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Chapter 1  

  

Introduction   

 

1.1 Carbon materials for energy devices 

1.1.1 Energy problems in the future 

The world energy consumption demands in energy use is keep increasing due to 

the increasing world’s population and advancement of technology [1]. Human today 

consumes about 13 trillion watts of power and is estimated to increase in additional 30 

trillion watts by 2050. Furthermore, 85% of consumed power is generated from fossil 

fuels which emit carbon dioxide. The world carbon dioxide levels are the highest today in 

the last 125,000 years [2]. 

Richard E. Smalley presented a prioritized list named “Top Ten Problems of 

Humanity for the Next 50 Years [3],” with the energy at the top as: 

1. Energy 

2. Water 

3. Food 

4. Environment 
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5. Poverty 

6. Terrorism and war 

7. Disease 

8. Education 

9. Democracy 

10. Population. 

In these problems, energy is shown up at the top because it plays dominant roles in other 

problems. For example, the problem of water comes up as the second problem because 

the access for clean water is necesary for human lives. Desalination of water and transfer 

technology can solve this problem, however, for realization, we need abundant and cheep 

energy.  

The energy production is important while our life is relying on a steady and 

reliable energy supply. Demands on energy consumption will increase with the 

economical and technological growth for our convenience. However, about 84.4 % of 

total consumed energy is generated by fossil fuels [4], which creates CO2 gases as a 

byproduct. The CO2 gas is the major greenhouse effect gas which accelerate the global 

warming. In 1700s, mean global atmospheric CO2 concentration was 280 ppm, however, 

with the increased energy consumption, the CO2 concentration also increased to 380 ppm 

in 2005 [5,6]. Furthermore, it is said that the CO2 in the atmosphere contribute to about 

63% of gaseous radiative forcing, which is responsible for global climate change [7]. It 

is obvious that the energy production relying on fossil fuel can increase the risk, and have 

negative effects on emerging environmental problems, and we need the alternative energy 
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generation for solving all the problems in the list. More specifically speaking, needs on 

increasing energy power generation from renewable energy is demanded [8-11]. 

Renewable energies include the wind power, solar power, heat power, 

hydroelectric power, etc. Those initial power generations are important, however, 

technologies on energy transfer and energy storage system (ESS) are also important to 

deal with unstable power consumption in the daily life. There are several types in the 

forms of energy storage including chemical energy, synthetic natural gas, biofuels, 

thermo-chemical energy, hydrogen, etc. [11], and several types of energy devices 

including supercapacitor, thermoelectric devices, batteries, fuel cells, etc. [12-29]. 

For the application of energy devices, applications of carbon nanomaterials take 

important role in renewable energy devices [1, 30-38]. Specifically, the carbon 

nanomaterials including fullerene, carbon nanotube, graphene, porous carbon, etc., are 

attracting attention due to their excellent mechanical, catalytic, optical, thermal, and 

electrical characteristics [39-41]. Furthermore, their unique, nanoscale structures are also 

the points which attract attentions for the device applications [42-45]. 

 

1.1.2 carbon materials  

Carbon is one of the elements on earth which is produced about 9 Gt per year for 

the technological applications [1]. Carbon has the huge diversity in its properties 

originated from difference in chemical bonds of neighboring atoms and its crystallinity. 

The electron configuration of carbon consists of 1s2 (K-shell), 2s2 (L-shell), and 2p2 (L-

shell), and its various chemical bonds exhibit different allotropes which consist of sp3 

hybridized orbitals (C-C), sp2 hybridized orbitals (C=C), and sp hybridized orbitals (C≡C). 
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Furthermore, not only the chemical bonds, but carbon nanostructures diverse in structure 

in allotropic forms from zero-dimensional structures to three-dimensional structures, 

including fullerene, carbon nanotubes, and graphene. 

・Fullerene (C60) 

Fullerene is the soccer ball shaped carbon nanomaterials which is first predicted 

by Eiji Osawa in 1970, and discovered by Harold Kroto, Richard Smalley, and Rovert 

Curl in 1985 [46-47]. Fullerene is structured by 60 atoms of carbon atoms and its 

icosahedral symmetry cage like structure is composed of twenty hexagonal rings and 

twelve pentagonal rings. The fullerene has distorted π-conjugated system originated from 

its unique structure and have high reactivity [48-49]. It can easily accept the electron, and 

it is known that the fullerene reacts easily with electron rich species [50]. It is widely 

studied in the field of medical sciences, catalyst, or energy devices for the several 

applications [51-52]. 

・Carbon nanotube (CNT) 

CNTs are the tube-shaped carbon nanomaterials composed with carbon atoms 

linked in hexagonal or pentagonal shapes, which are first discovered in 1991 [53].  Each 

atom is always connected to three other carbon atoms with covalent bond. It has the 

diameter in the scale of nm, and theoretically, it can have infinite length by continuing the 

connection at the edge of the tube. It can have variety of bonding structure by the 

combination of six-membered rings and five-membered rings. Furthermore, surprisingly, 

the CNTs can differ from conductive to semi-conductive by the changed geometrical 

structure [54]. Also, the mechanical strength of CNTs is known to be extremely strong, 
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and the thermal conductivity exceed that of diamond. Due to its unique characteristics, 

the application of CNTs for field emission transistor, nanoscale wiring, electron emission 

source, sensor, high-strength composite material, thermal device, etc., are under studies 

[55-60]. 

・Graphite 

Graphite is also the allotrope of carbon. It has bulk structure composed of stacked 

layer structure. In each layer, the carbon atoms are bound in honeycomb structures. The 

carbon atoms are bound by covalent bonds in the in-plane direction while the layers are 

bound by Van der Waals force in the direction perpendicular to the in-plane direction. 

Because the layers are bound by week Van der Waals force, these each layer can easily be 

peeled off. The graphite has high thermal and electrical conductivity, high tolerance to the 

high temperature, high lubricity, etc. for wide applications.  

・Graphene 

Graphene is the two-dimensional sheet shaped material composed of sp2-

hybridized carbon. It has the minimum unit of honeycomb lattice with the thickness of Å 

order, which can be extended in the in-plane dimension to form a larger sheet of graphene. 

When the graphene is rolled, it forms one-dimensional carbon nanotube, and when it is 

wrapped, it forms zero-dimensional fullerene. Same as the CNTs, the graphene also 

exhibits the high electroconductivity, high thermal conductivity, highly resistivity to the 

temperature, and high flexibility originated from its lattice structure. The studies on 

graphene spread after it had found that the single sheet of graphene can be peeled from 

graphite by Sscotch tape [61]. The characteristics of graphene is not completely studied, 
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and the researchers all over the world is focusing on both the fundamental researches and 

the applications of graphene [62-65]. While the fundamental characteristics of graphene 

is not revealed completely, the wide application in the field of electronics, batteries, 

spintronics, thermal devices, sensors, etc. are promising by the contribution of graphene 

[63,66-72]. 

 

1.1.3 Carbon nanowalls (CNWs) 

CNWs are the carbon nanomaterial composed of multilayer graphite standing 

vertically to the substrate. CNWs were first reported by Wu et al. in 2002 [72]. Each 

vertically aligned graphite has the thickness of few nanometers to few tens of nanometers, 

and the controllable height in the order of micrometers [73-74]. Walls of CNWs are 

considered to be composed of nanographite with relatively high crystallinity [75], and 

CNWs have high strength and high conductivity originated from graphene sheet. One 

important characteristics of CNWs are their high aspect ratio and extremely high specific 

surface area [76]. Due to these characteristics, CNWs have potentials for the applications 

on electron emission source, catalyst template, gas storage material, cell culture template, 

capacitor, lithium ion batteries, and the fuel cell electrode [76-83]. Furthermore, for the 

applications on catalyst template, its potential on increasing its specific surface area by 

extending its height is the promising characteristic.  
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1.2 Polymer electrolyte fuel cells (PEFCs) 

1.2.1  Backgrounds of PEFCs 

For lowering the amount of carbon dioxide emission, utilization of hydrogen 

energy technologies is expected. One example of hydrogen energy utilization is the fuel 

cell. Hydrogen gases exhaust no hazardous gases or greenhouse gasses when they are 

burned. It is expected that the spread use of the fuel cell will contribute to solve global 

warming and air pollution. There are several types of fuel cells including the polymer acid 

fuel cells, molten carbonate fuel cells, solid oxide fuel cells, and polymer electrolyte fuel 

cells (PEFCs). Among them, the polymer electrolyte fuel cells (PEFCs) is attracting 

attention for having the features of low operating temperature (around 80-100℃) and 

high-power density. Due to these characteristics, the PEFCs are expected for the 

applications on the private power generation, the power for mobile devices, and 

automobile power sources [84-86]. Especially, the automobile power sources application 

of PEFCs is gathering attentions, which is predicted to reduce large amount of carbon 

dioxide emission. 

 

1.2.2  Basic principle on PEFCs operation 

Figure 1-1 is the schematic of PEFCs. Generally, the PEFC is composed by the 

fuel electrode, the polymer electrolyte membrane, and the air electrode with a constitution 

of the polymer electrolyte membrane inserted between the electrodes. The fuel electrode 

and the air electrode are composed of the gas diffusion layers and the catalytic layers. 

Generally, the composite material of Pt nanoparticles as catalysts, carbon black as a 

support, and polymer electrolyte (ex. Nafion®) is used for catalytic layer. The fuel 
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electrode and the air electrodes are called membrane electrode assembly (MEA), and the 

structure of the combined electrode with inserted polymer electrolyte membrane is called 

single cell. Then, single cells are stacked to be called as stack cell. In the anode (fuel 

electrode), hydrogen fuel is supplied and decomposed to hydrogen proton (H+) and 

electron (e-). In the cathode (air electrode), oxygen is supplied. When two electrodes are 

electrically connected by the load, the proton which is produced in fuel electrode is 

transferred to air electrode through polymer electrolyte membrane, and electron is 

transferred through the connected circuit to the air electrode. In here, the external circuit 

act as the path for the electrons, and the polymer electrolyte membrane act as the path for 

hydrogen protons from the fuel electrode to the air electrode. In the air electrode, the 

oxygen chemically reacts with transferred hydrogen proton and electron on the Pt surface 

to produce the water, as shown in Fig 1-2. Each chemical reaction in electrodes is shown 

below. 

 

Reaction in fuel electrode : H2→2H＋＋2e－ 

Reaction in air electrode : 2H＋＋1/2O2＋2e－→H2O 

Reaction in PEFCs : H2＋1/2O2→H2O 
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Fig. 1-1 Schematic of PEFCs. 
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Fig. 1-2 Schematic of chemical reaction in the air electrode of PEFCs. 

