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Abstract 

 

In Polymer electrolyte membrane fuel cells (PEMFC) and direct methanol fuel cell 

(DMFC) systems, the catalyst is supported on a conductive porous support for high stability and 

activity. The support should have adequate surface area, porosity, electrical conductivity, 

electrochemical stability, surface functional groups, and the like. The suitable supports for metal 

nanoparticle should be included (1) high electrical conductivity (2) high catalyst-support 

interactions (3) large surface area (4) adequate porous structure to maximize the triple phase 

interface (5) ease of water management to prevent flooding; (6) high corrosion resistance, and (7) 

easy recovery of the catalyst. Therefore, the choice of a suitable support will have a key impact 

on determining the catalyst, and hence the behavior, performance, lifetime and cost of the fuel 

cell. Until now, carbon black (CB) with high surface area and high conductivity have been widely 

used as fuel cell catalyst supports. However, since CB is vulnerable to durability such as carbon 

corrosion or oxidation, research is continuing to find materials that are durable materials. 

Therefore, many nanostructured materials, including carbon nanostructures, metal oxides and 

conductive polymers have been extensively studied over the last decades to improve the existing 

performance of catalyst supports for PEMFC/DMFC and to develop new ones. However, the 

development of supporting materials that possess high durability while reducing the amount of 

platinum is becoming very important, so it is not enough to develop supporting materials. 

Fundamental research is needed to secure catalysts with high durability through the design of 

catalyst supports that can solve the drawbacks. Representatively, strong catalyst-support 

interaction is able to improve the cell efficiency and charge mobility while reducing metal catalyst 

losses. In addition, the support can help improve catalyst performance and durability by reducing 

poisoning of the catalyst, and also affects the catalyst particle size.  

In this dissertation, I present the result of solving the disadvantage by developing a new 

support material and identifying the relationship between support and catalyst. And also, it 

proposes a method to ensure durability through simple engineering of surface of support material.  

To address the issues of the conventional carbon supports, chapter 2 presents carbon 

nano-onion (CNO), a new class of carbon allotrope, as a support for Pt catalysts. CNO had the 

spherical shape with 3 to 5 nm in diameter consisting of ~5 concentric graphitic layers. Superior 

durability of catalytic oxygen reduction reaction (ORR) was guaranteed by Pt supported by CNO 

(Pt/CNO) due to: (1) the islands-by-islands configuration of the Pt/CNO composites (c.f. islands-

on-a-particle configuration for Pt/C) to isolate each Pt nanoparticle from its neighbors by the 

same-size CNO particles and to suppress Ostwald ripening by highly tortuous void structure; (2) 

the curvature-induced strong interaction between CNO and Pt; and (3) the graphite-like 
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concentric layers guaranteeing corrosion resistivity. 

In chapter 3, an oxygen reduction reaction (ORR) catalyst/support system was designed 

to have Pt nanoparticles nanoconfined in nano-dimensionally limited space. Holey crumpled 

reduced graphene oxide plates (hCR-rGO) were used as a carbon support for Pt loading. As 

expected from Pt-to-Pt distance of Pt-loaded hCR-rGO longer than that of Pt/C (Pt-loaded carbon 

black as a practical Pt catalyst), the durability of ORR electroactivity along cycles was improved 

by replacing the widely used carbon black with hCR-rGO. Unexpected morphological changes of 

Pt were electrochemically induced during repeated ORR processes. Spherical multi-faceted Pt 

particles were evolved to {110}-dominant dendritic multi-pods. Nano-confinement of a limited 

number of Pt within a nano-dimensionally limited space was responsible for the morphological 

changes. The improved durability observed from Pt-loaded hCR-rGO originates from (1) 

dendritic pod structure of Pt exposing more number of active sites to reactants and (2) highly 

ORR-active Pt {110} planes dominant on surface. 

Through the results of this dissertation. researchers related to fuel cell and catalyst 

materials will be able to summarize the results of the study on catalyst supports and hope to be a 

reference for future research. 
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Chapter 1: General Introduction 

 

1.1. The important of electrocatalyst   

Polymer electrolyte membrane fuel cells (PEMFCs) are power generation devices that 

produce electricity using hydrogen and oxygen as fuel. They do not emit pollutants such as CO2 

and NOx, which are the main causes of air pollution. As a power generation device, it receives 

much attention. Fuel cell technology is based on the generation of energy when hydrogen fuel is 

converted to water through an electrochemical reaction. The principle of the fuel cell is as follows 

(Figure 1.1a). Hydrogen injected into the oxidation electrode (anode) is separated into hydrogen 

ions (H+) and electrons (e-), and oxygen ions and electrons are separated from the air injected 

from the reduction electrode (air electrode). At this time, electricity is generated by the movement 

of the separated electrons, and hydrogen and oxygen are generated, and water is generated to 

generate heat.1 Electricity generation efficiency is 30 ~ 40% and thermal efficiency is 40% or 

more, which is 70 ~ 80% high efficiency. 

Anode: H2 → 2H+ + 2e-                        (1) 

Cathode: 1/2O2 + 2H+ + 2e- → H2O            (2) 

The reaction efficiency of the fuel cell depends on how well the oxygen reduction reaction 

(ORR) occurs in the reducing electrode since there is an energy wall during the reaction process, 

a catalyst is required to increase the reaction efficiency. Platinum catalysts are mainly used. The 

reason for this is that the reaction rate is relatively slow compared to the hydrogen oxidation 

reaction at the oxidizing electrode, and thus serves as a step of determining the overall reaction 

rate of the fuel cell. The main reason for the slow rate of ORR is that the ORR progresses through 

several stages of reaction and exist a step of high energy wall. Since the energy wall depends on 

how strongly the oxygen is adsorbed during the oxygen adsorption step in the ORR step, the 

oxygen adsorption strength is an important parameter for determining the efficiency of the ORR.2 

Platinum catalysts have been proven to excel in their catalytic effects through many years of 

research, but they are still difficult to commercialize due to their high cost. As shown in the figure 

1.1b, the most expensive fuel cell component is the electrode, which is composed of many catalyst 

layers. Platinum nanoparticles supported by carbon (Pt/C) have been the most popular catalysts 

for cathodes of fuel cells in terms of this reason. Because, it is possible to obtain a small size of 

particles and a large efficiency after synthesizing them on a support. 
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Figure 1.1. Components of polymer electrolyte membrane fuel cell. (a) The working principle 

of PEMFC. (b) The price distribution of fuel cell components (the data result from 2014 annual 

merit review and peer evaluation meeting in Department of Energy).  

 

As mentioned above, Pt has been considered as the electrocatalyst exhibiting the highest 

electroactivity of oxygen reduction reaction (ORR) that is the cathodic process of fuel cells.3 

(Figure 1.2). In order to the ORR performance, the characteristics of the new catalyst are to 

induce the oxygen adsorption strength to be about 0.2 ~ 0.4 eV weaker than platinum.4 This is 

because the oxygen atom, the intermediate product of ORR, helps to facilitate conversion to other 

intermediates. The oxygen adsorption strength depends on the geometry of the catalyst. In 

particular, the oxygen adsorption strength can be controlled by increasing or decreasing the 

interatomic spacing.5 Therefore, if the optimum oxygen adsorption strength to improve the 

performance of the ORR is searched and the catalyst structure is optimized to cause such an 

oxygen adsorption reaction, the efficiency of the fuel cell can be improved. 

In spite of its superior intrinsic activity, Pt nanoparticles (practically around 5 nm) 

supported by carbon (Pt/C) suffers from unsatisfied durability for practical fuel cell operations. I 

am going to discuss the reason in the next section.  
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Figure 1.2. Trend in oxygen reduction activity plotted as a function of the oxygen binding energy 

from ref. 3.  

 

1.2. The drawback of platinum nanoparticles supported by carbon  

Generally, the automotive fuel cell stack experiences repeated start-up and shut-down 

(Strat-up / Shut-down). At this time, the fuel cell electrode is inevitably exposed to a high potential 

region. Carbon, which is used as a MEA catalyst carrier, is subjected to sustained oxidative 

damage in this potential region. The carbon used is often thermodynamically unstable under the 

operating conditions of the PEMFC and can be corroded as shown in the following equations (3) 

and (4).  

 

C + 2H2O → CO2 + 4H+ + 4e- (0.207 V vs. SHE)    (3) 

 

C + 2H2O → CO + 2H+ + 2e- (0.518 V vs. SHE)     (4) 

 

Carbon oxidation reactions of the above equation slowly proceed in general condition. 

But, the progress is going along more rapidly under high voltage conditions such as start/stop. 

The weakened interaction between the Pt particles and the carbon support due to carbon corrosion 

causes the platinum particles to detach from the support.6,7 

In addition, in the normal operation range of the fuel cell, the platinum supported by c

arbon electrocatalyst has a problem that the active surface area of the catalyst decreases due to 

the Ostwald-ripening and the particle migration on the carbon surface due to the dissolution-
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redeposition, and as a result, the catalyst performance deteriorates. It is known that platinum 

dissolution is severe in smaller particles than in bulk platinum. This is because the surface energy 

is large that it is already dissolved at a lower potential (Gibbs Thompson effect).8 The particle 

growth can occur when dissolved platinum is reprecipitated to other larger platinum particles. 

This decomposition mechanism is called Ostwald-ripening. And also, A possible explanation for 

the growth of platinum particles is the collision between the platinum particles on the surface of 

the carbon support.9 The platinum particles come into contact with each other by continuous 

adhesion and contraction caused by carbon corrosion. In a nutshell, carbon corrosion is a primary 

process, which creates a secondary problem of platinum particle detachment and agglomeration. 

Platinum dissolution can also be regarded as another fundamental degradation process that 

produces a second decomposition process called platinum deposition and Oswald ripening. 

 

 

Figure 1.3. Simplified representation of degradation mechanisms for platinum supported by ca

rbon (Pt/C) 

 

1.3. The improvement of durability method  

Even in the normal operation region of the fuel cell, the fuel cell catalyst has a problem 

that the effective surface area of the catalyst is reduced due to Ostwald-ripening and migration 

due to dissolution-redeposition, and as a result, the catalyst performance is deteriorate. To solve 

these problems, studies for improving the durability of catalyst and electrodes have been 

progressing actively. In this section, I present some representative methods that have been 

reported to improve durability. One of the solutions is the application of OER (oxygen evolution 

reaction) active materials.10,11 The OER catalyst is a catalyst that generates oxygen by 

decomposing water. When OER active materials (Ru, Ir, RuO2, IrO2, etc.) are present in the fuel 
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cell electrode, the water is first decomposed before the catalyst is corroded by the high potential 

at start-up/start-down condition. So, it can be prevented carbon corrosion. 

Ruthenium, the most widely known OER catalyst, shows a phenomenon of leaching due 

to vulnerability to acidic atmosphere, which is a fuel cell condition. Also, it is not suitable to 

commercial fuel cell vehicle system because of high cost. For this reason, recent studies use 

iridium, a material that has OER activity but is relatively inexpensive and does not dissolve in an 

acidic atmosphere. Nevertheless, there is a problem in applying an OER catalyst such as iridium 

metal to a catalyst electrode in fuel cell system. Due to the crystallinity of the surface, it is difficult 

to uniformly disperse in the slurry, and due to the aggregation of metals, the catalytic active site 

is blocked to deteriorate the electrode structure, resulting in deterioration in performance due to 

the materials. To solve this problem, iridium was alloyed with the platinum as ORR active 

material. The synthesis of platinum iridium alloy (PtIr/C) has been tried with various studies such 

as sol-gel method, vapor deposition, and electroplating method. However, there has been a 

problem that the uniformity is low and it is not suitable for mass production application. 

Ultimately, the PtIr/C catalyst synthesized on the carbon support surface needs to have better 

initial performance than the existing MEA using the platinum supported catalyst. In addition, 

there is a need for research that can improve the durability of the vehicle simulation system. Above 

all, iridium is also an expensive metal, so the price cut remains a problem. In order to solve this 

problem, researches for making alloys using nickel, iron and the like have recently become 

popular. 

