C over 0.2 V is higher than that on PtRu/C. Although 

CO oxidation peak cannot be observed by FTIR under 0.2 V, PtRu/C is well known as  

a high CO tolerance catalyst. Therefore, it can be considered that CO tolerance is not 

only depending on CO oxidation. The evaluation of bond strength is necessary to 

confirm the effect of adding SnO2. Moreover, addition of metal oxide such as SnO2 
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enhances electrochemical CO oxidation, but it might possibly reduce HOR activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 IRRAS spectra of (a) PtRu/C and (b) PtRu/SnO2/C deposited on a gold 

substrate surface CO was (1) fed for 20 min at 0 V in 0.1 M HClO4; (2) purged for  

35 min; (3) the electrode was pushed onto the CaF2 prism window with the thin-layer 

geometry; the in situ IR spectra were recorded with a scan rate of 0.25 mV/s;  

25 interferograms were co-added to each spectrum. 

 

5.3.5 In situ SEIRAS 

For the in situ SEIRAS measurements, CO was adsorbed at -150 mV, the potential 

was stepped to -200 mV and a series of spectra were taken at each potential in the range 

of -200 mV to 800 mV at 50 mV intervals. Fig. 5.6 shows the potential dependent FTIR 

spectra of CO adsorbed at saturation on PtRu/C catalyst (Fig. 5.6 (a)) and PtRu/SnO2/C  

catalyst (Fig. 5.6 (b)). The spectrum observed at 800 mV was used as a reference.  

Linear bonded CO at Pt sites was observed at 2,009-2,020 cm
-1

 for PtRu/C and  

2,014-2,025 cm
-1

 for PtRu/SnO2/C.  
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Fig. 5.6 SEIRAS spectra of adsorbed CO as a function of potential on (a) PtRu/C and 

(b) PtRu/SnO2/C in 0.5 M H2SO4. 

 

Potential dependence of the peak wavenumber is plotted in Fig. 5.7 for PtRu/C and 

PtRu/SnO2/C catalyst. Linear frequency shift were observed for both PtRu/C and  

PtRu/SnO2/C catalysts with dῡ/dE = 42 cm
-1

/V and 44 cm
-1

/V, respectively, in  

the potential region where CO adsorbed on the surface. This peak shift to higher 

wavenumber with increasing potential can be explained as a lowering of the metal-CO 

binding due to the decreasing of back-donation from metal to CO.
42

 The wavenumber of 

CO stretching band adsorbed on PtRu/SnO2/C always appeared ca. 5 cm
-1

 higher than 

the CO stretching band adsorbed on PtRu/C in the potential range between -200 mV  

to 50 mV. Since the coverage of CO decreases with an increase in the electrode 

potential, the peak wavenumber can shift by change of the dipole-dipole interactions as 

mentioned.
43, 44
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Fig. 5.7  The CO stretching peak frequency vs. potential for (a) PtRu/C and  

(b) PtRu/SnO2/C. 

 

Hoffman also reported that the peak could slightly shift to the higher wavenumber with 

an increase in CO coverage. In this potential range surface is fully covered with CO for 

PtRu/C, but not fully covered with CO in case of PtRu/SnO2/C (as shown in Fig. 5.4). 

Thus, the peak shift to higher wave number observed in PtRu/SnO2/C even with a small 

amount of desorbed CO can be explained by lowering of the metal-CO binding which 

result in adsorbed CO to be easily oxidized on PtRu/SnO2/C compared to PtRu/C.  

Sato et al. also report the weaken of Pt-CO bond strength by sublayer of Pt-Ru alloy
45

 

and particle size by similar technic.
46

 The CO-Pt bond strength was quantitatively 

evaluated by in situ SEIRAS measurements. Ligand effect of SnO2 on PtRu catalyst was 

evaluated by this method. However, if addition of metal oxide reduces the HOR activity, 

ligand effect did not contribute to CO tolerance. 

 

5.3.6 CO tolerance 

The effect of CO concentration on cell voltage at 0.2 A cm
-2

 is shown in Fig. 5.8.  