 

1.2.3 Structure of catalytic layer of PEFCs 

The catalytic layer is composed of a catalyst and a supporting material. Generally, 

Pt nanoparticles are used for the catalyst, and the carbon blacks are used for the support 

material. The carbon black is the sphere shape carbon nanomaterials with the diameter of 

few hundreds of nanometers. It is cheap and has a low crystallinity when it is compared 

with the other carbon nanomaterials such as graphene. In the catalytic layer of PEFCs, 

chemical reactions which happens on the Pt catalysts surface directly affect the power 
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generation efficiency, hence, it is important to increase the electrochemically active 

surface area of catalysts and the surface area of carbon support for the practical use of 

PEFCs. Recently, the researches on using carbon support with high surface area and high 

conductivity, such as graphene, carbon nanotubes, carbon nanohorns, etc. are underway 

[87-90]. 

Catalysts is used for giving the promotion of selectivity on the chemical reaction. 

Relatively small amount of catalysts is added for lowering the activation energy of matter 

systems, which the chemical reactions are possible in the view of thermodynamics. 

Generally, the amount of catalyst does not change after the reaction, and the catalysts are 

not included in the chemical equation. 

PEFC can be operated in relatively low temperature (80 - 100℃), and is expended 

to be used for automobile battery, residential co-generation system, and mobile battery. 

However, the activation polarization becomes higher and the efficiency becomes lower 

in the lower temperature. Hence, the catalysts with high activation energy, such as Pt, are 

used. On the other hand, one of the most important problem of PEFC is its high cost 

originated by the use of Pt. Pt is the rare metal and is expensive. Researches on effective 

utilization of Pt nanoparticles or use of non-Pt catalysts are underway. 

 

1.2.4  Degradation of catalytic layer 

Generally, for the catalytic electrode of PEFC, composite materials of Pt 

nanoparticles and carbon black (CB) are used. Pt nanoparticles act as the catalyst, and CB 

act as the catalysts support which also works as the electrical path. However, this CB is 

known to be degraded in the over potential (1.5 V) applied at the start and stop of PEFCs 

[91]. With the applied over potential, carbon support itself corrode, then the Pt 
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nanoparticles detach from the support. The detached Pt nanoparticles aggregate or 

agglomerate with other Pt nanoparticles to form larger Pt nanoparticles, which lead to the 

degradation in the performance of PEFCs.  

Several possible mechanisms in the Pt nanoparticles growth on the supported 

carbon materials were reported previously. The three major mechanism for Pt coarsening 

in the PEFCs are 1) Ostwald ripening of small-sized Pt nanoparticles, 2) reprecipitation 

of Pt nanoparticles as the newly formed nanoparticles, and 3) coalescence of neighboring 

Pt nanoparticles [92]. 1) and 2) requires the dissolution of Pt nanoparticles into ionomer. 

In this case of 1) Ostwald ripening, Pt nanoparticles grow larger at the expense of Pt 

nanoparticles with smaller size, when the small-sized, highly-separated Pt nanoparticles 

dissolve into ionomer then diffuse, redeposit on the other larger Pt nanoparticles. The 

Gaussian distribution of Pt nanoparticles shift to higher size and be widened. In the 2) 

reprecipitation case, the large-sized, more-concentrated nanoparticles coalesce with the 

neighboring nanoparticles followed after the dissolution of Pt nanoparticles. In this Pt 

dissolution/reprecipitation case, Pt nanoparticles size distribution will not be shifted, but 

widened [92]. It is also proposed that the coarsened Pt nanoparticles can be divided into 

two categories. The first category includes the spherical Pt nanoparticles which are 

connected to carbon support, and another category includes the non-spherical Pt 

nanoparticles which are not connected to the carbon support [93]. While the dissolution 

of Pt nanoparticles are necessary in the 1) and 2), it is reported that 2.8 × 10-11 g/cm2･

s is dissolved from Pt disk in the following condition: scan range of 0.4 to 1.4 V, scan 

speed of 8.3 mV/s, electrolyte of 0.1 M HClO4, and the room temperature [95].  

Furthermore, the corrosion of carbon support may also lead to the disconnection 

of electrical path. In this case, all nanoparticles supported on the disconnected carbon 
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support become inactivated because the chemically generated electrons cannot be taken 

out from the electrode, as shown in Fig. 1-3. To these problems, carbon materials with 

higher crystallinity are demanded. Several researches on the use of graphitized carbon 

black (GCB), carbon nanotubes (CNTs), graphene, etc. for the fuel cell electrode with 

higher durability then that of CB are reported [95-98]. The CNWs can be expected for the 

application of fuel cell electrode for higher durability due to its high crystallinity 

originated from graphene structure. Also, because the CNWs do not have the overlapped 

structure, it should be suitable for holding the continuous path for gas diffusion, water 

exhaustion, and electron transfer as shown in Fig. 1-4. Furthermore, their high surface 

area is also the strong advantage for the applications on catalysts supports. Theoretically, 

height of CNWs can be extended without limit by keep continuing the synthesis. When 

the height of CNWs is extended, the surface area of CNWs also increases which lead to 

the increase in the reactive surface area as the catalysts supports.  
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Fig. 1-3 Schematic of CB before the degradation and after the degradation for 

PEFC application. 

 

 

 Fig. 1-4 Schematic of fluid diffusion in the case of CB and CNWs for the fuel 

cell application. 
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1.2.5  Cost of catalysts  

For reducing the cost of PEFCs, reducing the amount of Pt is necessary. In the Pt 

utilization, decreasing the size of Pt nanoparticles is one major method. If the same 

amount of Pt is used, the geometrical surface area increases when the average diameter 

of Pt nanoparticles decreases. The relationship between Pt surface area (S), Pt mass (M), 

and Pt specific surface area (SSSA) can be expressed by the following equations. 

𝑆 = 𝑛･4𝜋𝑟2 

𝑀 = (
4

3
𝜋𝑟3) ･𝜌𝑛 

𝑆𝑆𝑆𝐴 =
𝑆

𝑀
=

3

𝜌𝑟
 

In the equations, n is the number of nanoparticles, r is the radius of the nanoparticle, and 

ρ is the density of Pt in the unit of g/cm3. Assuming ρ is constant, SSSA become large 

when the r becomes small. However, it is reported that the catalytic activity of Pt 

nanoparticles lowers when the particle diameter becomes lower than 4 nm [99]. While it 

is inferred that more Pt atoms can be participated when Pt dispersion increases, by the 

mixed result of Pt dispersion effect and Pt size dependency, the optimum diameter of Pt 

with maximum activity per unit mass is proposed to be about 4 nm [100].  

 While Pt is the major candidate for the PEFCs catalysts, non-Pt catalysts are 

strongly demanded especially for fuel cell vehicle (FCV) application in the view point of 

cost and the exhaustion of resources. Though the application of PEFCs on FCVs are 

highly expected, the resource amount of Pt on the earth is not sufficient for the wide 

spread use of FCVs. Number of manufactured automobiles is about 35 million per year, 

and the amount of all existing automobiles in the worlds exceeds 900 million. While about 

50 g of Pt are necessary for each FCV, for manufacturing 35 million FCVs every year, 
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1,750 tons of Pt is needed. However, the average output of Pt mining is about 180 tons 

every year, which cannot support the large-scale manufacturing of FCV continuously. 

Moreover, the total Pt reserves on the Earth is estimated to be 36,000 tons, which is 

obvious that the amount of Pt is not enough for replacing all the commercial vehicles with 

FCVs [101]. For promoting the spread use of FCVs, researches on Pt atomization, the 

synthesis of Pt alloy catalysts, and the synthesis of non-Pt catalysts are the main research 

topics [102]. 

For the reducing the amount of used Pt, use of core@shell electrocatalyst is one 

of the major approaches. For the core@shell electrocatalysts, non-noble metal is used as 

the core with the noble Pt covering the core as a shell. The electrochemical reaction is 

catalyzed only at the surface of the catalyst; hence, Pt can be reduced by substituting the 

core Pt which does not contribute on the electrochemical reaction. Also, it has advantages 

in enlarging the catalyst nanoparticles size without the loss of activity efficiency. In the 

previous researches, several elements of metals including Fe, Co, Ni, Cu, Cr, etc. are 

reported for the catalyst core [103-107]. 

 There are many researches on the development of non-Pt catalysts including 

transition metal chalcogenide catalysts, M–N4 complexes, and carbon related catalysts 

[108-114]. The research on the carbon related catalysts developed from 1964 by the first 

report on ORR activity of cobalt phthalocyanine by Jasinski [115]. By the followed 

researches, the thermal treatment on Fe or Co metal complexes with the carbon support 

were elucidated, and especially, Ozaki’s group reported the potential of carbon alloy 

catalysts, which is synthesized by the bottom up process of carbonizing the mixture of 

carbon precursor polymer and metal, or nonmetal organic complexes [116-118]. There 

are still several researches for elucidating the specific catalytic sites on carbon alloy 
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catalysts, which Niwa et al. proposed the catalytic activity of graphite-like nitrogen, and 

Guo et al. proposed the pyridinic nitrogen contribute as the catalytic active site of ORR 

[117, 119]. 
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1.3 Objective and composition of this thesis 

While the researches on carbon nanomaterials for fuel cell applications were 

carried out by several researchers, the researches on fuel cell application of CNWs, 

especially, the CNWs with maintained three-dimensional structure, are not done 

thoroughly. Objective of this thesis is to clarify and discuss about the potential of three-

dimensional structured CNWs for PEFC applications. 

In the chapter 1, backgrounds of carbon nanomaterials and fuel cells are explained 

in detail. Explanations on carbon materials including CNWs and their applications for 

energy devices are described in chapter 1.1. The explanations about PEFCs, including its 

background, principles on operations, structure, degradation problems, and approaches 

on solving the problems on its cost are described at chapter 1.2. Then the objective and 

composition of thesis are described in the chapter 1.3. 

In chapter 2, explanations on CNWs composite synthesis and its evaluation 

methods are described. In chapter 2.1, synthesis methods and descriptions about the 

CNWs deposition chamber, i.e. radical injection plasma enhanced chemical vapor 

deposition system, and systems for supporting metal nanoparticles, i.e. supercritical metal 

organic chemical fluid deposition system, are explained. Chapter 2.2 is for explaining the 

methods for evaluating morphological, crystallographic, and elemental characteristics of 

CNWs composites, and chapter 2.3 is describing the electrochemical analysis methods 

for CNWs composites. 

Chapter 3 is discussions about the electrochemical durability of Pt/CH4-CNWs and 

their degradation mechanisms. In chapter 3.3, the elucidation on the electrochemical 

durability of Pt/CH4-CNWs was elucidated. Also, the morphological observation and 
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crystallographic analysis were elucidated for analyzing the difference of Pt/CNWs before 

and after the degradation. In chapter 3.4, the resistive elements in the ORR of Pt/CH4-

CNWs, and their changes after the degradation were elucidated. Then in chapter 3.5, the 

H2O2 treatment on CNWs surface is done to see the effect of surface treatment on the 

electrochemical durability of Pt/CNWs. Overall discussions on the degradation 

mechanism of Pt/CNWs are explained in chapter 3.6. 