Another method for ensuring durability is to inhibit the dissolution and size increase of 

the metal ions described in the above section by keeping the metal catalyst in the support. The 

Mayrhofer group which has been studying the catalyst durability studies for a long time reported 

hollow graphitic spheres (HGS) such as a mesostructured graphitic carbon support with a high 

surface area (1000 m2g-1) and precisely controlled pore structure.12 From this structure, that was 

developed to overcome the catalyst degradation during the long-term condition while still 

sustaining high activity. As shown in Figure 1.4, the size of the Pt nanoparticles does not show a 

significant change despite the substantial morphological changes caused by potential repetition 

during operation by limiting the platinum catalyst in the pores. Therefore, it can be seen that the 

decomposition of the fuel cell due to the separation of the particles and the aggregation of the 

particles is remarkably suppressed.  
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Figure 1.4. Schematic model of Pt encapsulation by pore confinement and particle size 

distribution. (a) Pre-synthesized HGS is impregnated with a Pt salt precursor under 

ultrasonication. After a reduction step under 30% H2 in argon at 250 °C, Pt nanoparticles smaller 

than 2 nm are formed. A high temperature annealing step up to 900 °C leads to the growth and 

subsequent confinement of Pt nanoparticles of ca. 3−4 nm in the mesoporous structure of the HGS. 

(b) Pt@HGS catalyst (left) and Pt/Vulcan reference catalyst (right) before and after 3600 

degradation cycles between 0.4 and 1.4 VRHE with a scan rate of 1 V s-1 in argon saturated 0.1 M 

HClO4 from ref. 12.  

 

And also, Mayrhofer’s group has successfully synthesized 3-4 nm diameter Pt alloy 

nanocatalyst with a narrow size distribution by space-confined alloying of Pt-Ni nanoparticles on 

a mesoporous support (PtNi @ HGS).13,14 PtNi @ HGS reported that the mass activity was tripled 

compared to conventional catalysts, resulting in a 3-fold reduction in the required Pt mass and 

thus cost savings. Also, the Ni content of the activated catalyst remained almost unchanged after 

the weak aging, and the pores were not separated or aggregated due to pore confinement. Thus, 

the improved activity is expected to be a promising candidate for PEM fuel cells after being aged 

within the operating range of the ORR catalyst. (Figure 1.5) 
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Figure 1.5. Structural study and assessment of the electrochemical stability of PtNi@HGS. 

(a) 3D structural model of PtNi@HGS after annealing with the metal nanoparticles confined 

inside the carbon matrix. (b) TEM image of PtNi@HGS. (c) evolution of the ECSA over time and 

Ni ratio for the as-received, activated, and aged catalyst. (d) specific activity (left axis) and mass 

activity (right axis) of PtNi@HGS and a standard Pt/Vulcan at 0.9 VRHE from ref. 13.   

 

Another method for securing the durability of existing commercial catalysts is to control 

the size or shape of the metal catalyst or to coat the metal catalyst with thin carbon such as 

graphene. Both these methods and described above methods have improved durability through 

changes in the metal catalyst. However, such a novel metal catalyst also composes a complex 

with a carbon support. Although research and development of metal catalysts are also important, 

research on carbon supports for durability and research on the relationship between carbon 

supports and metal catalysts are also important. In the following section, I am going to discuss 

the importance and types of carbon supports for improving catalyst durability. 
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1.4. The factor of carbon support 

It is important to select the support that is suitable for the support. Above all, it is 

necessary to have a large specific surface area because platinum particles must be evenly 

distributed. It is preferable that the material has a size of at least 100 - 300 m2/g and preferably 

has a value of 400 - 1000 m2/g or more. In terms of porosity of carbon, carbon material of 

mesoporous structure is preferred. 10-100 nm pore size is preferred as carbon support material. 

The basic fuel cell operates in an acidic atmosphere. Therefore, carbon support having high 

durability even in acidic conditions is a necessary condition. This is an important factor affecting 

impurity formation and proton conductor poisoning. The most important factor that a carbon 

support should have is its strong corrosion resistance in electrochemical conditions. It depends on 

the degree of carbonization and can be improved by heat treatment at high temperatures or surface 

modification. However, the degree of high carbonization reduces initial catalytic performance by 

reducing the distribution of platinum catalysts. On the other hand, carbon having a low 

carbonization degree is easily oxidized, making it difficult to produce a catalyst having high 

durability. The relationship between the structure and the characteristics of the carbon support 

according to the degree of carbonization is shown in the figure1.6. 

 

 

Figure 1.6. Relationship between structure and properties of carbon supports by carbonization 

  

Catalyst-support interaction has been considered as one of the important factor to affect 

catalytic activities and stability of classical chemo-catalysts. Recently, the catalyst-support 

interaction was revisited as the important factor to affect catalytic activities and stability.15,16 In 
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figure 1.7 indicate the electronic and physical interactions are the two aspects of the catalyst 

support interaction. Support materials could donate or accept electrons to or from catalysts, 

changing the electronic structure of catalysts and moreover their electroactivities. Physical 

interaction is based on the binding force defining the adhesion strength of catalyst molecules or 

elements to the surface of support materials. For example, when physical catalyst-support 

interaction is strong, the catalyst is bound to the support strongly. Dissolution and surface 

migration of Pt are suppressed with catalyst stability increasing.  

 

 

 

 

 

Figure 1.7. The relationship of catalyst support interaction. (a) Electronic interaction. (b) Physical 

interaction.   
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1.5. The kind of carbon support materials 

1.5.1. Commonly used carbon black 

As mentioned in 1.3, the material that is commonly used while satisfying the elements 

that the platinum support should have are Vulcan XC-72R, Shawinigan Acetylene Black and 

Black Pearl 2000. And also, E-Tek, Johnson-Matthey, and Tanaka sell 10 to 60 wt.% Pt/C or Pt 

based alloy/C, and non-supported catalysts are also commercially available. In general, it still has 

organic-sulfur impurities. And, it has problems such as nanopores that trap catalyst nanoparticles, 

thereby reducing the activity of the reactants by making them inaccessible to the catalyst particles. 

Above all thing, CB has the big disadvantage of being easily oxidized at high voltage and reducing 

durability. In order to secure this problem, a method of increasing the crystallinity of carbon by 

using Vulcite which is heat-treated at high temperature of Vulcan XC-72R to secure durability is 

also commonly used. Figure 1.8 shows the structural change of the Vulcan XC-72R before and 

after the heat treatment. 

 

 

Figure 1.8. Vulcan versus Vulcite. The two main bands are the D (defect) band and the G 

(Graphite) band. Additional bands are attributed to (i)amorphous carbon D”, (ii) sp3 carbon band 

or disordered graphitic lattice by sp2-sp3 bonds at the edges of networks (D*) 

 

Recently, carbon allotrope that can replace existing carbon black (CB) have been studied. 

These materials are shown in a simple table before being explained. 
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Table 1.1. Various kinds of Pt supported carbon materials.  

 

1.5.2. Carbon nanotubes 

Carbon nanotubes (CNTs) are synthesized by using metal catalyst particles such as iron, 

copper, and nickel. Therefore, they can be synthesized at a relatively low temperature as compared 

with conventional carbon materials. And CNT has a high electrical conductivity, good 

crystallinity and high surface area. CNTs are very close to commercialization as a fuel cell 

electrode support. Toyota, Japan’s leading company in the fuel cell automobile market, is 

developing new catalyst and membrane electrode assembly (MEA) based on highly crystalline 

CNTs for durability improvement. Murata et. al. has developed a technique to uniformly disperse 

the Pt nanoparticles in a multiwall CNT with a surface area of 200 m2 g-1 similar to the surface 

area of conventional carbon black (Figure 1.9).17 In addition, the CNT-based Pt catalyst exhibited 

higher performance, Pt utilization and long-term stability than the conventional carbon black. 

Based on these results, Toyota has selected multiwalled carbon nanotubes as a next-generation 

catalyst support for fuel cells and continues to carry out related research. However, carbon 

nanotubes have a problem that it is difficult to uniformly carry platinum particles by a general 

catalyst production method due to low curvature and chemical stability. CNTs have a high packing 

density. This being so, the pores of the electrodes are not developed when CNT based catalyst are 

used to fabricate MEA. As a result, there is a problem that the movement of water which is a 

product and a gas required for a fuel cell reaction is limited. Many researchers have been working 

on solving these problems and developing a surface treatment technique using a surfactant or 

strong acid to control the crystallinity of carbon nanotubes. However, these approaches are also 
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disadvantageous in that the durability of the carbon support is deteriorated It is difficult to solve 

the problem. Therefore, in order to develop a highly durable catalyst based on a carbon nanotube, 

it is necessary to develop a non-destructive surface treatment technique and a catalyst synthesis 

technique capable of maintaining the characteristics of carbon nanotubes having high crystallinity 

and uniformly supporting platinum particles. 

 

 

Figure 1.9. TEM image of Pt nanoparticles on CNTs from ref. 17. 

 

1.5.3. Carbon nanofiber 

Carbon nanofibers (CNFs) are in the form of fibers having a diameter of several tens to 

one hundred nanometers. Polymers are mainly used as raw materials for producing carbon 

nanofibers. Generally, CNFs produce polymer fibers by using polymer solution and 

electrospinning method and induce stabilization reaction to maintain fiber shape at high 

temperature. CNFs have a high crystallinity due to high temperature heat treatment and are easy 

to composite with metals catalyst in the manufacturing process. And, it is easy to control the fine 

pores and surface area. The electrospinning method is advantageous in that a polymer solution 

can be prepared singly or mixed with a metal precursor solution to produce a polymer fiber. 

Particularly, the polymer fiber produced by using the mixed solution is able to synthesize a mixed 

catalyst with CNFs and metal precursor. After carbonization process, the metal precursor present 

in the polymer fibers is reduced at high temperatures to form metal particles. It is possible to 

produce catalyst particles having a relatively small size even in a high-temperature heat treatment 

because they are limited by growth or migration by the surrounding molecules or carbon 
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surrounding the metal particles. Figure 1.10 compared the long-term stability of Pt/CNFs 

prepared by electrospinning with commercial Pt/C. Carbon nanofibers prepared by high 

temperature heat treatment have high crystallinity. Therefore, it shows corrosion resistance and 

suppresses the agglomeration of Pt particles due to the carbon coating on Pt particles, thus 

exhibiting a long-term stability higher than that of the commercial Pt/C.18 However, metal 

particles present inside the carbon nanofibers do not participate in the electrochemical reaction. 

As a result, there is a problem that activity per mass is decreased. Therefore, a technique must be 

developed that can easily transfer the metal particles to the surface of the carbon nanofibers or 

maximize the exposure of the metal particles with the crystallinity of the CNFs. 

 

 

Figure 1.10. (a,b) SEM image of Pt/carbon nanofiber electrocatalyst. (c) Change of ECSA of the 

e Pt/p-CNF600, Pt/p-CNF1000, Pt/pCNF1400, and Pt/KB during the accelerated durability test 

for 200 and 1000 cycles from ref. 18.  

 

1.5.4. Graphene 

Graphene is a two-dimensional carbon material with carbon bonded in a hexagonal 

honeycomb structure. Graphene has a high specific surface area (2600 m2g-1), electrical 

conductivity (200,000 cm3V-1•s-1, light transmittance (about 98%), and excellent chemical 

stability, so much research is being done as a next generation carbon support. The manufacturing 

method of graphene can be roughly divided into a growth method and a peeling method. The 

growth method is chemical vapor deposition (CVD) in which a gas containing a carbon atom such 

as methane is injected into the surface of a metal similar to the growth of carbon nanotubes. There 
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is an epitaxial growth method in which carbon-containing substrates such as silicon carbide (SiC) 

are grown by high temperature heat treatment. Among various methods, the material that can be 

used as a fuel cell catalyst support is an oxide graphene oxide (GO) produced by a chemical 

stripping method which is easy to mass-synthesize and chemically modify and can be prepared in 

powder form. GO can easily control the oxygen function of the graphene surface using a reducing 

agent to suit the application. Such graphene is called reduced graphene oxide. Chemically stripped 

graphene has the advantage of a large specific surface area and uniform dispersion in various 

solutions. As a result, it has been reported that platinum particles are uniformly supported on the 

surface of graphene and thus the performance of the fuel cell catalyst is high. In particular, studies 

on improving the durability of graphene-based catalysts have focused on enhancing the durability 

of graphene itself by doping the graphene oxide with a different element such as nitrogen, boron, 

sulfur. Figure 1.11b shows the stability of the fuel cell after the growth of nitrogen-doped 

graphene with platinum nanotubes. Nitrogen-doped graphene has higher bonding strength 

between platinum and carbon support than pure graphene and conventional carbon materials, and 

it can improve long-term stability by suppressing aggregation of platinum particles due to bending 

on the surface of graphene.19 

 

 

Figure 1.11. (a) The ORR polarization curves of the Pt nanotube/n-doped graphene (Pt NTs/NG; 

green) catalysts in 0.1 M HClO4. (b) Before and after 10,000 cycles durability testing of Pt 

NTs/NG catalysts. The insets are the CVs of each catalyst in N2-saturated 0.1 M HClO4 solutions 

before and after degradation tests from ref. 19. 