PtRu/C catalyst and PtRu/SnO2/C showed the same cell voltage as high as 0.78 V  

at 0.2 A cm
-2

 in the absence of CO. This means that HOR activity of PtRu/SnO2/C is 

completely the same as PtRu/C catalyst, as is suggested by XRD measurement and 

STEM observation. In our previous study SnO2-modified PtRu/C having high  

CO tolerance showed cell voltage of 0.76 V at 0.2 A cm
-2

 in the absence of CO, which is 
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0.02 V lowers than that of PtRu/C. While addition of SnO2 reduce the HOR activity  

a little for SnO2-modified PtRu/C in the previous study, addition of SnO2 does not 

reduce the HOR activity at all for PtRu/SnO2/C in the present study. PtRu/SnO2/C 

catalysts showed higher cell voltage than PtRu/C catalyst in the presence of CO.  

PtRu/SnO2/C shows the cell over 0.7 V at 0.2 A cm
-2

 in the presence of 500 ppm CO, 

and enhancement of CO tolerance is due to the SnO2 addition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8 Effect of CO concentration on cell voltage at 0.2 A cm
-2

. Cell temp.: 70 °C; 

electrolyte: Nafion
®

 NRE 212; cathode: Pt/C (0.5 mg cm
-2

); O2 humidified at 70 °C; 

flow rate: 80 mL/min; anode: (a) PtRu/C and (b) PtRu/SnO2/C (0.5 mg PtRu cm
-2

);  

H2 containing 0-2,000 ppm CO humidified at 70 °C; and flow rate: 80 mL/min. 

 

5.4 Conclusion 

 

Electrochemical CO oxidation, Pt-CO bond strength, and HOR activity in MEA 

were quantitatively evaluated by CO stripping voltammetry, SEIRAS, and fuel cell test. 

Addition of SnO2 does not reduce the HOR activity at all for PtRu/SnO2 /C.  

The weakening of Pt-CO bond strength contributes to CO tolerance, resulting in much 

higher activity in the presence of CO than commercial PtRu/C catalyst. 
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Chapter 6 

 

Effect of Nafion
®
 Content on CO Tolerance of Pt2Ru3 PEFC Anode Catalyst:  

Pore Size Distribution Investigation. 

 

6.1  Introduction 

   

The term “CO tolerance” generally describes the performance of H2 oxidation 

activity of anode catalysts under different intensity of CO contamination. In recent 

years, many researches have been aiming to develop a higher CO-tolerant 

electrocatalyst because of its necessity.
1-4

 The utilization of ultra-pure hydrogen as fuels 

for Polymer Electrolyte Fuel Cells (PEFC) is limited due to the production cost and 

storage difficulties. Alternatively, hydrogen could be obtained from reformed fuels, such 

as steam-reformed methanol, ethanol or natural gas.
5-7

 Especially, in case of residential 

PEFCs,
8, 9

 steam-reformed natural gas can be utilized conveniently.  A potential problem 

which arises from this system is the production of small amount of impurities, 

particularly carbon monoxide molecules, which strongly adsorb on the Pt catalyst 

usually employed in the anode and block the sites for hydrogen adsorption and 

oxidation. 

Recently, from our previous studies about PtRu on resorcinol formaldehyde carbon 

gels (RFC), the cell performance can be operated under 2,000 ppm CO contamination 

and the cell voltage dropped only 16%. The result showed that carbon support could be 

a major factor for CO tolerance enhancement.
10-12

 The high CO tolerance of  

the PtRu/RFC anode catalyst can be explained by triple-phase boundary theory.  