Chapter 4 is about the extension on the electrochemical durability of Pt/CNWs 

employing C2F6-CNWs. Electrochemical durability, morphological observation, 

crystallographic analysis, and surface states of Pt/C2F6-CNWs are explained in chapter 

4.3. The difference of Pt/CH4-CNWs and Pt/C2F6-CNWs, including their electrochemical 

durability, crystallographic characteristics, and surface states, are discussed in chapter 4.4. 

In chapter 5, effect of three-dimensional structure of CNWs on ORR is elucidated 

by preparing the CNWs with different wall densities. Chapter 5.3 explains about 

fabrication of CNWs with different wall densities. Then, the polarization characteristics 

and separated resistive elements with different corresponding frequency regions are 

discussed in chapter 5.4. Discussion about the relation of wall density and resistive 

elements, especially, the mass transfer of active materials, are described in chapter 5.5. 

In chapter 6, for the aim of synthesizing non-Pt catalysts, Fe organic complex and 

N2 gas were introduced in the process of CNWs synthesis, and the elucidation on 

synthesized materials were carried out. In chapter 6.3, the morphological characteristics 

of synthesized CNWs are explained, then their electrochemical characteristics are 

elucidated in chapter 6.4. In chapter 6.5, chemical states and elemental distributions of 

synthesized CNWs were analyzed, and overall discussion is carried out in chapter 6.6. 
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Finally, in chapter 7, all the results and discussions on CNWs composites for fuel 

cell applications are summarized. Scopes for future works on fuel cell applications of 

CNWs are also explained.  
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Chapter 2 

  

Experimental setup and evaluation 

methods of CNWs   

 

2.1 Synthesis of Pt/CNWs 

2.1.1 Radical injection plasma-enhanced chemical vapor 

deposition (RI-PECVD) system 

When the electric field is applied on introduced precursor gas, free electrons in the 

air are accelerated by the electric field to gain high energy, and following electron 

collisions produce a greater number of high energy electrons. These electrons collide with 

gas molecules to promote the excitation and dissociation of the gas molecules to produce 

the chemically active radials. These radials absorb on substrate surface to proceed the 

surface chemical reactions of radials, which lead the deposition and synthesis of thin films 

with new chemical bonds. This method is the general explanation of Plasma Enhanced 

Chemical Vapor Deposition (PECVD) method. When it is compared with thermal CVD, 

PECVD have the advantage in the depositions in lower temperature which can be applied 

for plastic substrate. It is applied for solar cell device applications and liquid-crystal 

display applications, furthermore, the PECVD is also applied for several polymer film 

depositions, diamond film depositions, and synthesis of new carbon nanomaterials 
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including fullerene and CNTs. 

General parameters for controlling plasma are gas pressure, gas flow rate, input 

power, frequency, pulse control, substrate bias, and magnetic field. Though these external 

parameters are easily controllable, the generated plasma differs when different systems 

are used. Hence, for the further development of nanotechnology applications, 

understandings on internal parameters including ion density, electron density, electron 

temperature are more important. Typical frequency regions used for highly efficient 

depositions are high frequency region (13.56 MHz), very high frequency region (VHF: 

100MHz), ultra-high frequency region (2.45 GHz), and micro wave region.  

For the synthesis of fullerene, CNTs, and diamonds, the use of plasma CVD is the 

general method. In the case of diamond thin film deposition, mixed gas of hydrogenated 

carbon (ex. methane) and hydrogen is excited and dissociated by high frequency or micro 

wave power to generate the radicals which contribute to the growth of the film (ex: 

hydrogen atom or CH3 radical which is conceived as the carbon precursor of carbon film 

synthesis), then the generated radical deposit on heated substrate. In this case, the 

deposited or synthesized carbon materials differs by the changed conditions of carbon 

precursor radical and hydrogen atom ratio, substrate temperature, and existence of metal 

catalysts. As it is mentioned, because the carbon precursor radicals and hydrogen atoms 

take important roles on the diamond thin film deposition, for many cases, several different 

radicals contribute on the synthesis of deposited film. However, controlling and 

generating these radicals selectively by one plasma source is not easy. Hence, in our group, 

radical injection plasma-enhanced CVD (RI-PECVD) system is proposed and developed 

[1]. Our group have previously established this method to control the independent 

generation of each radical species of by using multiple plasma source for thin film 
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deposition.  

In this research, for the synthesis of CNWs, hydrogen radicals injected plasma-

enhanced CVD system is used (shown in Fig. 2-1). In the system, two plasmas source are 

used. The surface wave plasma (SWP) is applied on the upper electrode, and the 

capacitively coupled plasma (CCP) is applied for the lower electrode. For the CCP power 

region, the parallel plate electrode is placed at the center of cylindrical chamber. 100 MHz 

high frequency power is supplied to the top electrode through matching box while the 

lower electrode is floated. On the other side, above the CCP region, the surface wave 

power (2.45 GHz) is suppled through the matching, the wave guide, and the quartz plates 

to generate the high-density plasma. The hydrogen gas is introduced to the upper region 

(SWP region) and the carbon precursor gas is introduced to the lower region (CCP region). 

By controlling two plasma sources independently, the density of hydrogen radicals and 

carbon radicals (ex: methyl radicals atom hydrogen atoms) can be controlled 

independently. The chamber is vacuumed by turbo molecular pump. The pressure of 

chamber is measured by capacitance manometer. The substrate is transferred from load 

lock chamber to the main chamber by transfer rod, then placed on the lower electrode. 

The substrate is held on the lower electrode stage by the ring-shaped mask. The 

temperature of the substrate is controlled by carbon heater placed at the bottom of stage 

and the monitoring thermocouple.  

In this research, CH4 gas and C2F6 gas are used as the carbon precursor for the 

synthesis of CNWs. In the CCP region, the glow plasma is generated by the carbon 

precursor gas. In the SWP region, the hydrogen gas is introduced for the generation of 

plasma for introducing high density hydrogen radicals into the CCP region. The input 

power of SWP plasma can be controlled for controlling the introducing amount of 
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hydrogen radicals in the aim of differing the synthesized carbon materials. The hydrogen 

radicals work as the key factor for constructing CNWs structure, and is speculated to work 

for removing the undesirable amorphous phases in the synthesis process. Also, by using 

different precursor gasses of CH4 and C2F6, CNWs with different shapes and structures 

can be fabricated. It is reported that the CNWs fabricated by using CH4 as the carbon 

source are relatively wavy, when it is compared with the CNWs fabricated by using C2F6 

gas as a precursor [1]. Especially, though it is measured only for CNWs fabricated by 

C2F6/H2 gas, Kondo et al. have reported that the CNWs fabricated by RI-PECVD have 

the high crystallinity comparable to that of highly oriented pyrolytic graphite (HOPG) 

and similar but not identical electronic structures to those of HOPG [2]. 

In each deposition of CNWs, because the carbon source gas is used, the chamber 

wall is contaminated by deposited carbons. As a result, the plasma condition becomes 

unstable and the reproducibility of CNWs synthesis becomes low. For keeping the 

depositing condition, the oxygen plasma chamber cleaning process is done after each 

deposition. 

The typical fabrication condition for CNWs fabricated by using CH4 gas (CH4-

CNWs) is as follows. CCP and SWP powers are both 400 W, and the flow rate for 

hydrogen and CH4 are 50 and 100 sccm respectively. Total gas pressure is 1 Pa, and the 

heater temperature for the substrate heating is 800℃. The typical fabrication condition 

for CNWs fabricated by using C2F6-gas (C2F6-CNWs) is as follows. CCP and SWP 

powers are 200 and 250 W respectively, and the flow rates for hydrogen and C2F6 are 100 

and 50 sccm respectively. The total pressure is 100 Pa, and the heater temperature for the 

substrate heating is 1000℃. CNWs can be synthesized on several substrates including Si, 

Ti, glass, and Cu.  
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Fig. 2-1 Schematic of RI-PECVD system. 
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2.1.2  Supercritical fluid metal organic chemical fluid deposition 

(SCF-MOCFD) system 

In the previous methods for catalytic nanoparticles support on fuel cell electrode, 

the use of the liquid or the gas for supplying catalyst precursor is conventionally used. 

However, because the several carbon nanomaterials have complexed nanostructure (ex. 

carbon nanotubes, carbon nanohorns, CNWs, etc.), supporting catalysts at the whole 

surface of the nanostructure could not be achieved by the conventional liquid phase 

catalyst supporting method or the conventional gas phase catalyst supporting method [3]. 

Especially, CNWs have the characteristics of high aspect ratio and water repellency. 

Hence, for the metal nanoparticles support on nanostructured carbon materials including 

CNWs, the new method of using supercritical fluid was developed and reported in the 

previous research [3,4]. Our research group named this method “Supercritical Fluid Metal 

Organic Chemical Fluid Deposition (SCF-MOCFD)” method. In our research group, 

supercritical fluid carbon dioxide, which have the low critical point (critical temperature: 

31.1℃, critical pressure: 7.38 MPa) with the low chemical reactivity and the toxicity is 

used. 

In general, materials can change into solid, liquid and gas under the different 

conditions of temperature and pressure. Figure 2-2 shows the relationship of the phase, 

the temperature, and the pressure of pure material. In the figure, the supercritical fluid is 

shown at the high pressure and high temperature region. Materials become the 

supercritical fluid when both the temperature and pressure exceed the critical point. The 

supercritical fluid is the 4th state of mater which have the both characteristics of liquid and 

gas. The fluid has the high density, do not change into liquid when it is pressurized, and 
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have the large kinetic energy equivalent to gas. It is sometimes explained as “the 

extremely dense steam.”  

When the gas is heated in the sealed container, the liquid is built up at bottom and 

the gas will fill the other region at the top. This separation occurs because the gas and 

liquid have the difference in their density, which the density of liquid is about 1,000 times 

higher than that of gas. However, when the temperature is increased, the density of liquid 

decrease by a thermal expansion, and the density of gas increases because of increased 

pressure. At last, densities of both liquid and gas become equivalent and mixed completely 

to become one identical fluid. This point of pressure and temperature is called a critical 

point, and the pressure and temperature at this critical point is called the critical pressure 

and the critical temperature, respectively [5,6]. 

Specific physical properties of supercritical fluid are shown in table 2-I. A density 

of supercritical fluid is about close to that of liquid and about several hundreds of that of 

gas. Because solubilities of materials increase when the density of solvent increases, the 

supercritical fluid has the solubility close to the liquid. Furthermore, the supercritical fluid 

has viscosity similar to that of gas and diffusion coefficient at the middle of that of gas 

and liquid. Due to these characteristics, the supercritical fluid has the high velocity and 

high permeability to the pores [7]. 