 

However, the GO is produced through an oxidation process under a strong acid condition 

in order to minimize the Van deer Waals Force between the graphene layers. As a result, there are 

various oxygen functional groups and amorphous carbon materials on the surface of graphene. 

Oxygen functionalities and amorphous carbon will serve as a starting point for long-term 

corrosion of the carbon support in the form of carbon monoxide or carbon dioxide. Therefore, it 
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is necessary to develop a surface graphene oxide graphene and a technique capable of easily 

controlling amorphous carbon. 

 

1.5.5. Mesoporous carbon  

Mesoporous carbon is a carbon material with regular and constant size pores. It has a 

relatively high specific surface area and electrical conductivity. Generally, mesoporous carbon is 

produced by using a pore structure of a template such as mesoporous silica. After the raw material 

of carbon material is put into the template, the template is selectively removed after heat treatment 

at a high temperature to remove the mesoporous carbon. Mesoporous carbon is easy to control 

the size, density, and shape of pores according to the type and amount of template, so it is easy to 

design optimal condition as electrochemical electrode. However, the manufacturing process is 

complicated, and the price is higher than other carbon materials. Mesoporous carbon is known to 

exhibit relatively good stability compared to other carbon materials under fuel cell operating 

conditions. Particularly, in the case of mesoporous carbon having selectively micropores even 

under an electrolyte poor operating condition, the capillary phenomenon causes the electrolyte to 

be absorbed more quickly than the carbon black in the initial state, it is known to remain in the 

pores and to be effective in preventing the electrode from drying or corroding.20 In order to widely 

utilize the mesoporous carbon material having these advantages as a support for a fuel cell 

electrode catalyst, it is necessary to develop a technology capable of mass production in addition 

to cost reduction of the material. 

 

1.5.6. Carbon nano onion 

Carbon nano-onions (CNOs) are an emerging, novel class of carbon materials. CNO is 0-

D carbon analogue of 1-D CNT and 2-D graphene. CNO is composed of sp2-bonded, concentric 

carbon shell surrounding a hollow core.21-25 The curved morphology of CNO loosens the 

conjugation along the graphene sheet and result in the change in electronic structure and the band-

gap. This unique structure of CNO will have a significant effect on the physicochemical, 

electronic, and electrochemical property and reactivity. Besides the structure, structural order and 

surface chemistry are also important factors to influence the properties. Due to several unique and 

interesting properties, CNO is recently getting a significant attention, particularly in the area of 

energy storage device application. Among others, the important properties of CNO include high 

BET surface area (500 m2/g), high electrical conductivity (2-4 S/cm), and high thermal stability 

and appropriate mesoporous structure.26,27 Currently two structurally distinct CNO are 

synthesized by arc-discharge method and CNO derived from nano-diamond. First, nanodiamond-

driven CNOs (N-CNOs) are produced by placing detonation nanodiamond powders (3-5 nm in 
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diameter) in the furnace and annealing them at high temperature (1400-1900 C) under Ar gas 

flow (Figure 1.12b). In the process of annealing, a tetrahedral, sp3-bonded carbon network in 

nanodiamond is rearranged to form thermodynamically more stable sp2- carbon-onion structure. 

The annealing temperature around 1650 C produces N-CNOs with high quality and optimal 

characteristics in terms of electrical conductivity (2 S/cm) and BET surface area (~500 m2/g). The 

produced N-CNO is 3-5 nm in diameter and consists of 4-6 concentric carbon layers. In N-CNOs, 

the concentric carbon shells deviate from perfect spheres and include amorphous phase/defects. 

Overall, N-CNO contains the significant structural disorder. The second type of CNO we 

synthesize is driven by arc-discharge (A-CNOs) (Figure 1.12a). A-CNOs are synthesized in a 

large quantity (3 mg/min) by producing arc between two pure graphite electrodes submerged in 

deionized water. This method was found to produce spherical carbon nano-onions as well as 

polyhedral and nested onion-like particles. I optimized growth condition to produce the materials 

with higher purity and narrow polydispersity in previous work. These include the control over 

many growth parameters by choosing appropriate power, maintaining optimal gap between two 

electrodes, and their proper alignment, and optimal temperature of the surrounding water. At the 

typical growth condition (50-70 A, 17 V) we employed, we found that the produced A-CNOs are 

~20-40 nm in diameter and contains 30-40 concentric carbon layers surrounding a hollow core. 

The results of the study using CNO as a support will be described in the next section. 

 

 

Figure 1.12. Schematic representation of synthesis method about carbon nano onions. (a) 

Arc - discharge method (b) Nanodiamond Derived CNOs. 
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1.6. Representative evaluation method  

1.6.1. Oxygen reduction reaction 

The catalytic activity for oxygen reduction reaction (ORR) is evaluated using a rotating 

disk electrode by linear sweep voltammetry (LSV). This method is the most effective and well-

known method for studying the reaction rate of electrodes. The RRDE can control the supply rate 

of the solution to the electrode, so that the limiting current due to the limitation of the supply rate 

appears, which can be used to know the reaction rate at the electrode. The ORR equation 

according to the type of electrolyte is as follows. 

 

Alkaline media: 

O2 + 2H2O + 4e- → 4OH-           (4 electron reaction)         (5)  

O2 + H2O + 2e- → HO2
- + OH-     (2 electron reaction)         (6)  

H2O + HO2
- + 2e- → 3OH- 

Acid media: 

O2 + 4H+ + 4e- → 2H2O        (4 electron reaction)         (7) 

O2 + 2H+ + 2e- → H2O2              (2 electron reaction)         (8) 

H2O2 + 2H+ + 2e- → 2H2O 

 

Important factors which are the charge transfer number, current density and onset 

potential are able to be found by using RRDE method for ORR. Onset potential indicates the 

potential at which current starts to rise from the baseline in the voltammogram. It is interpreted 

that the reaction rate and catalytic performance are good with high initiation potential. The current 

density is normalized by the geometric area of the catalyst. The current density is related with 

consumption or production rate of oxygen or hydrogen. Therefore, this value is also closely 

related to the charge transfer number (n). The ORR is able to be roughly classified into two types. 

One is a direct four electrons reaction with no side reactions, and the other is a two electrons 

reaction that produces peroxide. The n value can be obtained from the RRED experiment along 

with the following equation. As the value of n approaches 4, it can be regarded as a complete 

oxygen reduction reaction. 
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4×𝑖𝑑

𝑖𝑑+
𝑖𝑟
𝑁

          (9) 

id: disk current 

ir: ring current 

N: collection efficiency  

 

1.6.2. Tafel slope 

The Tafel slope can be explained as follows. The potential for further electrochemical 

reactions is called overpotential. This is related to the Tafel equation, and the slope value derived 

from this equation is called the Tafel slope. 

 

η = a + b log 𝑖            (10) 

η: overpotential 

b: Tafel slope 

i: current density 

a: Tafel constants 

 

That is, the lower the Tafel slope, the less overpotential is required, which can be roughly 

seen as the catalyst exhibits high activity. The interpretation from the Tafel slope is important 

because the performances of ORR are similar in the platinum catalyst experiments. 

 

1.6.3. Durability test 

In the cyclic voltammetry (CV) method, the potential is varied at a constant rate in a given 

potential range, it is a method to analyze the current response characteristic. The cycle from the 

start of a specific potential to its return to its original potential at the inflection point is seen as a 

cycle. This CV method is mainly used for analyzing electrochemical active surface area in fuel 

cells. Figure 1.13 shows the CV results of platinum on aqueous perchloric acid solution with 

nitrogen purging. In the figure 1.13, the part denoted by ECSA represents the amount of charge 

required for the adsorption of hydrogen on the platinum surface (current x time: potential on x 

axis can be converted into time when the circulation rate is known). Since the amount of charge 

used for hydrogen adsorption of atomically smooth platinum is fixed, the active area of the 

platinum catalyst synthesized from this relative charge amount can be obtained.  
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ECSA =
𝑄𝐻

𝐿 × 𝑞𝐻
        (11) 

QH: The charge for the hydrogen adsorption 

L: The weight of the Pt loading 

qH: The charge required for monolayer adsorption of hydrogen on a Pt surface (210 μC/cm2) 

 

 

Figure 1.13. The CV curve of commercial Pt/C electrocatalyst in nitrogen saturated 0.1 M HClO4. 

 

As shown in the box in figure 1.14, it can also be applied to the analysis of the type of 

catalyst support and the deterioration of the catalyst. In the figure 1.14, A is a carbon nanoparticle 

as a support and B is a carbon nanotube as a carrier. The solid line is the result of CV performed 

immediately after synthesizing the catalyst, and the dotted line is the CV result after leaving the 

synthesized catalyst at 1.2 V for 192 hours (accelerated durability test; ADT). As can be seen from 

the CV results, when the carbon nanotubes are used as the support for Pt, there is no significant 

difference in the active area of the CV results even after ADT of the catalyst compared to the 

carbon nanoparticles. This means that the carbon nanotube carrier is superior in durability.28 

 



２０ 

 

 

Figure 1.14. ECSA vs. test time plots. Inset CVs of Pt/C electrode (A) and Pt/CNT electrode (B) 

before (a) and after (b) holding at 1.2 V (vs. RHE) for 192 hours in 0.5 mol L−1 H2SO4, scan rate 

0.01 V s-1. Electrode area 2.3 by 2.3 cm2 from ref. 28.  

 

Electrochemical durability test for electrocatalyst normally is carried out by continuously 

applying linear potential sweeps in fixed potential range for ORR. It is also possible to measure 

the change in catalytic durability over a certain period of time by fixing a constant voltage or 

current. 

 

1.6.4. Methanol oxidation reaction 

PEM fuel cells have been running on pure hydrogen gas as a fuel and air as an oxidant. 

This is going to be the small system case. But, in large systems the hydrogen fuel will come from 

some kind of fuel reforming system. Current hydrogen production methods are obtained by 

reforming fossil fuels due to low economic efficiency of water electrolysis, and poisoning of 

platinum catalyst due to impurities generated at this time is pointed out as a problem. The 

deterioration of fuel cell performance due to the carbon monoxide (CO) poison on the site of 

platinum catalyst is a serious problem. It is essential to develop a tolerant catalyst capable of 

preventing the degradation of the anode catalyst due to the poisoning of the CO contained in the 

reformed hydrogen. Through the methanol oxidation experiments, the tolerance of the catalyst 

can be checked by confirming the absence of CO through complete oxidation and the resistance 

to oxidation by low methanol oxidation reaction. In addition, the tolerance of carbon monoxide 

can be calculated through the relationship between methanol oxidation reaction and the oxidation 

of CO like species. This is explained on the next chapter. 
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Chapter 2: Curvature-induced metal-support interaction of an islands-

by-islands composite of platinum catalyst and carbon nano-onion for 

durable oxygen reduction 

 

2.1. Introduction 

Platinum supported by carbon (Pt/C) is the most representative catalysts for oxyg

en reduction reaction (ORR) for fuel cells and metal air batteries. However, the electroc

atalytic performances of the catalysts are not durable during long-term operation due to 

(i) loss of active Pt mass caused by carbon corrosion1, 2 and (ii) Pt particle agglomerati

on.3 Since carbon atoms at edges, defects and dislocations are susceptible to oxidation,4, 

5 graphitization6 and surface passivation4, 5 improve the corrosion resistivity of carbons. 