The tailored RFC support prepared using a proper amount of chemicals with  

a controlled degree of activation can improve the triple-phase boundary. The high 

activity of the catalyst itself is necessary but is not sufficient to be operated under CO 

contamination. The ionomer to carbon (I/C) weight ratio and the porosity have been 

identified as key structural parameters. The I/C ratio has a marked effect on  

the performance of the fuel cell and was reported to exhibit the best result at  

25-30 wt%.
13-17

 Several well-known techniques exist for determining the nano-scale and 

micro-scale porous structure. Scanning transmission electron microscopy (STEM) 

facilitates the visualization of two-dimensional porous structures. Nitrogen 

physisorption measurement is useful in determining pore-size distribution.
18, 19

  

Soboleva et al. determined the volumes of primary and secondary pores of two carbon 

support, using nitrogen physisorption measurements.
20

 They found that the distribution 
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of ionomers among two supports with different pore structures and the codeposition of 

ionomers in the catalyst layer strongly influenced its porosity, covering pores smaller 

than 20 nm. They also modeled and validated the effect of ionomer content to  

the performance of the cell.
21

  

The distribution of ion-conducting Nafion
®
 should be good enough to extend  

the ion-conducting path in the catalyst layer. On the other hand, its amount should not 

be too much (more than 1.0 g cm
-2

) to affect the efficiency of the electrocatalyst by 

blocking the active sites, restricting the certain channels in the three-phase interfaces for 

the transportation of reactants, as well as its electronic conductivity.
19

 Uchida et al.
21

 

reported that Nafion
®
 can cover the pores of carbon support which is 40 nm.  

Antolini et al.
22

 reported that the proper thickness of Nafion
®
 should be between 2-8 nm 

(approximately 20-30 wt%). Sasikumar et al., however, Sasikumar et al. found that the 

thickness of Nafion
®
 was not relevant to the efficiency of the cell.

23, 24
 Moreover, 

Kanninen et al. mentioned that the real optimum structure can only be determined after 

long-term testing under fuel cell conditions as the stability of the MEA is strongly 

dependent on the electrode structure.
25

 To the best of our knowledge, although there are 

a number of studies for optimum amount of Nafion
®
 content, the relation between 

Nafion
®
 content and mesoporous structure of catalysts is still unclear. In this study, the 

effect of Nafion
®

 content on the electrochemical performance of two anode catalysts 

was investigated and discussed. 

 

6.2 Experimental   

 

6.2.1. Resorcinol-formaldehyde carbon gel (RFC) preparation 

A resorcinol-formaldehyde (RF) solution was prepared from resorcinol (R), 

formaldehyde (F), sodium carbonate (C), and distilled water (W). The molar ratios of 

resorcinol to formaldehyde (R/F) and the mass-to-volume ratio of resorcinol to water 

(R/W) were fixed at 0.5 mol/mol and 0.5 g/ml, respectively. The molar ratio of 

resorcinol to catalyst (R/C) was fixed at 1000. After carbon gel was prepared, 

carbonization and activation process were carried out under a 120 ccm N2 flow at  

1000 °C and 20 ccm CO2 with 100 ccm N2 flow at 1,000 °C, respectively. Activation 

degree (or burn-off ratio) was calculated as follows. 

 

activation degree = weight loss after activation*100/weight before activation    (6.1) 
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The resorcinol-formaldehyde carbon used in this work was RC1000ac58. Please be 

noted that RC1000ac58 indicates that the R/C ratio was 1,000 while the activation 

degree was 58. 

 

6.2.2 Preparation of Pt2Ru3 anode catalysts  

Firstly, Pt/RC1000ac58 (40 wt% Pt/C) was prepared by mixing RC1000ac58 with 

Pt(NH3)2(NO2)2 (4.554 wt% Pt, Tanaka Kikinzoku Kogyo K.K.), and distilled water in  

a three-neck flask and stirring vigorously at room temperature (20 °C) for 1 h. Pt was 

then reduced by ethanol and kept at 95 °C overnight. After that, the catalyst was filtered 

and washed with distilled water, followed by drying in N2 at 80 °C for 10 h. Second, 