The temperature and the pressure at the critical point of carbon dioxide (CO2) is 

31.1℃ and 7.38 MPa, which is relatively mild condition (Table 2-II). Furthermore, the 

CO2 is not toxic, non-burnable, and low in reactivity. Because the supercritical fluid can 

solve many organic compounds, it is attracting attention as the reaction media. 
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Fig. 2-2 Relationships of phase, temperature, and pressure of pure material. 

 

 

Table 2-I Physical properties of supercritical fluid and comparison among gas, 

supercritical fluid, and liquid. 

 

Materials Gas Supercritical fluid Liquid 

Density (kg/m3) 0.6 - 1 200 - 900 1000 

Viscosity (Pa･s) 10-5 10-5 - 10-4 10-3 

Diffusivity (m2/s) 10-5 10-7 - 10-8 < 10-9 
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Table 2-II Critical points of typical materials. 

 

Materials Chemical formula Critical temperature Critical pressure 

Carbon dioxide 
CO

2
  31 7.38 

Trifluoromethane 
CHF

3
 26 4.84 

Ethane 
C

2
H

6
  32 4.88 

Propane 
C

3
H

8
  97 4.25 

Anmonia 
NH

3
  132 11.28 

Hexane 
C

6
H

14
  234 2.97 

Methanol 
CH

4
O  239 8.09 

Ethanol 
C

2
H

6
O  243 6.38 

Water 
H

2
O  374 22.06 
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In general, gas or liquid is used for supporting nanoparticles (i.e. arc gun method, 

sputtering method, plating method). For supporting nanoparticles on high aspect ratio 

nanostructures such as CNWs, in the case of gas phase method, nanoparticles attach only 

at the top region and the nanoparticle support on the whole surfaces of CNWs is difficult 

to be achieved (Fig. 2-3). Also, in the case of liquid phase method, the precursor dissolved 

organic solution cannot permeate into the nanostructure because of the surface tension 

and the nanoparticles cannot be supported on the whole surfaces of CNWs (Fig. 2-3). 

Regarding liquid and gas, the supercritical fluid can be used for nanoparticles supporting 

on CNWs which has the high aspect ratio nanostructure [3,4] (Fig 2-4). In this research, 

 trimethyl(methylcyclopentadienyl)platinum ((CH3C5H4)(CH3)3Pt) is diluted by n-hexane 

(CH3(CH2)4CH3) by 1wt%. By using the characteristics of high solubility of supercritical 

fluid, the organic metal solution is dissolved in the supercritical carbon dioxide. To make 

the use of high diffusivity of supercritical fluid, the supercritical carbon dioxide is stirred 

to dissolve the organic metal solution uniformly. 

Figure 2-5 is the schematic of the chamber in SCF-MOCFD system. The SCF-

MOCFD system has two chambers. The top chamber is used for stirring and dissolving 

the organic metal solution into supercritical fluid and the bottom chamber is used for the 

nanoparticle supporting on CNWs. The system includes the liquefied carbon dioxide 

cylinder, the pressurizing compressor, the rotary pump, the chamber heater, the substrate 

heater, the stirring propeller, and organic metal introducing cylinder. The top chamber and 

the bottom chamber are separated by a needle valve. The supercritical carbon dioxide with 

different pressure and temperature can be prepared independently for preparing SCF for 

Pt dissolved CO2 and SCF for Pt deposition on CNWs. The process can be started after 
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the condition is sat for the deposition by opening needle valve. Also, the substrate heater 

is placed under the substrate to heat the substrate. 

General steps for the nanoparticle supporting in this system is as follows. Air in 

the chamber is vacuumed by the rotary pump, then the organic metal solution is introduced 

into the top chamber, then carbon dioxide gas is introduced into both the top chamber and 

the bottom chamber. The top chamber is pressurized to 11 MPa and heated to 50℃. The 

bottom chamber is pressurized to 9 MPa and the substrate is heated to 175℃. After 

preparing the pressure difference between the top chamber and the bottom chamber, the 

needle valve is opened to start the supporting process. 

In the previous researches of our group, the Pt nanoparticle support on the whole 

surfaces of CNWs and the elucidation of supporting mechanism is achieved. Also, the 

relationship between ID/IG ratio of CNWs and the nanoparticles density were clarified. It 

is reported that Pt nanoparticles are selectively supported on edges and defects of CNWs 

[8].  
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Fig. 2-3 Schematic of gas or liquid phase Pt nanoparticle supporting on CNWs. 
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Fig. 2-4 Schematic of Pt nanoparticle supporting on CNWs employing supercritical fluid. 
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Fig. 2-5 Schematic of SCF-MOCFD system. 
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2.2  Evaluation method of CNWs 

2.2.1  Scanning electron microscopy (SEM) 

SEM is the method to analyze the morphological characteristics of materials by 

observing the secondary electrons which are emitted by the irradiation and scanning of 

accelerated electrons. While the secondary electrons in the depth of around 10 nm can 

only be emitted from the surface of materials, observation of secondary electrons can be 

used for surface morphology analysis. It has advantages in observing wide range of 

magnifications from few tens of kilos to few hundreds of kilos with the maximum 

resolution of sub nm. Samples can be either sat on vertical position or parallel position to 

the accelerated electron beams to observe the materials in the top view or in the cross-

section view. 

In general, the appropriate acceleration voltage of electron should be selected for 

observing different materials. While the increased acceleration voltage is effective for 

obtaining the high-resolution image as shown in the equation 2-1 [9]. (where d: the 

diameter of electron probes, or i.e., resolution, ds: the size of the electron source, M: the 

total magnification of lens, Cs: the spherical aberration series, α: the angular aperture of 

the beam, CC: the chromatic aberration coefficient, ΔV: the energy spread width of 

electron probe, V: the acceleration energy, λ: the wave length of electron probe), the 

irradiation of highly accelerated electrons can damage the surface of soft materials. 

Furthermore, in the case of observing non-conductive materials, irradiation of electrons 

can charge up the surface, then it causes the drift of obtaining images. For reducing the 

damage and the charge up, the lower acceleration voltage and current is preferred. Hence, 

the balance between the resolution and the damage (or charge up) should be considered 
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among the different materials. In the case of materials composed of light elements such 

as carbons, irradiated electrons can penetrate and diffuse deeper when it is compared with 

the case in metal materials. This decreases the S/N ratio. Hence, increased acceleration 

voltage is sometimes not suitable for observing the precise surface morphology of carbon 

nanomaterials. For the observation of CNWs, typically the acceleration voltage of 10 kV 

is used. Figure 2-6 shows the typical SEM images of CNWs.  

 

d = {(
𝑀

𝑑𝑠
)

2

+ (0.5𝐶𝑠𝛼3)2 + (𝑐𝑐𝛼3 𝛥𝑉

𝑉
)

2

+ (0.61
𝜆

𝛼
)

2

}

1

2

  … (2-1) 

 

Fig. 2-6. Typical top view SEM images of (a) CH4-CNWs and (b) C2F6-CNWs, 

and cross-sectional view of (c) CH4-CNWs and (d) C2F6-CNWs. 

 



Chapter 2 

 

 

48 

 

2.2.2  Transmission electron microscope (TEM) 

TEM is a powerful tool for observing materials in higher magnification than SEM. 

However, one big difficulty for TEM observation is on the preparation of observing 

samples. Though the operation principle of TEM is pretty similar to that of SEM, TEM 

observes the electrons which are transmitted through the observing samples. Because the 

electrons must pass through the sample, the prepared sample should be thin. Also, it 

should be reminded that the information of TEM image includes all the volume of the 

sample which the electron passed through. In the case of CNWs observation by TEM, 

cross-sectional TEM is demanded for analyzing the walls. To observe CNWs with 

maintained structure, special sample preparation steps were carried out. First, CNWs on 

the substrate is covered by resin, then is peeled off from the substrate. For the aim of 

observing only one wall of CNWs by TEM, CNWs with resin is cut thin from the edge, 

then is used as the sample for TEM observation. The schematic of this procedure is shown 

in Fig. 2-7. Also, the typical cross-sectional TEM image of Pt/CNWs is shown in Fig 2-8. 
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Fig. 2-7 TEM sample preparation procedures of Pt/CNWs. 
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Fig. 2-8 The cross-sectional TEM image of Pt/CNWs (magnification: 100k, 

acceleration voltage: 200kV).  
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2.2.3  Raman spectroscopy 

Raman spectroscopy is widely used for analyzing crystallographic structures of 

sp2 carbons (ex: graphite, CNTs) and sp3 carbons (ex: diamond, diamond like carbon). 

When monochromatic light (wave frequency: ν0) is irradiated to the material, the light 

with same frequency of ν0 (Rayleigh scattering) and the light with the shifted frequency 

of ν0 ± νi (Raman scattering) are observed. Light with the frequency of ν0 + νi is called 

anti Stokes ray, and light with the frequency of ν0 - νi is called Stokes ray. In general, 

Raman spectrum is plotted with intensity of Stokes ray as the vertical axis and shift of 

frequency (Raman shift) as the horizontal axis. The Raman shift corresponds to the 

vibration mode energy of materials, hence, analysis on Raman shift can be used for 

materials identification and the elucidation of material compositions, orientations, and 

crystallographic structures. 

Graphite with complete crystallographic structure is predicted to have the vibration 

mode of Γ=A2u(IR)+2B2g+E1u(IR)+2E2g(R). Among them, 2E2g correspond to Raman 

active. In the case of highly oriented pyrolytic graphite (HOPG), 2E2g at 1581 cm-1 and 

42 cm-1 are derived [10]. When defects or disorders are induced in the graphite, new 

Raman bands at 1360 cm-1
 and 1620 cm-1 show up. It is well known that the relative 

intensity of these Raman bands to the Raman band at 1580 cm-1 increase and the shape of 

bands is broadened as the rate of defects and disorder increase. Raman bands at 1580 cm-

1, 1360 cm-1, and 1620 cm-1 are called G band, D band, and D’ band respectively. In 

general, the full width half maximum of G band peak intensity (FWHMG) and the peak 

area (intensity) ratio of D band to G band (ID/IG) are used for elucidation of graphitization 

degree of carbon materials [11-12]. However, though the Raman analysis is one indicator 
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for the elucidation of crystallographic differences of carbon materials, it has to be noted 

that the differences of the ID/IG ratio among different materials cannot be used for the 

elucidation of differences in the crystallinity. Different carbon materials can have same 

ID/IG ratio even though their structure is completely different, and the comparison among 

the ID/IG ratio of same materials is acceptable. 