Non-carbon materials7 are alternative to carbon blacks for the same purpose. Pt is agglo

merated via Ostwald ripening (dissolution and re-deposition) and/or surface migration.3 N

anostructured carbon supports having voids in which catalyst islands are trapped would 

be useful for suppressing Pt agglomeration. Ostwald ripening as well as surface diffusio

n is limited geometrically and confined locally in the nanostructured matrix. The exampl

es include mesoporous carbon materials,8-11 carbon nanotubes,12 graphite nanoplatelets,13 c

arbon nanofibers,14 carbon aerogels15, graphene16 and carbon nanocage.17 As other strategi

es to suppress Ostwald ripening and surface migration of Pt particles, non-carbon suppor

t materials characterized by strong metal-substrate interaction also improved the stability 

of Pt dispersion on them.18-20  

To address the issues of the conventional carbon supports and guarantee the dura

bility of catalysts, here we present carbon nano-onion (CNO), a new class of carbon all

otrope, as a support for Pt catalysts. The CNO is spherical particles composed of conce

ntric shells of sp2-bonded carbon planes surrounding a hollow core. The CNO was chara

cterized by:21 (1) high electric conductivities and (2) large ionically accessible surface ar

ea originating not from micropores but from its small particle dimension in several nano

meter. In this work, we demonstrate the use of CNO as a catalyst support for ORR. A 

limited number of works have been reported for the Pt/CNO systems where Pt nanoparti

cles are supported by CNO in the conventional islands-on-a-particle configuration (island

s = Pt; particle = CNO).22-24 Previously, a very small particle (<< 1 nm) of Pt (which i

s not clearly identified) was electrodeposited on ~6 nm CNO22 or Pt particles of 2 to 4 

nm was loaded on non-spherical irregularly-shaped nitrogen-doped CNO (6 nm to severa

l tens of nm).23 On the other hand, here, we developed the composite consisting of Pt 
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and CNO of a similar size in the islands-to-islands configuration with an electronic inte

raction between them (the former and the latter islands in the islands-to-islands are Pt a

nd CNO, respectively). Long-term durability and methanol durability of Pt was significa

ntly improved by the CNO. Three key factors discouraging Pt agglomeration and carbon

 corrosion were suggested: (1) the islands-to-islands configuration of Pt/CNO, (2) the cu

rvature-induced electron donation from CNO to Pt and (3) the graphitic concentric layers

 of CNO. 
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2.2. Experimental section 

2.2.1. Chemical 

The following reagents were purchased from Sigma-Aldrich: platinum (II) 

acetylacetonate (powder, 99.99 %) for loading Pt nanoparticles on supports; perchloric acid (70% 

in water) and potassium hydroxide (ACS reagent, pellet) for electrolytes; and nafion (5 wt.% in 

lower aliphatic alcohols and water). Commercial Pt/C (20 wt. % of Pt on Vulcan XC-72R; denoted 

as Pt/CB in this work) was purchased from Etek. 

 

2.2.2. Synthesis of CNOs 

CNOs were prepared by annealing nano-diamond powders of 3 to 5 nm in diameter 

(Dynalene NB50) at 1650 °C for 1.0 h under helium flow at 500 sccm in a furnace. As-produced 

CNO powders were cleaned by thermal treatment in the same furnace at 400 °C for 4 h under air 

for removing amorphous carbon impurities. 

 

2.2.3. Preparation of Pt/CNO 

5 mg of platinum (II) acetylacetonate was dissolved in a mixture of 2mL of acetic acid 

and 3 ml of ethanol by sonication for 30 min. After introducing 10 mg of CNO, the solution was 

stirred at 120 °C for 6 h. The suspension of CNO was stable for more than one day. The oxygen-

containing surface functional groups are responsible for the stability of the suspension. During 

the thermal treatment, solvents were completely evaporated and the remaining dry powders were 

additionally baked. The Pt amount on Pt/CNO was estimated at 12.7 wt. % by thermogravimetric 

analysis (TA Q500). For comparison, the Pt amount on the commercially available Pt/CB was 

estimated at 18.5 wt. %. 

 

Figure 2.1. The preparation steps of the Pt/CNO electrocatalyst.  



２７ 

 

 

Figure 2.2. Stable ethanolic solution of CNO and Pt(acac)2 for 24hr.  

 

2.2.4. Physicochemical characterization 

Change in binding energy of Pt after ORR operations was investigated by X-ray 

photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha using a monochromic Al K

α X-ray source). Carbon defects were detected by Raman spectroscopy (WITec alpha 30

0R) with He/Ne laser at 532 nm. The laser was focused on the surface of all samples 

by using a 50x objective lens. Diffraction patterns were obtained by X-ray diffractomete

r (Bruker D8 advance diffractometer by using Cu-Kα radiation). All samples were scann

ed from 2θ = 20 to 60 degree in a step scan at 0.05 degree step-1. Electrical conductivi

ties of pressed pellets of CNO were measured. 20 mg of powder was pressed between t

wo steel pistons by applying pressures at 236 kPa. Voltages (V) applied between the tw

o steel pistons were swept while currents (I) were measured. Resistances (R) were read 

from the slopes of current-voltage curves: R = V / I. Conductivities (κ) were calculated 

from the values of resistances by using geometric dimensions of the thickness of compr

essed sample (l) and the cross-sectional area of compressed sample (A): R = κ-1 (l / A). 

X-ray absorption fine spectra (XAFS) were measured by the Beamline 6D of the Pohan

g Accelerator Laboratory (PAL) at 3GeV beam energy and 300 mA current. 
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2.2.5. Electrochemical characterization.  

Cyclic voltammetry (CV) as well as linear sweep voltammetry (LSV) for ORR 

measurements were conducted by a potentiostat (BioLogic VMP 3). Three-electrode syste

ms were configured with Pt wire as a counter electrode and a commercial Hg/HgO for 

alkaline media or a commercial Ag/AgCl (3 M KCl) for acid media as a reference elect

rode. Aqueous solution of 0.1 M KOH or HClO4 was used as electrolyte. Rotating ring 

disk electrodes (RRDE) of glassy carbon disk and platinum ring were used as working 

electrodes. The RRDEs were polished consecutively with two different alumina powders 

(0.3 and 0.05 μm) and cleaned by sonication for 20 min with deionized water for remo

ving alumina powders on electrodes. 20 mg of catalyst powders was dispersed in a mixt

ure of 900 μl of ethanol and 100 μl of 5 wt.% Nafion suspension in alcohol (Sigma-Al

drich) by sonication for 30 min. 6 μl droplet of the catalyst ink placed on disk of polis

hed RRDEs was dried in an oven at 80 °C for 5 min to evaporate solvent (loading = 

955 g catalyst cm-2). Electrolytes were purged with nitrogen for measuring background 

currents while they were saturated with oxygen for measuring ORR currents. All potenti

als were reported versus the reversible hydrogen electrode (RHE) (VRHE = V versus RH

E).  
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2.3. Results and discussion 

2.3.1. The structure of Pt/CNO  

The CNO powders were produced by annealing nano-diamond powders of ~ 5 nm in 

diameter at 1650 °C under Ar gas flow in furnace. Surface area was estimated at 404 m2 g-1 by 

nitrogen adsorption via Brunauer-Emmet-Teller equation (Figure 2.3). The electric conductivity 

of its pressed pellets was estimated at 4 S cm-1, which is consistent with the previously reported 

value of CNO25 and equal to the value of pressed pellets of carbon black.26 The size of the CNO 

particles (5 nm ± 1nm) were identical to that of the nano-diamond particles as their precursors 

while their onion-like lamination of multiple graphitic layers were distinguished from the nano-

diamond structure (Figure 2.4 for CNO versus Figure 2.5 for nano-diamond). Each CNO particle 

was interpreted as a single crystallite of 4 to 6 spherical graphitic layers by XRD patterns in terms 

of its interlayer spacing (d002) and crystallite size in the [002] direction (Lc) (Figure 2.6a). The 

strong single-graphene characteristics distinguishing CNO from conventional carbon black 

support (Vulcan XC-72R, here) was supported by 2D (more accurately 2D1A) peak of Raman 

spectra (Figure 2.6b). 

 

 
Figure 2.3. Nitrogen adsorption/desorption isotherm at 77 K. (a) Pt/CNO. (b) Pt/CB. Surface 

areas were calculated by using the Brunauer, Emmet and Teller (BET) model: 404 m2 g-1 for 

Pt/CNO and 164 m2 g-1 for Pt/CB. 
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Figure 2.4. TEM image of Pt/CNO. (a-c) Transmission electron microscopic (TEM) images of 

Pt/CNO (inset: energy dispersive spectra in b). The sizes of the CNO particles that is clearly 

identified as concentrically graphene-layered objects. More than 50 particles were counted.    
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Figure 2.5. TEM images. (a) Nano-diamond. (b) Vulcan XC-72R 

 

The peaks at 2θ = 25.6 and 43.3 degree in XRD patterns (Figure 2.6a), assigned to (002) 

and (100) planes of graphite respectively, indicate that the sp3-carbon network of nano-diamond 

particles were rearranged to form thermodynamically more stable sp2-carbon layers in the onion 

shape during the annealing step. The interlayer spacing between graphene sheets of the CNO 

(d002), calculated from the (002) peak by Bragg’s law, was estimated closer to d002 of graphite 

rather than carbon black: graphite (0.337 nm from our measurement but 0.335 nm as the ideal 

value) < CNO (0.345 nm) << Vulcan XC-72R as a carbon black (0.362 nm). The crystallite size 

of CNO in the [002] direction (Lc), calculated from peak widths of (002) peak by Scherer equation, 

was 1.5 nm (c.f. Lc for Vulcan XC-72R = 1.2 nm), indicating four to six spherical layers in average. 

The crystallite size and the number of layers expected from XRD patterns corresponded to the 

particle sizes and the numbers of layers shown in the electron-microscopic images (Figure 2.4b) 

so that each single particle of CNO is considered as a crystallite. 

The G-band peak at 1580 cm-1 for the lattice phonon and the D-band peak at 1350 cm-1 

from scattering by disorder-activated edge phonon were observed for both CNO and CB in Raman 

spectra (Figure 2.6b). The D/G ratios (the peak intensity ratios of D to G) of both of the carbon 

materials (1.1 for Vulcan XC-72R and 1.3 for CNO) were higher than that of graphite (0.05). The 

clear difference between CNO and Vulcan XC-72R was observed at the 2D-band peak at 2680 

cm-1.56 The peak was detected only in CNO. The 2D band is the second order of the D band and 

the second most prominent band of graphite so that it was formerly named G’.57,58 The 2D peak 

position of CNO (2680 cm-1) coincided with that of a single layer graphene. The full width at half 

maximum of CNO (FWHM, ~60 cm-1) was larger than that of the single layer graphene (~30 cm-

1), closer to the FWHM of 2 or 3 layers graphene (~55 cm-1) and smaller than the FWHM of glassy 
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carbon (77.1 cm-1) and carbon paper (69.4cm-1). The shape of the 2D peak of CNO was identical 

to that of the single layer graphene in that the peaks consist of only one component 2D1A. On the 

contrary, the 2D peaks of a-few layer graphenes are deconvoluted by four components (2D1B, 

2D1A, 2D2A and 2D2B in the ascending order of peak position) and graphite has a two-component 

2D peak. Therefore, the CNO is supposed to have strong graphitic characteristics when compared 

with the Vulcan XC-72R. 

 

 

Figure 2.6. Pt/CNO versus Pt/CB. (a) X-ray diffraction (XRD) patterns. (b) Raman spectra. 

 

2.3.2. islands-by-islands structure of Pt/CNO 

Pt catalyst nanoparticles were well mixed with (rather than dispersed on) CNO particles 

because the constituent particles (Pt and CNO) are of the similar size (5.3 ± 1.3 nm for CNO 

versus 2.8 ± 0.83 nm for Pt in Figure 2.4a and b). Pt particles were surrounded or pocketed by 

CNO particles so that each Pt particle is physically isolated from other Pt particles (Figure 2.7b). 

The islands-by-islands configuration of Pt/CNO is different from the islands-on-a-particle 

configuration of the conventional Pt/CB (CB = Vulcan XC-72R; size = 20 to 30 nm, 28 nm in 

average) where the catalyst particles sit on a larger particle of carbon black (Figure 2.7a). We 

expected the catalyst stability in the presence of CNO because the islands-by-islands 

configuration possibly blocked Pt agglomeration. The effects of carbon corrosion would be 

insignificant in ORR at room temperature and at the reductive potential range of the 

electrochemical experiments. Both of two major routes for Pt agglomeration (Ostwald ripening 
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and surface migration) are blocked by the islands-by-islands configuration of Pt/CNO. Highly 

tortuous void structure developed from packing of small CNO particles limits the distance 

between dissolution points and re-precipitation points (Ostwald ripening suppression in Figure 

2.7c and d). The local radii of curvature of the surface of CNO packing matrices are similar to the 

Pt particle radii so that Pt atoms from a Pt particle cannot help but travel along longer ways via 

more tortuous and discontinuous carbon phase consisting of the CNO before meeting another Pt 

particles (surface migration suppression in Figure 1e and f; l1 < l2 at d1 = d2). Therefore, it might 

be less possible for Pt particles to be agglomerated during long-term fuel cell operations in 

Pt/CNO catalyst composites. 