RuCl3·nH2O (99.9 %, Wako) was dissolved in distilled water and RC1000ac58 

supporting Pt was added. The Pt:Ru molar ratio was adjusted to 2:3. The mixture was 

kept at room temperature for 1 h. Then the Ru in the catalyst was reduced by keeping 

the catalyst overnight at 70 °C. After that, the obtained catalyst was, again, filtered and 

washed with distilled water. Then the catalyst was dried in N2 at 80 °C for 10 h. At last, 

the catalyst was reduced in a H2/Ar (5 % H2) flow at room temperature for 1 h, followed 

by rapid heating to 880 °C within 12 min in He. The oven was turned off once  

the temperature reached 880 °C in order to allow the catalyst to be cooled down 

immediately. Then it was heated again at 150 °C for 2 h in H2/Ar (5 % H2) flow so that 

a Pt2Ru3/RC1000ac58 catalyst was obtained (RFC0). A commercial catalyst, 

Pt2Ru3/TKK TEC61E54 (Pt 29.6 %, Ru 23.0 %, Tanaka Kikinzoku Kogyo K.K.), was 

used as bought for comparison (TKK0).  

 

6.2.3 Physical characterization  

Nitrogen adsorption isotherms of all of the samples were measured at -196.15 °C 

using an adsorption apparatus (BELSORP-mini II surface area and pore size analyzer, 

BEL Japan). The specific surface areas were calculated from BET plots while pore size 

distribution and mesopore volume were calculated from Dollimore-Heal (DH) plots. 

Please be noted that mesopores were defined as the pores with diameters between 2 nm 

and 50 nm. Catalyst structure was investigated using a Hitachi HD-2000 scanning 

transmission electron microscope (STEM) instrument with electron energy of 200 kV 

and a beam current of 30 μA.  
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6.2.4 MEA preparation  

In the membrane electrode assembly (MEA) preparation process, carbon paper 

(P50T) was used as the backing layers of the anode and the cathode. Anode catalyst inks 

were prepared by dispersing RFC0 catalyst in distilled water and ethanol mixed with 

different amounts of Nafion
®
 solution (5 wt% dispersion, Aldrich). The weight ratio 

between the catalyst and Nafion
®
 used were 9:1, 9:3, 9:5, and 9:9 and the obtained 

MEA were named as RFC1, RFC3, RFC5 and RFC9 in the order of increasing  

the amount of Nafion
®

. TKK1, TKK3, TKK5 and TKK9 were prepared in the same 

manner. For this reason, the prepared catalyst and the purchased catalyst mentioned in  

a section 2.3 will be referred to hereafter as RFC0 and TKK0, respectively. Cathode 

catalyst ink was prepared by dissolving a commercial Pt/C catalyst (46 wt%, TKK 

TEC10E50) in distilled water and ethanol including Nafion
®
 (9:1). In each electrode, 

the corresponding catalyst ink was painted to achieve a metal loading of 0.5 mg cm
-2

 

followed by a coating of 0.5 mg cm
-2

 Nafion
®

. Finally, the anode and cathode  

(22 mm × 22 mm) were placed onto the two sides of a Nafion
®
 NRE-212 membrane 

(Aldrich) and hot-pressed at 135 °C and 10 MPa for 20 min to form the MEA.  

 

6.2.5 Single cell performance testing and CO tolerance experiment 

The MEA was assembled into a single cell (FC05-01SP, ElectroChem, Inc.) having 

flow field plates made of graphite and end plates made of copper. The end plates of  

the cell were attached to a heater. The single cell was connected to a fuel cell test 

apparatus (Chino Corp.). Pure H2 (or H2/CO mixture) and O2 were supplied at flow rates 

of 80 mL min
-1

 to the anode and cathode, respectively, at ambient pressure. During 

measurements, the anode and cathode humidifiers were set at 70 °C and 68 °C, 

respectively, and the single cell was maintained at 70 °C. 

The CO tolerance experiments were performed under the same conditions as single 

cell performance tests. The current density was set to 0.2 A cm
-2

. First, starting with 

pure H2 for 1 h and then 100 ppm of CO was mixed to H2. The concentration of CO was 

increased every 2 h to 500 ppm, 1000 ppm, and finally 2,000 ppm. 