Raman spectrum of CNWs mainly consists of G band (~1580 cm-1), D band 

(~1360 cm-1), and D’ band (~1620 cm-1). In the spectrum, relative intensity of D and D’ 

band to a G band is high (ID/IG > ~1). When its FWHMG is compared with that of graphite, 

it is relatively broad (Δν（1580）is about ～35cm-1). This suggest that the defects also 

exist in the graphite plane of CNWs. 
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2.2.4  X-ray photoelectron spectroscopy (XPS) 

XPS is the general method for qualitative and quantitative analysis of elements 

and chemical bonds at the surface (in the few nanometers) of materials. In the XPS, 

photoelectron is emitted when the X-ray from the source (MgΚα or AlΚα) is irradiated to 

the sample. By analyzing the kinetic energy of emitted photoelectrons, several 

information including elemental compositions or chemical bonds can be elucidated.  

In the case of CNWs, because it has a three-dimensional structure, the take-off 

angle of photoelectron is controlled by rotating the sample as shown in Fig. 2-9. Typically, 

rotation angles of 10° or 80° is used for the XPS analysis on CNWs. It can be conceived 

that with the rotation angle of 10°, more photoelectrons from the side walls of CNWs can 

reach the detector while more photoelectrons from the edges of CNWs can reach the 

detector when the stage is rotated to 80°. The schematic of relationships between rotation 

angle and detectable photoelectrons are shown in Fig. 2-10. 

 

Fig. 2-9 Schematic of defined rotation angle φ in the case of CNWs fabricated on the 

substrate.  
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Fig. 2-10 Relationships between take-off angle of photoelectron and rotation angles of 

(a) 10° and (b) 80°. 

 



Chapter 2 

 

 

55 

 

2.2.5  Secondary ion mass spectroscopy (SIMS) 

SIMS is a qualitative or quantitative analysis method with high sensitivity for 

understanding the elemental distributions of samples by detecting secondary ions 

sputtered from the sample by the irradiation of primary ion. Systems in SIMS are 

composed by primary ion irradiation system, sample chamber, mass separation system, 

and detector. There are mainly three types of SIMS including double focusing mass 

spectrometer, quadrupole mass spectrometer (Q-Mass), and time-of-flight mass 

spectrometer (TOF-MS). While the double focusing mass spectrometer separates the 

accelerated secondary ion under Lorentz force created by magnetic sector fields, W-Mass 

separate the secondary ions under the Mathieu equation by the applied radio frequency. 

TOF-MS separates the sputtered secondary ions by using pulse primary ion and by 

measuring the flight time for the secondary ions to reach the detector. While each 

spectrometer has advantages and disadvantages, the double focusing mass spectrometer 

is suitable for highly-resistive depth profile analysis, which can elucidate the elemental 

distributions in the wall structures of CNWs.  
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2.3 Evaluation methods of electrochemical 

characteristics of Pt/CNWs 

Electrochemical analysis is the method used in the fields of battery and plating 

evaluations based on the study of transfer of electrons and ions generated in the chemical 

reactions. It is used for wide applications and objectives including the qualitative and 

quantitative analysis of the ions solved in the liquid, the evaluation of surface 

modifications in the chemical corrosions, the evaluation of battery performance, etc. [13-

16].  

The electrochemical analysis methods can be roughly divided into two categories 

by the difference in measuring potential or current. In the measurement, generally the 

system with three electrodes (a working electrode, a reference electrode, and a counter 

electrode) and the circuit which can control and measure potential and current 

(potentiostat) are used (Fig 2-11). In the system, chemical reaction occurs on the working 

electrode when the potential is applied between working electrode and reference electrode. 

When enough electrode potential is applied at working electrode, oxidative or reductive 

reaction of a reactant occurs at the working electrode/electrolyte interface. As a result, 

electric circuit between the working electrode and counter electrode is constructed. The 

reference electrode works as the reference point of potential, and the 0 V is defined as the 

potential of Pt electrode with the hydrogen gas blew on the surface (standard hydrogen 

electrode: SHE) [17]. Practically, Ag/AgCl electrode (in ideal condition, +0.22 V vs. 

SHE) or the reversible hydrogen electrode (RHE) is widely used.   
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Fig. 2-11 Schematic of electrochemical measurement setup with the potentiostat, 

working electrode, reference electrode, and counter electrode. 
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2.3.1 Cyclic voltammetry (CV) 

CV is the general method in the qualitative and quantitative measurement of active 

materials. In the CV, potential is swept to see the change in the flowing current. In the CV, 

which is generally shown in the graph of showing the potential in the horizontal axis and 

the current in the vertical axis, peaks regarding to each reaction shown up. Oxidations at 

the working electrode are shown up as peaks in the positive current, and reductions at the 

working electrode are shown up as a peak in the negative current.  

In the case of CV for characterizing Pt nanoparticles supported carbon materials 

for fuel cell application, potential is swept from 0.05 to 1.2 V vs. RHE. The potential 

sweep starts from 0.05 V vs. RHE, and swept to the highest potential of 1.2 V vs. RHE in 

the typical scan speed of 50 mV/s. Then, after the potential reached 1.2 V vs. RHE, the 

potential decrease until 0.05 V vs. RHE in the same scan speed.  

In the typical CVs of Pt nanoparticles supported CB (Pt/CB), hydrogen absorption 

and desorption peaks shown up around 0.05 to 0.4 V vs. RHE, and the oxidation and 

reduction of PtO2/Pt shown up around 0.5 to 0.9 V vs. RHE. From the current of 

absorption peak of hydrogen in CV obtained by the swept potential (the shaded area in 

Fig. 2-12), charge can be calculated. From the value of hydrogen absorption charge, the 

Electrochemical surface area (ECSA) of Pt nanoparticles can be calculated by the 

following equation [18]. 

ECSA (𝑚2) =
𝑄 (𝐶)

2.1 (𝐶/𝑚2)
                      … (2-2)   

 In the equation, coefficient 2.1 is the charge to be generated on the 1 m2 sized Pt 

surfaces, and Q corresponds to the charge generated from the hydrogen absorption which 

can be calculated from the peak area of reduction peak originated from the absorption of 
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hydrogen on Pt nanoparticles. ECSA is generally used as the indicator for the performance 

of PEFCs while the power of fuel cell is originated from the electron generated in the 

chemical reaction at the surface of Pt. Figure 2-12 shows the typical CV of Pt/CB. 

TEC10E50E (Tanaka Kikingzoku Kogyo K. K.) with the Pt mass of 46.5 wt% was 

measured in the 0.1 M HClO4 with the reference electrode of RHE. The average diameter 

is reported to be about 2.1 nm [19]. 

 

Fig. 2-12 Typical CV of Pt/CB. 

 

2.3.2 Oxygen reduction reaction (ORR)  

ORR is the reaction originated from the reduction of oxygen at the electrode 

surface. In general, the current density measured in the linear sweep voltammogram 

(LSV) of ORR increases gradually in the high potential region (in the case of Pt: around 

1.0 V vs. RHE), then saturate in the low potential region (in the case of Pt: below 0.5 V 

vs. RHE). The polarization curves can be considered as the overlaps of losses in electron 
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transfers of catalytic activations and in the mass transport with the reactant diffusion. 

These losses can be determined by the Faradaic current density which is measured in LSV. 

Two limiting cases appears which the one apears under Butler-Volmer electron transfer 

control and the other under Nernst-Planck mass transport control. The former relationship 

between current density (j) and potential (E), which is observed from the electron transfer 

process of ORR (oxidant (O) and reductant (R)), can be expressed by  

𝑗𝑂𝑅𝑅 =
𝐹(𝐾𝑂𝑐𝑅−𝐾𝑅𝑐𝑂)

1+
𝐾𝑂

𝐷⁄ +
𝐾𝑅

𝐷⁄
,                                              … (2-3) 

where  

𝐾𝑂 = 𝑘0exp (𝛼𝑂
𝐹

𝑅𝑇
(𝐸 − 𝐸0)),                                      … (2-4) 

𝐾𝑅 = 𝑘0 exp ((1 − 𝛼𝑂)
𝐹

𝑅𝑇
(𝐸 − 𝐸0)) .                                … (2-5) 

 

In the equation, c’s are concentrations, D is the diffusion constant, T is temperature, α is 

the charge transfer constant, R is the ideal gas constant, and F is the Faraday constant [20]. 

For the electron transfer limiting case, the equation can be written as 

𝑗𝐵𝑢𝑡𝑙𝑒𝑟−𝑉𝑜𝑙𝑚𝑒𝑟 = 𝐹(𝐾𝑂𝑐𝑅 − 𝐾𝑅𝑐𝑂),                                   … (2-6) 

 

while for the mass transport limiting case, the equation can be written as 

 

𝑗𝑁𝑒𝑟𝑛𝑠𝑡−𝑃𝑙𝑎𝑛𝑐𝑘 =
𝐹(𝑐𝑅exp (

𝐹

𝑅𝑇
(𝐸−𝐸0))−𝑐𝑂)

{exp(
𝐹

𝑅𝑇
(𝐸−𝐸0))+1} 𝐷⁄

.                               … (2-7) 

 

In this case, the diffusion of oxygen reactant is regulated by the diffusion at the 

boundary layer of the electrolyte solution. This oxygen diffusion can be modeled by the 

Koutecky-Levich relation where the limiting current density is expressed by  
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𝑗 = 0.2𝑛𝐹𝑐𝑂𝐷
2

3𝜈−
1

6𝜔
1

2.                                            …(2-8) 

 

In the equation, n is the number of electrons to be obtained in the chemical reaction, ν is 

the electrolyte viscosity, and ω is the rotation speed of the RDE [21]. 

 

2.3.3 Alternating current (AC) impedance spectroscopy  

The AC impedance analysis is the method which can be applied for the elucidation 

of impedance by varying the applied frequency from high frequency to low frequency. 

The concept of the AC impedance analysis is to separate resistive elements which have 

different time constant in the electrochemical reactions. In the AC impedance analysis, 

the small fluctated voltage with varying frequency is applied with the selected direct 

current (DC) potential. By considering all the circuit elements, the net impedance is given 

by the summation of frequency-independent resistance R0 and frequency-dependent 

resistance Rc. Rc arises from the capacitance Cc, which is analogous to the time-dependent 

charging and discharging in a Faradaic process. The variation of Rc and Cc enables a 

further analysis of electrochemical activity. For simplicity, the constant-phase component 

(CPE) is generally used in the fitting. CPE represents a circuit element whose resistivity 

is dependent on the ω, frequency, Q, capacity, and α via  

 

𝑍𝐶𝑃𝐸 =
1

(𝑗𝜔)𝛼𝑄
.                                                    …(2-9) 
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In here, j is an imaginary unit (j2 = −1). When α is equal to 1, CPE behaves as an 

ideal capacitor with a single time constant, which represent a pure semicircle on the 

Nyquist plots. However, in actual measurements, the semicircles on the Nyquist plots are 

often distorted for various reasons including the heterogeneity of the electrode surfaces 

[22]. Although the physical cause of the distortion is not revealed yet, the CPE 

representation can fit the distorted semicircle by varying the constant α from 0 to 1.  