 

 

Figure 2.7. (a) Islands on a particle for Pt/CB. (b) Islands by islands for Pt/CNO. The sizes of Pt 

particles (orange spheres) in c and d are identical. Pt particles were drawn smaller than CNO 

particles for the best view to emphasize Pt particles entrapped between CNOs even if both 

particles are similar in size (5.3 ± 1.3 nm for CNO versus 2.8 ± 0.83 nm for Pt). (c, d) Oswald 

ripening or surface migration in Pt/CB (e) and Pt/CNO (f). d = particle-to-particle distance. l = 

pathways of dissolved ions in Ostwald ripening or atoms in surface migration. 
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2.3.3. ORR activity of Pt/CNO 

 
Figure 2.8. ORR. Aqueous solution of 0.1 M KOH and HClO4 were used as the alkaline and acid 

media, respectively. 10 and 20 wt. % Pt were used in Pt/CNO and Pt/CB respectively unless 

indicated otherwise. (a) ORR polarization in oxygen-saturated alkaline media (Figure S5 for acid 

media) at 10 mV s-1 with 1600 rpm. Three different Pt amounts (10, 20 and 50 wt. % Pt) were 

loaded on CB while 10 wt. % Pt was loaded on CNO. (b) Corresponding Tafel plots for Pt/CNO 

and Pt/CB in 0.1 M KOH. (c) ORR polarization curve in oxygen-saturated acid media (Figure 2a 

for alkaline media) at 10 mV s-1 with 1600 rpm. 
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The ORR electroactivities of Pt/CNO in comparison with their conventional counterpart 

Pt/CB were studied in both alkaline and acidic electrolytes (0.1 M aqueous solutions of KOH and 

HClO4 respectively). Interestingly, Pt/CNO was superior to Pt/CB at 10 wt. % Pt loading in terms 

of onset potential and exchange current while 10 wt. % Pt/CNO was equivalent or still superior 

to 50 wt. % Pt/CB (Figure 2.8a and b for alkaline media and Figure 2.8c for acid media). At the 

fixed loading in 10 wt. % Pt, the exchange current (io) of Pt/CNO was 20 times higher than that 

of its Pt/CB counterpart: 69x10-5 mA/cm2 for Pt/CNO versus 3.5x10-5 mA/cm2 for Pt/CNO. The 

improved ORR electroactivity of Pt/CNO could not be explained by the islands-by-islands 

configuration. The strong Pt-carbon interaction induced by high-curvature surface of CNO is 

thought to be the main reason for the improvement (discussed below).  

 

2.3.4. The durability test of Pt/CNO 

As expected from the geometric advantages of the islands-by-islands configuration, the 

electrochemical stability was guaranteed by the Pt/CNO composite catalysts. There was 

insignificant change in ORR current for Pt/CNO in alkaline media at 0.329 VRHE for > 4 h (Figure 

2.9). On the contrary, Pt/CB showed a serious decrease in current during the initial half hour 

followed by slow but continuous decrease. Little change in currents of cyclic voltammograms 

(CVs) in nitrogen-purged acid media or electrochemical surface area (ECSA) of Pt/CNO was 

clearly contrast to the serious decrease in those of Pt/CB (Figure 2.10a and b for CVs and Figure 

2.11 for ECSA). 

 

 

Figure 2.9. Chronoamperometric responses in the alkaline media saturated by oxygen at 0.329 

VRHE with 1600 rpm.   
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Figure 2.10. (a, b) 5000 times repeated cyclic voltammograms at 50 mV s-1 in the acid media 

purged by nitrogen: Pt/CB in a and Pt/CNO in b. 

 

 

 

 

Figure 2.11. The change in the electrochemical surface area (ECSA) of Pt/CNO and Pt/CB along 

voltammetric cycles.  
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Suppression of Pt agglomeration in the presence of CNO was clearly shown by analysing 

transmission electron microscope images before and after an accelerated durability test by 

sweeping potential between -0.1 VRHE and +1.2 VRHE for 5000 cycles (Figure 2.12a-d). Initially, 

both Pt/CB and Pt/CNO showed the identical particle size distribution of Pt on supports: mean 

diameters were 3.0 ± 0.77 nm for Pt/CB and 2.8 ± 0.83 nm for Pt/CNO. After experiencing ORR, 

Pt particles on CB agglomerated considerably to the size at 7.0 ± 4.0 nm (more than two times 

larger than the original particles) while the size of Pt on CNO increased slightly to 4.1±1.4 nm 

for Pt/CNO. The insignificant change in Pt particle size between before and after the durability 

test clearly confirms that the geometry of Pt/CNO composites in the islands-by-islands 

configuration are effective in suppressing Pt agglomeration. Changes in oxidation states of Pt 

during ORR, investigated by X-ray photoelectron spectroscopy (XPS), also supported that Pt 

agglomeration was suppressed in Pt/CNO.19  Doublet peaks were observed in Pt 4f spectra 

(Figure 2.12e), each of which consists of three sub-peaks responsible for different oxidation states 

including Pt(0), Pt(II) and Pt(IV). Peak shifts to lower binding energy were observed for Pt/CB 

after the durability test. That is to say, more reduced states such as Pt(0) were dominantly 

developed during the repeated potential sweep. It indicates the possibility of Pt agglomeration 

because Pt agglomeration reduces the exposed surface of Pt particles and therefore the surface 

oxide of Pt. On the contrary, no difference in peak positions of Pt 4f spectra of Pt/CNO was 

observed between before and after the durability test. 

 

2.3.5. The metal-support interaction  

In addition to the geometric factor, the metal-support interaction possibly affects (1) the 

electroactivities of Pt catalysts and (2) the stability in Pt particle dispersion on supports. The 

possibility of electron transfer from CNO to Pt was observed experimentally from XPS and X-

ray absorption near edge structure (XANES) spectra. The Pt 4f peaks of Pt/CNO in XPS spectra 

was observed at more negative binding energies than those of Pt/CB before the durability test: 

70.78 eV for Pt/CNO versus 71.28 eV for Pt/CB (Figure 2.12e). The negative shift of Pt 4f in 

binding energy represents the electron transfer from carbon support to platinum19 occurring more 

in Pt/CNO than Pt/CB. White line intensity of Pt/CNO in Pt L3-edge XANES spectra was much 

smaller than that of Pt/CB (Figure 2.12f). It indicates dramatic decrease in d-band vacancies of 

Pt when the support changes from CB to CNO. The d-band vacancies are most probably filled 

with electrons donated from CNO.  
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Figure 2.12. Durability. (a to d) TEM images (inset = size distribution) of Pt/CB (a, b) and 

Pt/CNO (c, d) before durability test (a, c) and after durability test (b, d). (e) X-ray photoelectron 

Pt 4f spectra of Pt/CB and Pt/CNO before and after durability test. The accelerated durability tests 

(ADT) were performed by sweeping potential between -0.1 VRHE and 1.2 VRHE for 5000 cycles. 

Nitrogen-saturated 0.1M HClO4 solution was used as the electrolyte. (f) Pt L3-edge XANES 

spectra by a synchrotron light source. 
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The interaction between Pt and carbon supports was investigated by using density function 

theory (DFT) calculation (Figure 2.13, Figure 2.15 to 2.18 and Table 2.1). Carbon nanoribbon 

models consisting of sp2-carbon atoms have been widely used to represent amorphous and 

graphitic carbon support systems in DFT calculations.27-29 The difference of planar and curved 

nanoribbons were recognized (Figure 2.14). The planar configuration did not show no 

hybridization between σ and π orbitals in carbon-carbon bonds.30 On the other hand, the radial 

deformation of curved carbon nanoribbon systems broke the bond symmetry of graphene, leading 

to the pz-orbital rotation and then the strong σ-π hybridization.31 Therefore, the carbon nanoribbon 

models were adopted to describe (1) flat facets for describing less-curvature Vulcan XC-72R (size 

= 28 nm in average) and (2) curved facets of high-curvature CNO (size = 4 nm in average) (Figure 

2.15). The lowest adsorption energy was achieved when the triangular facet of the Pt7 nanoparticle 

was adsorbed on the carbon substrates (Figure 2.16). Each Pt atom in triangular facet was 

adsorbed on the π-bond of carbon substrates for strong interaction.22 Interestingly and importantly, 

the adsorption energy of Pt7 on sp2 carbon nanoribbons (ΔEads
Pt) decreased to more negative values 

when the nanoribbons were curved (Figure 2.13 and Figure 2.18): e.g., ΔEads
Pt = -4.521 eV for 

zigzag nanoribbon (ZZNR) to -5.223 eV for curved ZZNR (c-ZZNR); ΔEads
Pt = -4.845 eV for 

armchair nanoribbon (ACNR) to -4.999 eV for curved ACNR (c-ACNR). It means that the Pt-

carbon interaction increases by curving the nanoribbons or by replacing the large and less-

curvature Vulcan XC-72R with the small and high-curvature CNO in this case. The strong 

interaction between Pt and the curved supports (or CNO) possibly suppresses the surface 

migration to edge sites that are thermodynamically most favored for Pt7 adsorption (e.g., ΔEads = 

-5.956 eV for ZZNR edge).23,32,33 On Vulcan XC-72R, however, Pt is agglomerated at the edge 

sites while Pt nanoparticles adsorbed on the flat facet are less likely found after durability test. 

In addition to the Pt adsorption behaviour, the electron transfer from carbon substrate to 

Pt was estimated by the amount of atomic charge transfer (Δq) by using DFT calculations. For all 

cases, electrons were transferred from nanoribbons to Pt7 nanoparticles (Figure 2.13 and Figure 

2.18).22  More electrons were transferred to Pt (indicated by more negative values of Δq) when 

the flat sp2 carbon nanoribbons were curved: Δq = -0.672 e for c-ZZNR < -0.632 e for ZZNR 

facet; Δq = -0.655 e for c-ACNR < -0.647 e for ACNR facet. The Δq can be also estimated by the 

Fermi level change (ΔEF) of Pt induced by the adsorption of Pt nanoparticle.22 The curved facet 

of the sp2 carbon nanoribbon induced the larger increase in EF of Pt7 than the flat facet did when 

the Pt7 was adsorbed on the nanoribbons: ΔEF = +0.401 and +0.385 eV for the curved facets versus 

+0.282 and +0.307 eV for the flat facets of ZZNR and ACNR systems, respectively (Figure 2.13a 

and Figure 2.17). The more electronic states are occupied by electrons with the Fermi level 

increasing so that the higher ΔEF directly increases |Δq|. Well-developed basal planes existing on 



４０ 

 

the surface of the CNO, as an another cause for electron transfer in addition to curved geometry, 

possibly donate their π-electrons to Pt metal particles.17,34 To this end, the strong Pt-CNO 

interaction is possibly helpful in stabilizing Pt against oxidation, preventing Pt dissolution and 

impeding the surface migration of Pt atoms, resulting in improving dispersion stability of Pt 

particles on CNO.  

 

 

 

 

 

 

Table 2.1. Dimension of ZZNR, ACNR, c-ZZNR and c-ACNR. Lattice A, B and C correspond to 

the lattice in x, y and z-axis. 
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Figure 2.13. Pt-support interaction. (a) Adsorption energy (ΔEads
Pt), the amount of atomic 

charge transfer (Δq) and Fermi level change (ΔEF) of Pt nanoparticles on carbon supports. Density 

function theory (DFT) was used. Pt7 was used for representing Pt nanoparticles while sp2 carbon 

nanoribbons of zigzag or armchair structures were modelled for the carbon supports. Flat facet 

and edge represented the low-curvature Vulcan XC-72R (CB) while curved facet was used for 

describing the high-curvature CNO. (b and c) The optimized structures of a Pt7 cluster adsorbed 

on flat and curved sp2 carbon nanoribbons. Pt7 nanoparticles on zigzag and armchair nanoribbons 

(ZZNR and ACNR) were shown in b and c, respectively. The curved nanoribbons were made by 

curving the corresponding flat nanoribbons along the x-axis. The structures were viewed from the 

y-axis. 
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Figure 2.14. The schematic representation of the effect of curvature on the adsorption affinity. 