 

6.3  Results and discussion 

 

6.3.1 Surface area and pore distribution of the catalysts 

Fig. 6.1 shows the surface area of RFC and TKK catalysts with various ratios of 

Nafion® content from 0 to 9. As the amount of Nafion® was increased, the surface area 

decreased. TKK0 has a surface area of 406 m
2
 g

-1
, which is smaller than that of  
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the RFC0 (1014 m
2
 g

-1
). Fig. 6.1 also shows the changes in surface areas of RFC and 

TKK catalysts after both catalysts had been mixed with various amounts of Nafion®. It 

can be seen that the surface areas per gram catalyst decreased with the increasing 

amount of Nafion
®
. In the case of TKK catalyst, when Nafion

®
 was mixed to the 

catalyst (ratio of Nafion
®

 to catalyst was 1:9, TKK1), surface area of TKK1 was smaller 

than TKK0 because the Nafion
®
 had covered only some pores. When the amount of 

Nafion
®

 was increased three times (ratio of Nafion
®
 to catalyst was 3:9, TKK3), the 

surface areas of both TKK1 and TKK3 catalysts were almost not changed, which 

implies that Nafion
®
 coated on the surface of catalysts without covering the pores. 

Unfortunately, when the amount of Nafion
®
 was increased five times (ratio of Nafion

®
 

to catalyst was 5:9, TKK5), the surface area drastically decreased possibly because 

mesopores were fully covered by Nafion
®
. When the amount of Nafion

®
 was increased 

nine times (ratio of Nafion
®
 to catalyst was 9:9, TKK9), the surface area hardly 

increased. Therefore, these results imply that Nafion
®

 in the case of TKK1 merely 

coated the surface of TKK catalyst, but Nafion
®
 in the case of TKK5 fully covered the 

surface of TKK catalyst.   

In the case of RFC catalyst, when Nafion
®
 was mixed to the catalyst (ratio of 

Nafion
®
 to catalyst was 1:9, RFC1), an increase in surface area of RFC1 from RFC0 

was observed because of incomplete coating of Nafion
®
. When the amount of Nafion

®
 

was increased three times (ratio of Nafion
®
 to catalyst was 3:9, RFC3) and five times 

(ratio of Nafion
®
 to catalyst was 5:9, RFC5), the same trends of decrease of surface area 

due to gradual pore coverage were observed. The important result was when the amount 

of Nafion
®
 was increased nine times (ratio of Nafion

®
 to catalyst was 9:9, RFC9), the 

surface area did not change because the Nafion
®

 coated some pores on the catalyst 

surface; similar to the case of the comparison between TKK1 and TKK3. However, the 

full coverage as in the case of TKK5 was not observed in the case of RFC catalyst. 
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Fig. 6.1  The BET surface area of all catalysts. 

 

6.3.2 TEM images of Nafion® mixed catalysts 

Fig. 6.2 shows TEM images of some Nafion
®

-containing catalyst powder. It can be 

seen that the higher the Nafion
®
 amount (the Nafion

®
 ratio, to be exacted), the more 

easily Nafion
®
 could be observed in the images. It is of note, however, that when 

comparing between two samples with the same amount of Nafion
® 

content, Nafion
®

 

could be observed more easily in the images of the TKK samples than in the images of 

the RFC samples, due to the surface area and pore structure. 
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Fig. 6.2 TEM images of Nafion
®

 mixed catalysts. 

 

6.3.3 CO tolerance 

The CO tolerance data of TKK and RFC catalysts with various Nafion® contents 

were summarized in Table 6.1. Fig. 6.3 (A) shows the efficiency of MEAs at various 

Nafion® contents without CO. In case of TKK series, the best performance is the MEA 

using TKK1 as anode catalyst (I/C ratio = 1:9). Higher Nafion® contents reduce not 

much MEA performace and remain the same MEA performance when using TKK3 to 

TKK9 as anode catalysts.  Because all parameters are the same except the Nafion® 

content, it then can be concluded that TKK1 is at the optimum Nafion® content 

condition to operate without CO. On the other hand, RFC series revealed that RFC5 is 

at optimum condition. When 500 ppm CO, this level is practically found in real case, 

were introduced to these samples as shown in Fig. 6.3 (B), a trend of performance of 

MEAs using TKKs as anode catalysts did not change much. There was a significant 
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reduction of performance in case of RFCs with low Nafion® contents (RFC1 and 

RFC3). It shows the possibility that the necessary of Nafion® to enhance CO tolerance is 

more than that of pure H2. Then, the results in Fig 6.3 (C), extreame condition of 2,000 

ppm CO contamination, reassure that higher contents of Nafion® improve CO tolerance. 