The electrochemical impedances and phase shifts are plotted versus frequency in 

logarithmic scale, referred to as Bode plots. The Nyquist plots can be obtained by AC 

impedance analysis, which helps to understand frequency response characteristics and the 

resistive elements through the use of a corresponding equivalent circuit [23]. Schematic 

of typical Nyquist plots with corresponding equivalent circuit is shown in Fig 2-13. 

 

Fig. 2-13 (a) Schematic of typical Nyquist plots with (b) corresponding equivalent 

circuits. 
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Chapter 3  

  

Elucidation on the electrochemical 

durability of Pt nanoparticles-

supported CNWs (Pt/CNWs) and its 

degradation mechanism 

 

3.1 Introduction 

While the PEFCs is a promising device for solving the energy problems, the 

durability is the major problem which is inhibiting the practical use of PEFCs [1]. It is 

reported that the carbon black (CB), the carbon support for the catalysts which is generally 

used, easily degraded under the high potential up to 1.5 V which is applied at the start and 

stop operation of PEFC [2]. It is reported that the CB itself corrode in the condition, and 

lead to the degradation of performance. The corrosion of CB causes the aggregation of 

catalysts or the loss of current path to reduce the electrochemical surface area (ECSA) of 

electrode in the several thousand of potential cycle test (PCT) [3-5]. For the catalyst 

support, carbon nanomaterial with high crystallinity is attracting attention for highly-

durable electrode [6-9]. As the suitable carbon nanomaterial for the catalysts support, we 

focused on carbon nanowalls (CNWs). CNWs is the high aspect ratio, three-dimensional 

carbon nanomaterial with graphite structure, which is promising for catalyst support 
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involving the path for taking out the electricity [10-14]. In the previous researches, TiO2 

photocatalysts were supported on the whole surface of CNWs by using SCF-MOCFD 

method, and demonstrated high photocatalytic efficiency with the contribution of TiO2 

nanoparticles, which are supported in a density of about 3.0 × 1012 cm-2 in an average 

diameter of 2.7 ± 0.7 nm [15]. While the promising characteristics of CNWs for the 

catalyst support were reported previously, characteristics of CNWs for fuel cell 

application, which involves the chemical reaction with the electron transfer is not 

completely revealed yet.  

In the previous researches of the fuel cell application for the Pt supported CNWs 

(Pt/CNWs), S. C. Shin et al. and A. Ashikawa et al. have reported the CV and ORR of 

Pt/CNWs. In the reports, CNWs were peeled off from the substrate and powdered. Then 

the powdered CNWs were dispersed in the liquid for supporting the Pt nanoparticles by 

liquid phase reduction method [16-17]. In contrast, our group have developed SCF-

MOCFD system and performed the Pt nanoparticles support by keeping the three-

dimensional structure of CNWs. In the previous researches for Pt catalysts support on 

CNWs, T. Machino et al. and K. Mase et al. have reported that the SCF-MOCFD method 

can support the Pt nanoparticles on the whole surface of CNWs with the average diameter 

of 2 nm. Also, they have found that Pt nanoparticles densities increase when the ID/IG 

ratio of CNWs increases [18-19].  

In this chapter, Pt/CNWs with self-standing structure were maintained to elucidate 

the electrochemical characteristics including electrochemical durability of the Pt/CNWs. 

The particle size and supported conditions of the Pt nanoparticles on the CNW surfaces 

were observed before and after the durability tests using transmission electron 

microscopy (TEM). The crystallinity of the CNWs were evaluated using Raman 
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spectroscopy. 
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3.2 Experimental details 

The CNWs were fabricated by radial injection plasma-enhanced chemical vapor 

deposition (RI-PECVD). In the system, two types of plasmas, surface wave excitation 

plasma (SWP) and capacitively coupled plasma (CCP), are used to control the generation 

of different radical species independently. H2 (50 sccm) is introduced and CH4 (100 sccm) 

gases were introduced to the SWP and CCP regions, respectively. The total gas pressure 

was 1 Pa, and the power applied to both the SWP and CCP regions was 400 W. Ti 

substrates were placed on the lower electrode at a distance of 30 mm from the upper 

electrode, and the substrate temperature was kept at 800°C. Deposition time of 6 min and 

30 s was used and the height of the resultant CNWs was approximately 500 nm.  

The Pt nanoparticles were formed on the support material using a SCF-MOCFD 

system consisting of two chambers [18-19], where the top and bottom chambers were 

separated by a needle valve. 1 wt% of trimethyl (methylcyclopentadienyl) platinum (IV) 

[(CH3C5H4)Pt(CH3)3] diluted with n-hexane [CH3(CH2)4CH3] was used as the Pt 

precursor. 1 mL of Pt precursor and 45 mL of CO2 were introduced into the top chamber. 

CO2 gas in the chamber was then pressurized to 11 MPa and heated to a temperature of 

50°C to produce supercritical CO2 (SC-CO2). The CNWs grown on the Ti substrate were 

then set on the stage of the bottom chamber and SC-CO2 was produced by the same 

method at a pressure of 9 MPa. The stage temperature was heated with a ceramic heater 

and maintained at 175°C during the process. The needle valve was opened to start the 

deposition process. Pt nanoparticle deposition was performed for 30 min. The density of 

Pt particles supported on the CNWs was observed by TEM and determined to be in the 

order of 1012 cm-2. The total mass of Pt supported on the CNWs was measured by 
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inductively coupled plasma mass spectrometry (ICP-MS) of Sumika Chemical Analysis 

Service, Ltd. Figure 3-1 shows scanning electron microscopy (SEM) images of the 

Pt/CNWs. 

A three-electrode electrochemical cell with a rotating disk electrode (RDE) and a 

potentiostat (Toyo Corp.) were used for electrochemical characterization of the Pt/CNWs. 

A Ti substrate (3 mm2) with deposited CNWs was set on a glassy carbon disk (3 mm 

diameter) using carbon tape. 1 µL of 10% Nafion diluted in water was dispersed on the 

CNWs and dried for 15 min on a 65°C heating stage. The prepared working electrode was 

mounted on the RDE and immersed in 0.1 M HClO4 solution. The schematic of the 

working electrode is shown in Fig. 3-1. A reversible hydrogen electrode and Pt wire were 

used as reference and counter electrodes, respectively. The solution was purged with N2 

gas for 20 min. Measurements were performed at a scan rate of 50 mV/s at room 

temperature with the potential range of 0.05 to 1.2 V vs. RHE. The first cycle of CV is 

measured after the 30 cycles of the scans to obtain a stabilized CV. For measuring 

durability of Pt/CNWs, the high potential cycle testing was done. The potential was 

changed from 1.0 V to 1.5 V at a scan rate of 500 mV s-1, which is the standard protocol 

suggested by the fuel cell commercialization conference of Japan (FCCJ) [20]. The high 

potential cycle testing was conducted up to 20,000 cycles. 

ORR measurements were carried out with a scan rate of 10 mV/s and a scan range 

of 0 to 1.2 V vs. RHE at room temperature with a O2-purged solution. The alternating 

current (AC) impedance analysis was performed under a DC potential of 0.2 V vs. RHE 

with an AC amplitude of 20 mV, applied from the initial frequency of 1 MHz to the final 

frequency of 0.1 Hz.  
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Fig. 3-1 (a) Surface and (b) cross-sectional SEM images of Pt nanoparticles 

supported on CNWs. 

 

 

Fig. 3-2 Schematic of working electrode preparation. 
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3.3 Electrochemical characteristics and durability of 

Pt/CH4-CNWs 

3.3.1 CV and Electrochemical durability 

Figure 3-3 shows the change in CVs during the 20,000 cycle of potential cycle test 

(PCT). From 0 cycles to 8,000 cycles, the size of hysteresis increases, then the hydrogen 

absorption peak (0.05 V to 0.3 V) begins to decrease until 20,000 cycles. The ECSA is 

calculated at each cycle from the hydrogen absorption peak [21]. The charge generated in 

each CV was calculated and normalized by the mass of Pt.  

The change in the normalized ECSA is shown in Fig. 3-4. The ECSA values 

gradually increases from 0 to 1,000 cycles and then slowly increases until 8,000 cycles. 

In the case of Pt/CB, ECSA is maximized at 1,000 cycles. While the first several cycles 

may contribute on the surface activation of Pt for maximizing the ECSA, ECSA of 

Pt/CNWs increased until 8,000 cycles, which is relatively long. The increase of ECSA in 

the first 1,000 cycles were large and can be conceived as the contribution on the Pt surface 

activation. The reason for the continuous increase of ECSA between 1,000 to 8,000 cycles 

has not yet been completely clarified, however, the change in the condition of covering 

Nafion may be possible factors.  

After 8,000 cycles, the ECSA begins to decrease slowly until 20,000 cycles. The 

highest ECSA for Pt particle surfaces was 25.6 m2 gPt
-1 at 8,000 cycles, which was about 

a half compared with that of a typical Pt/CB and the Pt/CNWs powder [16]. The ECSA 

then lowers to 78% at 20,000 cycles. The decrease in ECSA of Pt/CNWs at 20,000 cycles 

was only 22% compared with the largest ECSA measured at 8,000 cycles, while the 
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conventional CB (TEC10E50E) decreases its ECSA to 58% in the 20,000 cycles.  

CNWs have the continuous sheets structure of multilayer graphene, and the 

structure of CNWs is quite different from that of stacked CBs. Though it is hard to 

compare them directly, the high crystallinity graphene structure of CNWs can be one 

factor of high durability. Also, as I mentioned, the maximum ECSA of Pt/CNWs is lower 

than that of Pt/CB. For comparing electrochemical activity of different materials precisely, 

ECSA, Pt condition, and three phase boundaries of supports, Pt, and Nafion have to be 

considered. One great difference between the CNWs and the CB is their structure. The 

catalytic activity of Pt nanoparticles lower if the Nafion is either not coated or coated too 

much over the whole Pt nanoparticles supported on the CNWs surface. Because the 

CNWs have unique structure, we need a special method for applying Nafion on the whole 

surface of CNWs thinly. By optimizing Nafion applying method, there is a possibility of 

enhancing ECSA. 
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Fig. 3-3 CVs for Pt nanoparticles supported on CNWs at selected cycles during 

PCT. 
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Fig. 3-4 Change in the (a) ECSA for Pt nanoparticles supported on CNWs during PCT 

and (b) normalized ECSA of Pt/CNWs and Pt/CB (TEC10E50E). 
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3.3.2  Crystallographic and morphological changes of Pt and 

Pt/CH4-CNWs before and after the degradation 

Figure 3-5 shows Raman spectra for the Pt/CNWs before and after the PCT. No 

significant changes are observed in the spectra after the PCT. The area ratios of the D-

band to G-band peaks (ID/IG) are 2.1, 2.2, and 2.2 for the 0, 4000, and 20000 cycles of 

Pt/CNWs, respectively, which indicates there is no significant degradation of the 

graphene structures in the CNWs during the PCT.  