(A) Planar graphitic carbon system. (B) Curved graphitic carbon system. 

 

 

 

Figure 2.15. The optimized structure of carbon nanoribbons. Top views of (a) ZZNR, (b) c-ZZNR, 

(c) ACNR and (d) c-ACNR, and side views of (e) c-ZZNR and (f) c-ACNR. Note that in (a) and 

(c) the orange colored atoms were fixed to reduce the distortion of sp2 carbon nanoribbons during 

the Pt7 adsorption on the other edge. Gray and white spheres indicate carbon and hydrogen atoms, 

respectively. The orange triangles indicate the adsorption sites for the Pt7 nanoparticle. 
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Figure 2.16. The optimized structure of Pt7 nanoparticle. Pt atoms were colored navy and the 

triangular facet, which is the adsorption site of the nanoparticle, was colored orange. 

 

 

 

 

Figure 2.17. Density of states (DOS) of Pt7 in adsorbed (Pt-a) and deformed (Pt-d) states. The 

deformed states were synthesized by removing nanoribbons from Pt7-adsorbed states. (a) ZZNR. 

(b) c-ZZNR. (c) ACNR. (d) c-ACNR. The dashed lines indicate the Fermi levels (EF) of the states 

of Pt7. ΔEF is difference of Fermi energies between adsorbed and deformed states. Δq is the 

amount of atomic charge transfer from sp2 carbon nanoribbon to Pt7. 
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Figure 2.18. The optimized structure of adsorbed Pt7 nanoparticle on (a) ZZNR facet, (b) ACNR 

facet, (c) ZZNR edge, (d) ACNR edge, (e) c-ZZNR facet and (f) c-ACNR facet. ΔEads
Pt is the 

adsorption energy of Pt7 nanoparticle and Δq is the amount of atomic charge transfer from sp2 

carbon nanoribbon to Pt7 nanoparticle. Navy, gray and white spheres indicate Pt, C and H atoms, 

respectively. 
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Choice of substrate possibly affects the crystallinity of Pt due to the metal-substrate 

interaction. The crystallinity of Pt in Pt/CNO was higher than that of its commercial counterpart 

(Pt/CB), which was indicated by sharper peaks at 39.77, 46.28 and 67.45 degree assigned for 

(111), (200) and (220) planes of Pt respectively (Figure 2.6a). The (111) planes of Pt were 

dominantly exposed to electrolytes in Pt/CNO (Figure 2.4b), which are known to have the highest 

ORR electroactivities among crystallographic orientations of Pt.35 

DFT calculation also supported that the strong metal-support interaction of Pt/CNO 

improved the ORR activity. Oxygen adsorption, the rate-determining step of ORR,36 was more 

encouraged on Pt7 attached to the high-curvature CNO (c-ZZNR) than on Pt7 attached to the low-

curvature or relatively flat CB (ZZNR) (Figure 2.19a and b). Adsorption energy of oxygen on Pt7 

(ΔEads
O2) decreased from -1.362 eV (ZZNR) to -1.657 eV (c-ZZNR) when the nanoribbon support 

was curved. Therefore, oxygen adsorption on more negatively charged Pt on CNO is 

thermodynamically more favored so that Pt/CNO is superior to Pt/CB in ORR electroactivity.  

 

 

Figure 2.19. O2 and methanol (MeOH) adsorption on Pt7 attached on flat and curved sp2 

carbon nanoribbons. (a and b) O2 adsorption. (c and d) MeOH adsorption. Pt7 is attached to 

either flat ZZNR facet or its curved counterpart. ΔEads
O2 and ΔEads

MeOH is the adsorption energy 

of O2 and MeOH on Pt7 attached to nanoribbons, respectively.  
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2.3.6. The methanol tolerance test for Pt/CNO 

In addition to ORR stability, methanol tolerance was also improved by the use of CNO 

as Pt supports. Methanol oxidation reaction (MOR) should be suppressed because carbon 

monoxide generated from MOR increases the viscosity of electrolyte and poisons active sites of 

platinum catalysts.37,38 The ORR current (5.32 mA/cm2) of Pt/CB in the alkaline media at 0.729 

VRHE decreased seriously to zero immediately after the introduction of 1 M methanol (Figure 

2.20a for alkaline media and Figure 2.20b for acid media). However, only a small change in the 

ORR current was observed on Pt/CNO. Cyclic voltammograms obtained in the acidic media 

purged by nitrogen or saturated by oxygen indicated that methanol was easily oxidized in the 

presence of Pt/CB but the oxidation was significantly suppressed in Pt/CNO (Figure 2.20d for 

acid media and Figure 2.20c for alkaline media). A single-atomic Pt catalyst was reported to show 

excellent MOR resistivity because at least two neighboring Pt atoms are required for the MOR.39 

Introduction of a protective layer such as carbon40 , polymer41 and metal42 to the surface of Pt was 

helpful for the MOR resistivity. However, it was difficult to find the cases that bare Pt nanocrystals 

are MOR-resistant. Carbon monoxide poisoning as a result of MOR has not been avoided by using 

platinum catalysts43, 44 so that bimetallic catalysts such as Pt-Pd have been presented.45,46 In our 

best knowledge, the Pt/CNO is the first carbon-supported bare platinum nanocrystal catalyst 

showing high performance ORR with MOR tolerance. In the same vein as the ORR stability 

confirmed by the DFT calculation, the electron-rich phase of platinum induced by electron 

donation of the CNO to Pt nanoparticle was expected to be responsible for the improved methanol 

tolerance.  

By DFT calculation, it was revealed that methanol (MeOH) adsorption was discouraged 

on Pt7 attached to the high-curvature CNO (c-ZZNR) when compared with the adsorption on Pt7 

attached to the low-curvature or relatively flat surface of Vulcan XC-72R (ZZNR) (Figure 2.19c 

and d). MeOH adsorption on curved nanoribbons was estimated less stable than that on flat ones: 

the MeOH adsorption energy (versus the state of MeOH in solution) = -0.740 eV for Pt7/c-ZZNR 

> -0.806 eV for Pt7/ZZNR. More negatively charged Pt on the CNO did not accommodate the 

MeOH molecules on its surface because the nucleophilic oxygen atom in MeOH47 is repulsive to 

electron-sufficient Pt on the CNO.  
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Figure 2.20. Methanol tolerance. (a and b) Chronoamperometric responses at 0.729 VRHE in the 

oxygen- saturated alkaline media with methanol injected at 300 s (1600 rpm). (c) ORR activities 

in the presence of 10 % methanol (10 mV s-1; 1600 rpm) in alkaline media. (d) Cyclic 

voltammograms at 50 mV s−1 in the nitrogen-purged acid media containing 1 M methanol. 
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2.3.7. The suppression of thermal oxidation 

Pt/CNO was more resistive to thermal oxidation than Pt/CB even if Pt-unloaded CNO 

and CB showed the similar onset temperature of severe mass decrease around 600 °C (Figure 

2.21). The onset temperature of Pt/CNO was 450 °C, which is 100 °C higher than that of Pt/CB. 

Also, the amount of the initial mass decrease of Pt/CNO below 150 °C was less than that of Pt/CB. 

The graphene-like concentric layers of CNO would suppress the oxidation catalyzed by platinum. 

As another feasible explanation on the oxidation resistance, the smaller contact area between Pt 

nanocrystals and the CNO particles is considered. It is difficult to imagine the hemi-spherical Pt 

domes sitting on the CNO particles of the same size (2.8 ± 0.83 nm for Pt versus 5.3 ± 1.3 nm for 

CNO). High curvature of the CNO particles provides inappropriate foundation that Pt atoms that 

land on. Accordingly, it is more accurate to describe the Pt/CNO composites as the mixture of two 

components rather than one component dispersed on the other. Therefore, the contact area 

between Pt nanocrystals and the CNO particles in Pt/CNO would be smaller than that of its 

practical counterpart Pt/CB where Pt nanocrystals are dispersed on CB. Since carbon oxidation 

proceeds most probably on the peripheral circumference of the contact between carbon and 

platinum, less number of active sites to catalyze the oxidation are involved in Pt/CNO than 

Pt/CB.1 

 

 
Figure 2.21. Thermograms of Pt/CB and Pt/CNO in air. Scan rate = 10 ℃ min-1. 

 

 

2.4. Density functional theory (DFT) calculation 

2.4.1. Computer method 

Density functional theory (DFT) calculation was carried out to investigate the adsorption 

of Pt7 nanoparticle on Vulcan XC-72R or CNO and adsorption of methanol on the adsorbed Pt7 
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nanoparticle. All DFT calculations were performed with Dmol3 program,48 using the generalized 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional.49 All electron 

relativistic core treatment was adopted with the numerical polarized basis sets (DNP 4.4). Spin 

polarized calculations were performed with the smearing value of 0.005 Ha. The Brillouin-zone 

was sampled by Monkhorst-Pack k-points;50 7×7×1 for hexagonal unit cell of graphene and Γ-

point (i.e. 1×1×1) for the other systems. The convergence criteria for energy, force, and 

displacement were set as 1.0×10-5 Ha, 0.002 Ha/Å, and 0.005 Å, respectively. The conductor-like 

screening model51 (COSMO) was applied to consider the solvent effect of water with the dielectric 

constant of 78.36.52 The atomic charge was calculated with Mulliken charge analysis.53,54  

 

2.4.2. Simulation details 

The sp2 carbon nanoribbons of the zigzag or armchair structure were modeled to describe 

carbon supports (Figure 2.15). Pt7 cluster was used as a representative to the Pt nanoparticle 

(Figure 2.16) since it was reported that the seven-atom cluster has the sufficient size to elucidate 

the adsorption behavior of Pt nanoparticle.55 Both edge and flat facets of sp2 carbon nanoribbons 

were considered as the adsorption sites for Pt7 in the low-curvature Vulcan XC-72R and in the 

high-curvature CNO, curved facet was only considered as the adsorption site (Figure 2.15). 

Zigzag and armchair nanoribbons (ZZNR and ACNR) were constructed on a hexagonal graphene 

unit cell with the lattice parameter of 2.460 Å . The nanoribbons were modeled to have similar 

sizes and the number of sp2 carbon atoms, where the edges were hydrogen-terminated. The lattice 

A and C were set to be 50 Å  and 20 Å , respectively, to introduce enough vacuum space to avoid 

self-interaction of the system and the lattice B of nanoribbons was ~12.5 Å  (Figure 2.15, Table 

2.1). Curved ZZNR and ACNR (c-ZZNR and c-ACNR) were modeled by cutting CNT (20, 20) 

(diameter 27.12 Å ) and CNT (30, 0) (diameter 23.49 Å ) respectively while containing similar 

number of sp2 carbon atoms (Table 2.1).  

The adsorption energy (
adsE ) of Pt7 on the surface of the carbon systems is calculated as follows, 

7 7ads Pt X Pt XE E E E+ = − −  (1) 

where 
7Pt XE +  indicates the total energy of Pt7 adsorbed on X = ZZNR, ACNR, c-ZZNR and c-

ACNR, and 
7PtE  and XE  indicate the total energies of isolated Pt7 nanoparticle and X = 

ZZNR, ACNR, c-ZZNR and c-ACNR, respectively. The adsorption energy of O2 and MeOH is 

calculated as follows, 

7 7ads Pt X adsorbate adsorbate Pt XE E E E+ + + = − −  (2) 
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where 
7Pt X adsorbateE + +  is the total energies of adsorbate molecules (i.e. O2 and MeOH) adsorbed 

on Pt7/nanoribbon complex, and adsorbateE  indicates the total energies of isolated adsorbate 

molecules. 

 

2.5. Conclusion 

In summary, the CNO spherical nanoparticles of ~ 5 concentric graphitic layers i

n 5.3 ± 1.3 nm were synthesized as a support for Pt catalysts. The long-term ORR dur

ability of Pt and its methanol tolerance was remarkably improved by the CNO instead o

f the conventional counterpart, carbon black. Three factors were responsible for the dura

bility. First, the islands-by-islands configuration of Pt/CNO isolated each Pt nanoparticle 

from its neighbours by the same-size CNO particles and suppressed Ostwald ripening by

 highly tortuous void structure. Second, the high curvature of the CNO nanoparticles ind

uced facile and ready electron transfer from CNO to Pt so that the strong interaction be

tween the substrate and the catalyst particles confirmed the dispersion stability. Third, th

e highly graphitic layers constituting CNO improved corrosion resistivity.  
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Chapter 3: Sphere-to-multipod transmorphic change of nanoconfined 

platinum electrocatalyst during oxygen reduction reaction 

 

3.1. Introduction 

Oxygen reduction reaction (ORR) is the cathodic process of fuel cells and metal air 

batteries. Pt has been considered as the electrocatalyst exhibiting the highest ORR electroactivity. 