Only when the I/C of MEAs were 5:9 and 9:9 that the anode catalysts were still able to 

operate at this point. Nafion® might have improved the transportation of ions (improve 

tripple-phase boundary (TPB)) and better TPB could enhance the CO tolerance.  

 

Table 6.1 Cell voltages at 0.2 A cm
-2

 at different CO concentrations of TKK and RFC catalysts with 

various Nafion
®
 contents 

 

I : C 

Molar Ratio 
Catalyst Name 

CO Concentration (ppm) 

0 100 500 1000 2000 

1:9 
TKK1 0.76 0.73 0.63 0.47 0 

RFC1 0.73 0 0 0 0 

3:9 
TKK3 0.74 0.67 0.47 0 0 

RFC3 0.73 0.38 0 0 0 

5:9 
TKK5 0.75 0.7 0.57 0.44 0.4 

RFC5 0.78 0.75 0.73 0.7 0.65 

9:9 
TKK9 0.75 0.67 0.44 0.38 0.34 

RFC9 0.76 0.7 0.62 0.52 0.36 

 

TPB is a reasonable explaination of CO tolerance enhancement. In case of pure H2, 

amount of Nafion® could manipulate an accessibility of ion. TKK1 presents the proper 

amount of Nafion® but too much Nafion® in the other TKKn retards the transport of 

ions. In contrast, RFC1 and RFC3 present situation that lacking of Nafion® could also 

reduce the performance and the reduction is more severe than in case of too much 

Nafion®. One question might arise; Is there no problems when the amount of Nafion® is 

really too much in the system? As the understanding is that large amount of Nafion® 

hinders transportation of ions and increase the resistance of the cell but the MEA 

preparation process can manage this problem. The hot-press process to bind cathode, 

anode and ionomer with pressure and heat could deminish the exess amount of Nafion®. 

Moreover, the pore which were blocked with Nafion
®
 could be reproduced at this 

process.
26, 27
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Fig. 6.3 The CO tolerence of Nafion® mixed catalysts: (A) Pure H2, (B) 500 ppm 

CO/H2, and (C) 2,000 ppm CO/H2. 

 

6.3.4 Effect of Nafion
®
 mixing on pore volume 

In order to understand the effect of Nafion
®
 content, the pore volume and pore 

structure of each sample was measured. As shown in Table 6.2, the mesopore volumes 

of TKKs (calculated by DH plot) show critical decreased at 81.2 % when the Nafion
®
 

content was increased 5 times. In case of RFCs, the decrease in mesorepore volume of 

RFC9 at 51.9 % should be considered as a critical decrease.   
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Table 6.2 The mesopore volumes and average pore diameters calculation by DH plots. 

Catalyst Surface area 

of catalysts 

(m
2
 g

-1
) 

Volume of 

mesopores 

(cm
3
 g

-1
) 

Reduction of 

mesopore  

volume (%) 

Average pore 

diameter by DH plots 

(nm) 

TKK0 

TKK1 

TKK3 

TKK5 

TKK9 

406 

318 

276 

45 

51 

0.77 

0.74 

0.61 

0.11 

0.01 

- 

4.4 

17.1 

81.2 

94.7 

108.6 

79.9 

94.6 

146.9 

125.1 

RFC0 

RFC1 

RFC3 

RFC5 

RFC9 

1014 

1060 

741 

501 

389 

1.23 

1.08 

0.75 

0.51 

0.25 

- 

- 

30.6 

31.5 

51.9 

44.5 

51.6 

59.7 

44.5 

197.3 

 

The results of average pore diameters revealed important information about the 

difference in pore structures of TKKs and RFCs. This information agrees well with the 

changing of surface are after increase the ratios of Nafion
®
. In the case of TKKs, when 