Figure 3-6 shows TEM images of the Pt/CNWs before and after 20,000 cycles. 

The Pt particles in the as-prepared Pt/CNWs before the PCT had a mean diameter of 

1.6±0.4 nm and a particle density of 5×1012 cm-2. After 20,000 cycles of PCT, the mean 

diameter increased to 1.8±0.7 nm and the particle density decreased to 2×1012 cm-2, which 

represent a small increase in mean diameter and a small decrease in particle density. 

However, it should be noted that the accuracy of the particle density estimation is not so 

high compared with that for the diameter, due to higher fluctuations depending on the 

observation points. In the case of TEC10E50E, it has been previously reported that the 

average diameter of Pt nanoparticles at the CB surface increased from 2.57 ± 0.60 to 

3.47 ± 0.56 nm and the nanoparticles at the interior region of CB increased from 1.92 

± 0.56 to 2.29 ± 0.42 nm when the ECSA of MEA almost halved by the triangular 

wave cycles [22]. One difference in the tendency of Pt nanoparticles diameter increase 

between that of Pt/CB and that of Pt/CNWs is their dimeter variation. The standard 

deviation of Pt diameters, which can also be expressed as the variation or scattering of Pt 

diameters, for Pt/CB is not increased while that for Pt/CNWs is increased. This indicate 
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there may be difference in the changing diameter distribution before and after the 

degradation of Pt/CB and Pt/CNWs.  

Figure 3-7 show the diameter distributions of Pt nanoparticles before and after the 

PCT. Before the test, the Pt nanoparticles with dimeters of around 1.5 nm is most 

frequently observed and no Pt nanoparticles with diameters of more than 2.5 nm can be 

found. However, after the PCT, the Pt diameter distribution seems to be shifted to higher 

diameter, and the range of observed Pt diameter is widened slightly. Furthermore, the 

frequency of observed Pt nanoparticles with a diameter of 1 nm increases. The diameter 

variation of Pt/CB measured before and after the same PCT test is reported to be not 

changed after the degradation [22]. In this case, it can be supposed that Pt with the smaller 

diameter dissolve then reprecipitate only on the Pt nanoparticles surfaces. In the Ostwald 

ripening, smaller crystals are selectively dissolved because the smaller crystals have 

higher solubility than larger crystals. When the selectively dissolved crystals reprecipitate 

on the larger crystals, the size distribution of crystals shifts. The result of Pt/CNWs 

indicates that the Ostwald ripening with the reprecipitation of Pt nanoparticles on the 

CNWs surface is occurring to newly form the small nanoparticles in the case of Pt 

nanoparticles on the CNWs [23]. Furthermore, from the mixed result of Pt dispersion 

effect and Pt size dependency of Pt nanoparticles catalytic activity, it must be considered 

that the catalytic activity of Pt nanoparticles become maximum around 4 nm. It gradually 

decreases when the diameter of Pt nanoparticles is below 1.5 nm or exceed 6 nm. Because 

the average Pt diameter is increased after 20,000 cycles of PCT, the change in ECSA also 

includes the change in catalytic activities of Pt nanoparticles themselves. 
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Fig. 3-5 Raman spectra of Pt nanoparticles supported on CNWs after PCT. 
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Fig. 3-6 TEM images of Pt nanoparticles supported on CNWs (a) before and (b) after 

PCT. 

 



Chapter 3 

 

 

79 

 

 

Fig. 3-7 Diameter distributions of Pt on CNWs before and after the PTC. 
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3.4 Impedance analysis on the ORR characteristics of 

Pt/CH4-CNWs during the degradation  

3.4.1 ORR characteristics and the effect of potential cycle tests 

The CNWs were fabricated in the condition of CCP: 200 W, and Pt were supported 

in the same condition from chapter 3.3. The charge was calculated from the hydrogen 

absorption peaks. The calculated charge of CV from 0 cycles, 4,000 cycles, and 20,000 

cycles were 0.47, 1, and 0.37 mQ/cm2 respectively. 

Figure 3-8 shows the rotation speed dependence of ORR at 0 cycle and the changes 

in the ORR of Pt/CNWs during PCT with the rotation speed of 1600 rpm. The current 

density of Pt/CNWs starts to decrease from around 0.9 to 1.0 V vs. RHE, then the absolute 

value of current density increased as the potential decreased. The onset potential, which 

is defined as the first potential to exceed the – 30 μA/cm2, of Pt/CNWs at 0 cycles, 4,000 

cycles, and 20,000 cycles were 0.93, 0.99, and 0.89 V vs. RHE. respectively. The current 

density of each LSV measured at 0.2 V, which is the saturation region of ORR, were -2.4, 

-3.0, and -1.1 mA/cm2 for 0, 4,000, and 20,000 cycles respectively, as listed in Table 3-I. 

In the case of general Pt/CB (TEC10E50E), the current density saturates around 

0.5 V vs. RHE as shown in Fig. 3-9. The saturated current density for 0 cycles, 1,000 

cycles, and 20,000 cycles were -6.4, -6.9, and -6.5 mA respectively. The onset potentials 

of PT/CB are all 1.0 V vs. RHE for 0 cycles, 1,000 cycles, and 20,000 cycles, which don’t 

change after the PCT. Focusing on the shape of LSV curves, the LSV curves of Pt/CNWs 

are not fully saturated when they are compared with those of Pt/CB. Also, saturated 

current density and onset potential both decreased to indicate the degradation in the ORR 

characteristics after the PCT in the case of Pt/CNWs. 
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Fig. 3-8 Change in LSV of Pt/CNWs (a) with different rpm at 0 cycles of PTC and (b) 

during the PCT with the rotation speed of 1600 rpm. 
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Fig. 3-9 Change in LSV of Pt/CB (TEC10E50E) (a) with different rpm at 0 cycles of PTC 

and (b) during the PCT with the rotation speed of 1600 rpm. 
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Table 3-I changes in normalized ECSA and current densities of Pt/CNWs during 

PCT. 

 

Cycle number (#) Normalized ECSA 
Current density 

(at 0.2 V vs. RHE) 

0 0.47 -2.4 

4,000 1 -3.0 

20,000 0.37 -1.1 
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3.4.2 Impedance analysis on degraded Pt/CH4-CNWs 

Figure 3-10 shows the Nyquist plots in the ORR of Pt/CH4-CNWs after the applied 

PCTs of 0 cycles, 4,000 cycle, 20,000 cycles. In the Nyquist plots at 0 cycles, three 

semicircles are obtained in the different frequency regions. The first semicircle is obtained 

at the frequency region of 107 to 105 Hz. Then, as the applied frequency decreased, the 

second semicircle has showed up in the frequency region of 105 to 102 Hz. Finally, the 

third semicircle shows up in the frequency region of below 102 Hz. 

When the PCT is applied for 4,000 cycles, only the third circle, which correspond 

to the frequency region of 102 to 10-1, shrunk. Then, when the PCT cycles increase from 

4,000 to 20,000 cycles, second semicircle, which correspond to the frequency region of 

105 to 102 Hz grows bigger. Furthermore, after the 20,000 cycles, the corresponding 

frequency region of second semicircle have changed. The first semicircles show no 

change, but the frequency region of second semicircle is widened, and overlapping to the 

frequency region of the third semicircle. It can be conceived from the Nyquist plots that 

the resistive element which corresponds to the second semicircle changes as the CNWs 

degraded in the PCT. 

Figure 3-11 show the equivalent circuit used for the fitting, and table 3-II shows 

the parameters for the fitted result of Nyquist plots. Focusing on the real resistivity of each 

semicircles, change of the R1, R2, and R3 in the applied cycles of PCT were elucidated. In 

here, R1, R2, and R3 corresponds to the semicircles emerges at high frequency region, 

middle frequency region, and low frequency region respectively. Figure 3-12 shows the 

change in ORR and each resistive element during the PCT. It can be clearly seen that 

increase in the ORR of first 4,000 cycles correspond to the decrease in R3, and the decrease 

in the ORR after 4,000 cycles corresponds to the increase in R2. R3 corresponds to the 
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frequency region of below 102, which is known as the region of which the mass transfer 

of active materials starts to give an influence on resistance [24]. It is still speculation, 

however, the covering conditions of Nafion on the CNWs surfaces may be changed in the 

first few thousands of cycles to give some effects on the mass transfer of the active 

materials. R2 was initially corresponding to the middle frequency region, and it can be 

conceived as the resistive element which is related to the electrochemical reaction occurs 

at the surface of Pt nanoparticles. Also, it must be noted that R1, the resistive element 

which should correspond to the highest frequency region shows no change. While the time 

constant of electron transfer should be the smallest in the resistive elements of ORR, it 

can be conceived that the electrical transfer in the graphite structure of CNWs had no 

change in the PCT.  

The impedance of each resistive elements normalized with ECSA at each cycle to 

see the change in the resistivity which are not corresponded to the change in the ECSA 

(see Fig. 3-13). It can be seen that the increase of R2 is moderate, but still increasing after 

the 4,000 cycles. This result indicates that decreased ECSA is not the only reason of 

increased resistivity, and also the degradation in the resistive element related to the 

chemical reaction other than the decreased ECSA is occurring after the PCT. This may 

indicate that the degradation of ORR is caused only by the degradation of Pt nanoparticles 

themselves including decreased ECSA and other factor related to the chemical activity of 

Pt. The CNWs as the conductive electrode showed no degradation in the PCTs.  
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Fig. 3-10 Full plots (a) and plots focusing at the high frecuency region (b) of Nyquist 

plots in the ORR of Pt/CNWs during the PCT. 
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Fig. 3-11 Equivalent circuit used for the fitting of Nyquist plot of Pt/CNWs. 

 

Table 3-II  Parameters for the fitted result of Nyquist plots during PCT. 

 

Cycle 

number 

(#) 

R1 

(Ω) 

Q1  

(F/s(1-α)) 

α1 R2 

(Ω) 

Q2  

(F/s(1-α)) 

α2 R3 

(Ω) 

Q3  

(F/s(1-α)) 

α3 

0 29 0.8×10-8 1 140 1.3×10-5 0.66 305 0.7×10-3 0.88 

4,000 25 1.0×10-8 1 147 2.0×10-5 0.7 107 1.3×10-3 0.83 

20,000 24 1.0×10-8 1 464 3.0×10-5 0.68 78 2.7×10-3 0.83 
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Fig. 3-12 Change in the ORR and resistive elements of PT/CNWs during the PCT. 