In spite of its superior intrinsic activity, Pt nanoparticles (practically around 5 nm) supported by 

carbon (Pt/C) suffers from unsatisfied durability during practical fuel cell operations1. The main 

causes have been considered to be (1) active area loss by Pt agglomeration2 via Ostwald ripening 

(dissolution and re-deposition)3 and/or surface migration along carbon support surface4-6 and (2) 

active mass loss due to carbon corrosion7, 8.  

The durability of Pt/carbon systems has been improved by support-side approaches including 

controlling graphitic characteristics as well as nanostructuring carbon materials9. Carbon black of 

Pt/C was replaced by various nanostructured and/or graphitic carbon materials including an 

ordered hierarchical nanostructured carbon (OHNC)10, multiwall carbon nanotubes (MWCNTs)11, 

carbon nano-onions (CNOs) in an island-by-island configuration12, an ordered mesoporous 

carbon13 and carbon shells14, 15. The corrosion-resistive nature of graphitic carbons suppressed the 

carbon corrosion9, 11, 12 while the tortuous void or pore structures of nanostructured carbons 

discouraged Pt agglomeration16. 

To address the ORR durability issues of the conventional Pt/C catalyst, we confined Pt 

nanoparticles within nano-holes of graphene to block surface migration and restrict diffusion 

length of dissolved Pt ions in Ostwald ripening. Holey crumpled reduced graphene oxide (hCR-

rGO)17, 18 was prepared and used as the support for Pt. As expected, the durability of ORR activity 

of Pt was significantly improved in the nanoconfined situation. Unexpectedly and interestingly, 

we found that the nanoconfined Pt particles in a spherical shape was evolved to dendritic multi-

pods as oxygen reduction was repeated.  
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3.2. Experimental section 

3.2.1. Graphene oxide (GO) 

GO was prepared from purified natural graphite (SP-1, Bay Carbon) using the m

odified Hummers method. Graphite powder (2.0 g) was added to concentrated H2SO4 (4

6 ml), and KMnO4 (6.0 g) was added gradually with stirring and cooling, while the te

mperature of the mixture was maintained below 20 °C. The mixture was then stirred at 

35 °C for 2 h, and distilled water (92 ml) was added. After 15 min, the reaction was t

erminated by the addition of a large amount of distilled water (280 ml) and a 30% H2

O2 solution (5.0 ml), after which the color of the mixture changed from black to bright 

yellow. The mixture was centrifuged at 4000 rpm and washed with a 1:10 HCl solution 

(500 ml) in order to remove metal ions. The graphite oxide product was suspended in d

istilled water producing a viscous, brown dispersion, which was subjected to dialysis to 

completely remove metal ions and acids. To obtain the GO dispersion, the graphite oxid

e was exfoliated by ultrasonication (Sonic Dismembrator Model 500, Fisher Scientific) at 

100 W for 15 min and then centrifugation at 4000 rpm for 10 min. 

 

3.2.2. Pt-loaded reduced GO (Pt/FL-rGO) 

The colloidal mixture of GO and H2PtCl6∙6H2O were prepared and their weight r

atio was 1:0.5 with the concentration of GO in colloidal mixture fixed at 0.5 mg/ml. T

hen, the mixture was poured into a glass Petri dish with a diameter of 9.5 cm and a d

epth of 1.6 cm, and incubated at 80 °C for 24 h. The GO/H2PtCl6∙6H2O film was caref

ully peeled off from the glass dish. Then, FL-RGO/Pt was fabricated by followed therm

al annealing at 900 °C (ramp: 5 °C/min) in a vacuum for 3 hr. 

 

3.2.3. Crumpled rGO (CR-rGO) 

GO dispersion was atomized through a 7.0 μm nozzle of a spray dryer (Buchi B-90) to 

micrometer-size droplets by 30 mbar. The droplets were dried by hot air at 120 °C. The dry 

powders were settled by a cyclone separator to remove tiny particles. The powders were thermally 

annealed at 900 °C in a ramp of 5 °C min-1 in vacuum for 3 h. 

 

3.2.4. Pt-loaded holey CR-rGO (Pt/hCR-rGO) 

The colloidal mixture of GO and H2PtCl6∙6H2O were used as starting materials for porous 

and crumpled rGO-supported Pt catalyst, and their weight ratio was 1 : 0.5 with the concentration 

of GO in colloidal mixture fixed at 0.5 mg ml-1. Then, crumpled rGO/Pt was fabricated by the 

spray dryer (Buchi B-90 spray dryer) followed by thermal annealing at 900 °C (ramp: 5 °C /min) 
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in a vacuum for 3 hr. In this process, micrometer-sized droplets of dispersion were produced by 

the atomizer (nozzle in 7.0 μm) of the spray dryer. The droplets were carried away and dried by 

inflow warm air (120 °C) to produce powder particles. The dry powders were settled by a cyclone 

separator and the air was discharged from the separator along with small particles. The atomizer 

pressure was about 30 mbar and the hot air temperature was 120 °C. In all experiments, 30-40 % 

of the spray rate was used for spraying the dispersions.  

The porous crumpled rGO/Pt samples were prepared in a single-step air oxidation process 

by directly heating the starting crumpled rGO/Pt sample in static air at an elevated temperature in 

an open-ended tube furnace. The samples were prepared at 350 °C and held for 3 h, and then, 

thermally reduced at 900 °C (ramp: 5 °C/min) in a vacuum for 3 h to remove oxidized carbon in 

rGO. 

 

3.2.5. Electrochemical measurements 

Cyclic voltammetry (CV) as well as linear sweep voltammetry (LSV) for ORR 

measurements were conducted by a potentiostat (BioLogic VMP 3). Three-electrode syste

ms were configured with graphite rod as a counter electrode and a commercial Hg/HgO 

for alkaline media or a commercial Ag/AgCl (3 M KCl) for acid media as a reference 

electrode. Aqueous solution of 0.1 M KOH or HClO4 was used as electrolyte. The rotat

ing ring disk electrodes (RRDEs) were polished consecutively with two different alumina

 powders (0.3 and 0.05 μm) and cleaned by 20 min sonication in deionized water for r

emoving alumina powders from electrodes. 20 mg of catalyst powders was dispersed in 

a mixture of 900 μl of ethanol and 100 μl of 5 wt. % nafion suspension in alcohol (Si

gma- Aldrich) by sonication for 30 min. 6 μl droplet of the catalyst ink placed on disk 

of polished RRDEs was dried in an oven at 80 °C for 5 min to evaporate solvent. Elec

trolytes were purged with nitrogen for measuring the background currents while they we

re saturated by oxygen for measuring ORR currents. All potentials were reported versus 

reversible hydrogen electrode (RHE) (VRHE = V versus RHE). 

 

3.2.6. Physicochemical characterization 

TEM characterization. BFTEM images were acquired by a JEOL JEM 2100F at 

an accelerating voltage of 200 kV. Atomic-resolution TEM images were performed by u

sing a FEI Titan3 G2 60-300 equipped with a double-side spherical aberration corrector 

at an accelerating voltage of 80 kV. Change in binding energy of Pt after durability test 

was measured by X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-Alpha usi

ng a monochromic Al Kα X-ray source). X-ray absorption fine spectra (XAFS) were inv



５９ 

 

estigated by the Beamline 6D of the Pohang Accelerator Laboratory (PAL) at 3 GeV be

am energy and 300 mA currents. Diffraction patterns of the samples were collected on 

a Bruker D8 advance diffractometer using Cu-Kα radiation (40 kV, 40 mA). Samples w

ere scanned over a 2θ range 10-80◦ in a step scan for 0.05◦/step. Thermogravimetric ana

lysis (TGA) of the samples was conducted on a Thermal Analysis TA Q500 instrument. 

The experiment was performed at a temperature range of 25 – 800 ℃ with a heating ra

te of 10 ℃ min-1 in constant airflow. 
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3.3. Results and discussion 

3.3.1. Nanoconfined Pt electrocatalyst 

Morphology of reduced graphene oxide (rGO) was tuned from flat (FL) to crumpled (CR) 

to holey (h) (Figure 3.2) in order to control Pt-to-Pt distances (dPt-Pt) for mitigating Pt 

agglomeration (Figure 3.1). It is easily expected that holey crumpled rGO (hCR-rGO) have the 

longest dPt-Pt, followed by crumpled rGO without holes (CR-rGO) and then normal rGO (FL-rGO). 

FL-rGO was crumpled to be CR-rGO via an aerosol spray drying process at 120 oC. The 

crumpling of GO nanosheets is driven by the capillary force associated with rapid solvent loss19. 

The CR-rGO was catalytically pitted to be hCR-rGO by annealing Pt-loaded CR-rGO at 350 oC. 

Carbon mass was corroded at the interface between Pt and carbon. Resultantly, Pt particles were 

loaded and confined in holes during the pitting process. The size of holes was around 10 nm, 

which corresponded to the size of Pt particles (Figure 3.3c). A single Pt nanoparticle is thought 

to be nano-confined within a hole even if several particles were often found in an open space 

resulting from interconnected holes (Figure 3.3).  

 

 

Figure 3.1. Pt-to-Pt distances (dPt-Pt) along which Pt travels during surface migration. 
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Figure 3.2. SEM image of holey graphene. (a to c) Morphologically tuned reduced graphene 

oxides (rGO) containing Pt particles on their surface. FL = flat; CR = crumpled; hCR = holey 

crumpled. Paper models on left; SEM images on center; SEM images of Pt-loaded rGO on right 

 

 

Figure 3.3. Isolated loading of Pt nanoparticles in hCR-rGO. (a to d) TEM images.  
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After crumpling and then pitting, the characteristic XRD peak of graphite (002) at 25o 

was reduced in intensity and broadened (Left of Figure 3.4a)20. Pt crystallites were identified by 

three diffraction peaks of Pt (111) at 40o, (200) at 46o and (220) at 68o (JCPDS card: 04-0802) 

(right of Figure 3.4a). Pt loadings of both samples were estimated at 20 wt. % by 

thermogravimetric analysis (TGA; Figure 3.4b). Pt/hCR-rGO was more resistive to thermal 

oxidation than commercial Pt/C probably due to the more graphitic characteristics of rGO than 

carbon black (Vulcan XC-72R) of Pt/C. 

 

 

Figure 3.4. Identification of Pt-loaded graphenes. (a) X-ray diffraction (XRD) spectra. (b) 

Thermograms in air at 10 min ℃-1. The same amount of Pt was loaded on both samples. 
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3.3.2. ORR activity and ORR durability 

The ORR electroactivities of Pt/hCR-rGO in comparison with its practical counterpart 

Pt/C were studied in both alkaline and acidic electrolytes (0.1 M KOH (aq) in Figure 3.5a and 

0.1 M HClO4 (aq) in Figure 3.5b). There were no significant differences in ORR polarization 

observed between Pt/hCR-rGO and Pt/C at the 1st scan (dotted lines in Figure 3.5a and b). After 

repeated scans (e.g., 10,000 times), however, their ORR electroactivities were confirmed different. 

Pt/hCR-rGO showed insignificant change or slight improvement in polarization at the 10,000th 

cycle (red solid). On the contrary, significant overpotentials were developed in Pt/C along cycles 

(black solid). Also, our Pt/hCR-rGO was superior to Pt/C at potentiostatic oxygen reduction at 

0.63 VRHE (Figure 3.5c). Higher currents as well as smaller current decrease along time were 

obtained from Pt/hCR-rGO. 

 

 

Figure 3.5. ORR activity and durability. Electrolytes and purge gases were indicated in plots. 

(a and b) Polarization curves (10 mV s-1; 1600 rpm) obtained from the 1st (dotted) and 10,000th 

(solid) cycles of potential sweep. (c) Chronoamperometric responses at -0.63 VRHE on 1600 rpm 

with 1600 rpm in oxygen saturated 0.1 M KOH.   
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3.3.3. Electrochemical surface area  

Cyclic voltammograms (CVs) in nitrogen-purged acid media supported hCR-rGO 

(Figure 3.6a) rather than practical carbon substrate (Figure 3.6b) for activity durability. 