Nafion
®
 was mixed to pure carbon (changing from TKK0 to TKK1) the average pore 

diameter decreased by 27.7 nm and the thickness of Nafion
®
 coating was 13.8 nm. After 

that, increasing the Nafion
®
 amount (change from TKK1 to TKK3) reduced pore 

diameter. The reduction of pore diameter might imply that thickness of coated Nafion
® 

on mesopores became thicker. After this point (changing from TKK5 and TKK9) the 

pore diameter increased drastically which might imply that all mesopores had been 

covered. On the other hand, in the case of RFCs, when Nafion
®
 was first introduced to 

pure carbon (changing from RFC0 to RFC1), the pore diameter increased, possibly due 

to the fill-up of micropores. Even when the Nafion
®
 amount was increased from RFC1 

to RFC3, the pore diameter still increased. This micropore filled-up phenomenon did 

not appear in case of TKK. Until RFC5, the average pore diameter started to decrease to 

44.5 nm, which represented the Nafion
®

 coating thickness of 7.6 nm. After this point, 

RFC9, the pore diameter increased again by the same reason with TKK5 and TKK9. 

Therefore, the important point of both series was the step that Nafion
®
 coated on the 

catalyst surface before the pore diameter growing up again as TKK1 and RFC5. This 

corresponds well with the CO tolerance data that the MEAs using TKK1 and RFC5 as 

anode catalysts showed the highest performance in its series.  

Fig. 6.4 confirms the change in pore diameter. From TKK0 to TKK1, the peak of 

pore distribution shifts from about 100 nm to 60 nm which means that Nafion® coating 

thickness is about 20 nm. For RFCs cases, the peaks of pore distribution show almost no 

change until RFC5.  Therefore, it can confirm by pore size distribution that in case of 
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TKK catalysts, the optimize I:C ratio is less than 5:9 but in the case of RFC catalysts, 

the optimize I:C ratio is less than 9:9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4 Pore distribution of all catalysts. 

 

6.4  Conclusion 

 

The optimized amount of Nafion® is very important, precise, and has a significant 

effect on the CO tolerance of MEA. Inadequate loading of Nafion
®
 leads to an unstable 

electricity genaration of  MEA under CO environment. On the other hand, overloading 

of Nafion® leads to the decrease of cell efficiency even though it still be able to tolerate 

high contamination of CO. The triple phase boundary theory explains that  

the transportation of protons through Nafion
®
 can enhance or inhibit the efficiency of 

fuel cells. Moreover, the result form this research shows that the optimized amount of 

Nafion® greatly depends on the surface area and the average pore diamter.  
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Chapter 7 

 

General Conclusion 

 

In this thesis, the effects of PtRu anode catalyst supports in polymer electrolyte fuel 

cells (PEFCs) are described. The decoration of the support to obtain state-of-the-art CO-

tolerant anode catalyst is also described. The content of each chapter can be summarized 

as follows. 

In Chapter 1, a general introduction of fuel cells and detailed information o n 

residential fuel cells (which are based on a PEFC) were given. The major problem with 

a hydrogen fuel source, CO contamination, was also stated. Information from a 

literature review about the role of platinum and how it can be improved was provided. 

One factor affecting CO tolerance that  would be interesting to investigate for 

enhancement of CO tolerance is the carbon support. Resorcinol-formaldehyde carbon 

(RFCs) gels were selected to be used as supports because their pore structure is 

adjustable.  

In Chapter 2, the preparation of resorcinol-formaldehyde carbon gels with degrees 

of CO2 activation from 0 to 88 % was described. Pt and Ru nanoparticles were dispersed 

on these carbons by a rapid quenching method. The crystallite sizes of the PtRu 

particles in the prepared catalysts were smaller than those in a typical commercial 

catalyst. STEM pictures showed that increasing the degree of activation led to a better 

distribution of PtRu particles on the surface of the carbon. TEM images also showed the 

same trend of a higher degree of activation leading to the formation of smaller PtRu 

particles. However, when the degree became too large (Pt2Ru3/RC1000ac88), large 

particles tended to be formed inside the carbon. Micorpores stabilized PtRu particles on 

the support surface, but an excessively high volume of micropores increased the 

electrical resistance of the cell. Finally, CO tolerance tests by single cell experiments 

were performed. Pt2Ru3/RC1000ac58, prepared with a carbon support having the 

optimum degree of activation, showed the best performance due to its appropriate 

carbon micropore structure that allowed uniform dispersion of PtRu particles. The 

results of this study showed that adjustment of the degree of activation of the carbon 

support leads to efficient deposition of PtRu particles both in terms of particle size and 

size distribution. The resultant catalyst has better catalytic performance and higher CO 

tolerance. 

In experiments for which results are shown in chapter 3, two different commercial 

carbon supports (ECP and ECP600JD carbons) were used with Ru:Pt ratios of 1.0, 1.3, 
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1.5 and 2.0. The PtRu/C catalysts using carbon ECP had a higher Ru atomic fraction in 

PtRu, but those using carbon ECP600JD had a larger charge coverage due to their larger 

surface area and provide smaller PtRu particles. Only Ru-Pt bonding contributes to CO 

oxidation but Ru-Ru bonding does not. We thus proposed a new parameter, the Pt-Ru 

surface relative bonding ratio. This ratio is the multiplication of Ru atomic fraction in 

PtRu and charge coverage, which can indicates of CO tolerance enhancement.  

Moreover, the Pt-Ru surface relative bonding ratio could be optimized by selection of 

carbon supports. 

In Chapter 4, the preparation of Pt2Ru3 anode catalysts using RFCs prepared at 

various R/C ratios (i.e., 200, 800 and 1,000) was described. The catalysts that were 

prepared had similar physical properties such as alloying degree, PtRu particle size and 

BET surface area. However, they exhibited significantly different degree of CO 

tolerance. In addition, catalysts having larger volumes of mesopores with modal sizes 

after Nafion
®

 mixing as large as 50 nm exhibited higher CO tolerance. These results 

suggested the importance of large mesopore volume for CO tolerance. Effective CO 

removal due to the high diffusivity in large mesopores enhanced the CO tolerance of the 

MEA. 

In experiments for which results are shown in chapter 5, tin oxide decoration was 

deposited on the carbon support before PtRu deposition to synthesize PtRu/SnO2/C. In 

the absence of CO, the PtRu/C catalyst and PtRu/SnO2/C showed cell voltages that were 

not greatly different. After CO was fed together with H2, the difference in cell voltages 

was quite clear. With greater CO contamination, the difference in cell voltages became 

more significant. Furthermore, both the activity of electrochemical CO oxidation and 

the Pt-CO bond strength were quantitatively evaluated. The addition of SnO2 decreased 

Pt-CO bond strength while maintaining HOR activity to enhance CO tolerance.  

Finally, in Chapter 6, the importance of the triple-phase boundary theory is shown 

by the effect of Nafion
®

 contents. It was found that too little loading of Nafion
®

 greatly 

reduced the MEA efficiency, while too much loading of Nafion
®

 might block the 

accessibility of gases through the pore structure, which can be reproduced by a hot-

pressing process. CO tolerance was also affected by the amount of Nafion
®

 loading. The 

optimum amount of Nafion
®

 did not directly depend on either the I/C ratio or the 

surface area of a support. It was also found, however, that an appropriate pore diameter 

and appropriate pore volume of mesopores of the support in the catalyst are critical 

factors for enhancing CO tolerance by broadening the TPB region. 

All of the experiments provided new information about the contribution of the 

support to CO tolerance of PtRu anode catalysts for polymer electrolyte fuel cells 
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(PEFCs). Micropores could assist the formation of small and uniformly dispersed PtRu 

particles. Mesopores could affect not only the diffusivity of the reactant and product 

gases but also the distribution of Nafion
®
. Moreover, the addition of tin oxide promoted 

the ligand effect of a PtRu catalyst; thus, the electrooxidation activity was improved.    
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