Interestingly, electrochemical surface area (ECSA) of Pt/hCR-rGO, estimated by area of peaks 

relevant to hydrogen underpotential deposition (0.3 VRHE to -0.07 VRHE) in CVs, clearly increased 

with cycles, which contrasts to the serious ECSA decrease of Pt/C.  

 

 

Figure 3.6. The change of electrochemical surface area (ECSA). (a and b) 10,000-repeated 

cyclic voltammograms at 50 mV s-1 of Pt/hCR-rGO (a) and its control counterpart, Pt/C (b).    
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3.3.4. Methanol tolerance test  

Methanol tolerance, which should be guaranteed for low-temperature fuel cells, was also 

improved by the use of hCR-rGO as Pt support. Severe methanol oxidation reaction (MOR) 

current was measured on Pt/C at 0.63 VRHE when 1 M methanol was injected (Figure 3.7a and b 

for alkaline and acidic media, respectively). Much smaller MOR current was obtained on Pt/hCR-

rGO in the same condition. Cyclic voltammograms confirmed the chronoamperometric responses 

(Figure 3.7c). MOR proceeds during the anodic scan of potential (forward scan; the peak current 

of MOR = if), generating CO and/or CO2. Then, the CO adsorbed on Pt (COads) is oxidized during 

the backward scan (the peak current of COads oxidation = ib). The ratio of if to ib (if / ib) can be 

used as a measure of CO poisoning. Higher values of if / ib support less serious CO poisoning: if 

/ ib = 1.21 for Pt/hCR-rGO and 0.73 for Pt/C. Therefore, Pt/hCR-rGO is superior to Pt/C in terms 

of methanol tolerance. 

 

 

Figure 3.7. Methanol tolerance test. Electrolytes and purge gases were indicated in plots. 

Chronoamperometric responses to 1 M methanol injection at 0.63 VRHE in the oxygen saturated 

electrolyte (a for alkaline media and b for acid media). (c) Cyclic voltammograms at 50 mV s-1 in 

the presence of 1M methanol.     
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3.3.5. Sphere-to-multipod transmorphic change  

The increase in ECSA of Pt confined in hCR-rGO as well as the decrease in E

CSA of Pt loaded on carbon black was confirmed by morphological changes in Pt alon

g cycles. Our intention to reduce Pt agglomeration by confining Pt particles within holes

 (Figure 3.1) successfully worked in Pt/hCR-rGO when compared with Pt/C. Serious Pt 

agglomeration was found in Pt/C (Figure 3.8). Average particle size of Pt increased fro

m 3.0 ± 0.77 nm to 9.0 ± 2.0 nm at 5,000 cycles. However, there was an insignificant 

change in Pt size of Pt/hCR-rGO at least up to the 5,000th cycles (Figure 3.9a and b).

 At the 10,000th cycle, more interestingly, the spherical shape of Pt nanoparticles was c

learly changed to dendritic multi-pods. (Figure 3.9c). The morphological evolution along 

cycles were carefully investigated from the viewpoint of crystallographic features by ato

mic-resolution TEM technique (Figure 3.9d). Pt nanoparticles initially having multi-facet

ed cubic structure showed a dendritic growth of (110) planes along <100> direction. Pre

ferential crystal growth brought {110} face-dominant multi-pod shapes, the sizes of whic

h were limited by hole dimensions of hCR-rGO. Two merits are obtained from the den

dritically evolved structure. First, the dendritic pod skeleton allows more number of acti

ve sites to be exposed to reactants, providing high active surface area. Second, Pt {110}

 plane is dominant on surface, which is known to exhibit high ORR activity21. 

 

Figure 3.8. TEM images of a commercial Pt/C before and after the durability test described in 

the caption of Figure 3.11. 
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Figure 3.9. Transmorphic evolution of Pt from sphere to dendritic multipod along cycles. (a 

to d) TEM images. The cycles of potential scans were indicated: 5k =5,000; 10k = 10,000. 

 

3.3.6. Change in electronic structure of Pt after durability test 

Change in electronic structure of Pt loaded on supports after a durability test (refer to the 

caption of Figure 3.11) was investigated spectroscopically (Figure 3.11). Before the durability 

test, there was a gap of the binding energy of XPS Pt 4f peak between Pt/hCR-rGO and Pt/C 

observed (Figure 3.11a and b): 70.68 eV for Pt/hCR-rGO versus 71.28 eV for Pt/C. The more 

negative binding energy of Pt/hCR-rGO indicates that more reduced species of Pt is more 

dominant in Pt of Pt/hCR-rGO. Electron transfer from hCR-rGO to Pt results in stronger 

interaction between Pt and hCR-rGO12, 22. In Pt/C, however, more oxidized Pt species would be 
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more dominant with weaker Pt-C interaction. The electronic Pt-support interaction became 

stronger as Pt precursor (H2PtCl6) loaded on graphene oxide (GO) was thermally reduced to 

Pt/FL-rGO and the FL-rGO of Pt/FL-rGO was transformed to CR-rGO and then hCR-rGO 

(Figure 3.10). 

 

 

Figure 3.10. XPS data for Pt4f spectra. GO= graphene oxide, H2PtCl6 = Pt precursor 

 

 

 

 

  



６９ 

 

After the durability test, Pt/hCR-rGO exhibited no change in the Pt4f XPS spectra (Figure 

3.11a). This invariant electronic structure of Pt, which was also confirmed by no change in Pt L3-

edge XANES spectra (Figure 3.11c), was unexpected and surprising because the clear sphere-to-

multipod transmorphic change was observed after 10,000 potential scans. In contrast, Pt/C 

showed a negative binding energy shift of Pt4f peak (Figure 3.11b). The negative shift in peak 

binding energy would indicate Pt aggregation caused by surface migration and/or Ostwald 

ripening rather than reinforced Pt-C interaction (Figure 3.8). The decrease in exposed surface of 

Pt by the agglomeration reduces the effects of high oxidation number Pt species such as surface 

oxide on binding energy of Pt. Less charged Pt species becomes more dominant after the 

aggregation, leading to the Pt4f peak shift to lower binding energy.  

 

 

Figure 3.11. Electronic properties of Pt on carbon supports. (a and b) X-ray photoelectron 

spectroscopic (XPS) Pt 4f spectra of Pt/hCR-rGO and Pt/C before and after a durability test. The 

durability test was performed by sweeping potential between -0.1 VRHE and +1.2 VRHE for 10,000 

cycles. Nitrogen-saturated 0.1 M HClO4 solution was used. (c) Pt L3-edge X-ray adsorption near 

edge structure spectra (XANES) by a synchrotron light source. 
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3.3.7. The mechanism of morphological change of Pt 

The electrochemically induced morphological changes of Pt, characterized by dendritic 

growth in shape and preferential growth in crystallography, have never been reported previously. 

Similar changes of bimetallic electrocatalysts (PtxNi1-x and Pt3Cu) were reported23, 24 but the 

mechanism suggested for the alloys cannot be applied to this single-component system. We 

suggest that nano-confinement of a limited number of Pt within a nano-dimensionally limited 

space is responsible for the morphological changes. Pt agglomeration is driven by (1) surface 

migration and (2) Ostwald ripening. In surface migration, Pt mass is transported along substrate 

surface and then agglomerated. Growth kinetics via surface migration would decrease as particle 

size increases (Figure 3.12a). Larger particles are difficult to move to meet their neighbor 

particles25. In practical situations where Pt is loaded on carbon surface (Pt/C), also, it becomes 

difficult to observe the Ostwald ripening as more particles are agglomerated without porosity 

developed. The number of surface Pt atoms having opportunities of dissolution becomes less due 

to reduced surface area of larger particles. In this work, on the other hand, the increase of Pt 

agglomerate size caused by surface migration is limited because only a single or a few particles 

are located within a restricted region. Ostwald ripening kinetics possibly increases along the 

growth progress only if particles are grown with more porosity developed (Figure 3.12b). 

Preferential re-deposition of dissolved Pt atoms (Ostwald ripening) favored high-surface dendritic 

structures (Figure 3.9c). Structural evolution to higher surface area accelerates Pt dissolution 

along growth progress. Therefore, initially spherical and multi-faceted Pt particles are 

disassembled and then re-assembled in a form of dendritic {110}-dominant multi-pods. 

 

 

Figure 3.12. Growth kinetics of Pt agglomeration by Ostwald ripening versus surface 

migration. (a) Pt nanoparticles loaded on the surface of carbon support (Pt/C). (b) Pt 

nanoparticles space-confined within pores of hCR-rGO (Pt/ hCR-rGO). 
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3.4. Conclusions 

In a summary, holey crumpled rGO (hCR-rGO) was prepared as a carbon support for Pt 

electrocatalyst for ORR. Long-term durability of Pt was remarkably improved by confining Pt 

particles within holes of hCR-rGO. Limited Pt mass confined within holes restricted Pt 

agglomeration caused by surface migration. Dominancy of Ostwald ripening in nanoconfined 

situations supported structural evolution from simple sphere to dendritic multi-pod. High 

electrochemically active area of the multi-pod and highly ORR-active {110} face dominancy on 

its surface supported the ORR durability of Pt/hCR-rGO. 
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늘 부지런하게 노력하면서 사는 윤교, 랩생활은 개선이 많이 필요하지만 나와는 좋은 기억으

로 남게 될 동규, 늘 언제나 매사에 최선을 다하고 TEM 많이 찍어줘서 고마운 유주, 운동경

기 이야기에 말벗이 되어준 도형이, 열심히 노력하려고 하는 영대 그리고 착한 종학이 모두 

감사합니다. 그 외 함께했던 eclat 가족에게도 감사의 마음을 전합니다. 즐거웠거나 얼굴 찌

푸리는 일들 모두 여러분과의 추억으로 남아서 저의 인생의 한 페이지를 만들 수 있어서 기

뻤습니다.   

 

UNIST에서 만난 많은 사람들이 저에게는 큰 자산입니다. 미국에서 UNIST로 올 때 먼저 손 

내밀어 주신 신현석 교수님과 LNN 연구실분들, 심사위원으로 승락해주시고 날카로운 지적과 

격려를 아낌없이 주신 백종범, 주상훈, 김영식 교수님, 훌륭한 co-worker 진협씨, 승영씨, 그

리고 LNN에서 큰 힘이 되어주었던 동우씨, 연구지원 본부 선생님들, 특히 김영기 선생님 감

사드립니다.   

 

학위기간동안 신앙의 안식처가 되어준 울산 태화교회 분들 감사드립니다. 매주 말씀으로 

붙잡게 해주신 양성태 목사님, 학교까지 찾아와 늘 응원해 주신 최용근 목사님, 만날 때 마나 

환한미소로 힘이 되어주신 허진 목사님, 아무도 없는 울산 땅에서 우리 가정을 가족처럼 돌

보아 주신 목자님과 목장식구 분들, 언제나 신앙의 깊은 원동력이 되어준 나의 모교회 일산 

충만한 교회와 임다윗 목사님, 가족처럼 늘 나와 우리 가정을 위해 기도해주시고 어머니같이 

챙겨 주시는 우리 배은주 전도사님 너무 감사드립니다. 모든 분들의 기도와 격려에 맞는 사

람이 되도록 노력하겠습니다. 

 

마지막으로 나의 사랑하는 아내 현아와 사랑과 희망이 되는 아들 의성이. 사랑할 수 있는 

존재가 있다는 것이 큰 기쁨을 가져다준다는 것을 알게 해주어서 감사합니다. 가족의 헌신과 

희생 없이는 이룰 수 없었을 것입니다. 아침에 출근해서 다음날 새벽에 귀가하는 여유가 없

는 삶의 일과였지만, 나를 위해 매일같이 가족이라는 이름으로 기다려주고 뒷바라지해준 와

이프와 이런 아빠를 세상 누구보다 좋아해주는 우리 아들에게 진심으로 고맙다고 말하고 싶

습니다. 그리고 사랑합니다.  

 

미처 지면에 다 표현하지 못한 분들께도 감사의 인사를 드립니다. 많은 분들이 주신 사랑

과 하나님께서 보여주신 사랑을 기억하면서 그 사랑을 흘려보내면서 사는 제가 될 것을 약속

드립니다. 감사합니다.  
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