 



Chapter 3 

 

 

89 

 

 

Fig. 3-13 Change in the impedance of each resistive element normalized by the changed 

ECSA at each cycles of PCT. 
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3.5 Effect of Hydrogen peroxide treatment on the 

CH4-CNWs  

3.5.1 Morphological and Crystallographic changes in H2O2 treated 

CH4-CNWs 

Figure 3-14 shows the top and cross section of SEM images for pristine CNWs 

and H2O2 treated CNWs (H2O2-CNWs). From the SEM images, no specific difference 

can be observed after the 120°C, 20 min treatment of H2O2 with the concentration of 30%. 

The change in Raman spectra before and after the H2O2 treatment is also elucidated in Fig. 

3-15. They also show no difference in the crystallographic structure of CNWs after the 

H2O2 treatment. While the H2O2 treatment has no effect on the structure and crystallinity 

of graphite structure of the CNWs, surface chemical states were elucidated by XPS 

analysis. Figure 3-16 shows the C1s and O1s peaks of CNWs before and after the H2O2 

treatment measured with the rotation angle of 10°. As a result, C1s and O1s peaks shows 

small changes after the H2O2 treatment to indicate the oxidation of CNWs surface. From 

these results, it can be elucidated that the H2O2 treatment gives no effect on 

crystallographic structure of CNWs and gives an effect on the chemical states at the 

surface of CNWs.  
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Fig. 3-14 Top view and cross section of CH4-CNWs before and after the H2O2 treatment.  

 

 

Fig. 3-15 Raman spectra of CH4-CNWs before and after the H2O2 treatment. 
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Fig. 3-16 C1s and O1s peaks of CH4-CNWs before and after the H2O2 treatment. 
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3.5.2 CV characteristics and electrochemical durability of Pt 

supported H2O2 treated CH4-CNWs 

PCT was applied to the Pt/H2O2-CNWs to elucidate the effect of H2O2 treatment 

on CNWs. Figure 3-17 shows the change in CVs of pristine Pt/CNWs and Pt/H2O2-CNWs 

during the PCT. In the case of Pt/CNWs, the CV shows only small changes until the 

20,000 cycle. However, in the case of Pt/H2O2-CNWs, peaks originated in the 

electrochemical reactions of Pt have disappeared after the PCT cycles of 4,000 cycles. 

Figure 3-18 shows the changes in ECSAs of Pt/CNWs and Pt /H2O2-CNWs calculated 

and normalized from each hydrogen absorption peaks of CVs in each cycles of PCT. 

While the normalized ECSA of Pt/CNWs shows almost no degradation until 20,000 

cycles, the normalized ECSA of Pt/H2O2-CNWs decreases to 69% by 4,000 cycles from 

the maximum ECSA obtained at 1,000 cycles. Also, because hydrogen absorption peaks 

disappeared after 4,000 cycles, ECSA is not able to calculate after 4,000 cycles. H2O2 

treatment only has an effect on the surface of CNWs, however, it shows notably high 

effect on the degradation of Pt/CNWs in PCT. From these results, it can be conceived that 

the surface state of CNWs has an important role on the electrochemical durability of 

Pt/CNWs. While the H2 is introduced in the plasma process, CNWs surface is supposed 

to be terminated by hydrogen. The elucidation on the rolls of hydrogen terminations of 

CNWs edges may give further understandings on the effect of surface state on the CNWs 

durability.  
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Fig. 3-17 Change in the CVs of Pt/CNWs before and after the H2O2 treatment during the 

PCT. 
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Fig. 3-18 Change in the normalized ECSA of Pt/CNWs before and after the H2O2 

treatment during the PCT. 
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3.6 Discussion about the electrochemical durability 

and degradation mechanism of Pt/CH4-CNWs 

From the PCT on Pt/CNWs, it is found that the CNWs have higher durability than 

generally used CB. The ECSA maintained 78 % after the 8,000 cycles of PCT and showed 

no change in the crystallographic structure while the ECSA decreased. One reason for 

high durability of CNWs should be the high crystallinity of its graphite structure. In fact, 

the Raman spectra showed that there are no great changes in the Raman spectra after PCT. 

This indicate that CNWs itself has no corrosion after the PCT. Impedance analysis also 

support this idea. The resistive elements were elucidated from the impedance analysis and 

revealed that there are at least three resistive elements in the ORR of Pt/CNWs. The 

resistive elements which correspond to the highest frequency region, which can be 

conceived as the resistive element related to the electron transfer in the CNWs, showed 

no change after the degradation of Pt/CNWs, and the resistive elements which correspond 

to the lower frequency region increased as the Pt/CNWs degraded. From the TEM 

observation, it was found that the average diameter of Pt increased, and the Pt density 

decreased as the ECSA lowered. These results indicate that the degradation of ECSA of 

Pt/CNWs is only caused by the detachments, dissolution, and aggregation of Pt 

nanoparticles, while the crystallographic structure of CNWs has the high resistivity on the 

corrosion by the applied potentials in PCT. 

On the other hand, the H2O2 treatment on CNWs brought the significant 

acceleration of degradation of ECSA in PCT while SEM observation, Raman analysis, 

and XPS analysis indicate that only the surface of CNWs is affected in the H2O2 treatment. 

These results show that the surface of CNWs, or the interface of Pt nanoparticles and 
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CNWs is important in the degradation of Pt/CNWs. In the previous researches, K. Mase 

et al. have reported the relationship between the ID/IG ratio and the resulted Pt 

nanoparticles density supported on CNWs in SCF-MOCFD method. They proposed that 

more numbers of Pt nanoparticles were supported on CNWs when the number of defects 

and edges are on the CNWs, and the Pt nanoparticles are selectively nuclearized and 

supported on the defect or edges of CNWs as shown in Fig. 3-19 [19]. From this 

assumption, it can be conceived that there is always a defect, which should be less 

resistive for the corrosion, surrounding the supported Pt nanoparticles. The corrosion can 

occur selectively from the defects at the interface between Pt nanoparticles and CNWs, 

then the detachment, aggregation, Oswald ripening, and reprecipitation on the CNWs of 

Pt nanoparticles occurs as the result (Fig. 3-20).  

Impedance analysis also shows the interesting tendency in the degradation of 

Pt/CNWs. As mentioned, the resistive element at the frequency region of 105 to 102 Hz 

changes significantly after the degradation. While the resistivity at this region has 

increased after the degradation, another important thing is that the time constant of 

resistive element at this region becomes larger to exceed the 102 Hz. It is not completely 

investigated; however, this result may indicate that the time constant of chemical reaction 

become larger, or some other new resistive element emerged in this region to delay the 

time constant of ORR. Though it is an assumption, it may be the corrosion of interface 

layer which delays the time constant in the electrical reactions in the system of Pt/CNWs. 
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Fig. 3-19. Schematic of Pt nanoparticles nucleation at the defects on CNWs. 

 

 

 

Fig. 3-20 Schematics of interface between Pt and CNWs, and Pt aggregation of Pt/CNWs. 
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3.7 Summary 

In this chapter, electrochemical characteristics of Pt/CNWs, especially the 

electrochemical durability, and the degradation mechanism was elucidated in detail. 

ECSA maintained 78% from maximum ECSA until 20,000 cycles of PCT. After the PCT, 

no structural change and the change in graphite crystallinity were seen while the Pt 

nanoparticles average diameter increased from 1.6±0.4 nm to 1.8±0.7 nm and the particle 

density decreased from 5×1012 cm-2 to 2×1012 cm-2 in the 20,000 cycles of PCT.  

Pt aggregation was indicated, and the LSV result showed that ORR characteristics 

also degraded when the ECSA decreased in PCT. The impedance analysis revealed that 

the resistive element which correspond to the frequency region of 105 to 102 Hz only 

changed in the degradation, and the resistive element in the frequency region of over 105 

Hz showed no change after degradation.  

To see the effect of surface state of CNWs, effect of H2O2 treatment on the CNWs 

were elucidated. Though only the chemical states of CNWs surface were affected by the 

H2O2 treatment, it has brought an acceleration of degradation in which the hydrogen 

absorption peak disappeared after 4,000 cycles of PCT. It indicated that the surface of 

CNWs, especially, the interface of Pt and CNWs take important role on the degradation 

of Pt/CNWs. It can be conceived that the local corrosion of interface between Pt and 

CNWs occurs locally, which bring the detachment, dissolution, or aggregation of Pt 

nanoparticles for the degradation of performance.  
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Chapter 4  

  

Extension in the durability Pt/CNWs 

employing the H2/C2F6 RI-PECVD 

method 

 

4.1 Introduction 

To realize higher durability fuel cells, the catalyst support materials should have 

higher resistance toward corrosion. Surface functionalization, metal-based supports, and 

carbon supports with higher crystallinity including graphitized carbon such as carbon 

nanotubes and graphene are thus expected [1-4]. Therefore, the catalysts support for 

PEFCs requires the utilization of more active sites with high durability and large surface 

area. 

Several researches on the electrochemical characteristics of a carbon nanowalls 

(CNWs), which were fabricated using a CH4/H2 gas mixture as a precursor were 

previously reported [5-6]. CNWs are composed of multilayer graphene fabricated 

vertically on a substrate [7-11]. The CNWs fabricated with the CH4/H2 gas mixture (CH4-

CNWs) maintained 78% performance until 20,000 cycles of the start-stop tests as 

explained in Chapter 3 of this thesis. Therefore, the CNW supports potentially extend the 

PEFC lifetime due to the higher durability of the carbon support material. The Fuel Cell 
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Commercialization Conference of Japan (FCCJ) stated that the final target for the 

durability of start/stop cycles is 60,000 cycles [12]. For CNW supports, the further 

extension of the lifetime is thus required.  

Here, we focus on deposition methods. Plasma of the CH4/H2 gas mixture was 

previously used; however, we propose the use of a C2F6/H2 gas mixture. Fisher’s group 

have previously reported the reactions of fluorocarbon radicals in the fluorocarbon-

hydrogen plasma [13-14]. They reported that the film structure changed from the 

fluorocarbon polymer to the diamondlike carbon by increasing H2 flow rate. The 

existence of hydrogen radials may contribute to the subtraction of F. In fact, if a C2F6/H2 

gas mixture is used, then continuous sp2 bonded carbons are mainly formed [7]. This 

creates CNWs with flat structures, rather than the wavy structures formed in the case of 

the CH4/H2 gas mixture. In CNWs synthesized with a C2F6/H2 gas mixture, more 

continuous sp2 bonds may result in higher crystallinity and higher stability against 

corrosion. To the best of our knowledge, there have been no reports on the electrochemical 

properties of CNWs synthesized by the C2F6/H2 plasma deposition method, which we 

refer to here as C2F6-CNWs.   

In this work, C2F6-CNWs were fabricated and then Pt nanoparticles were 

supported on the C2F6-CNWs (Pt/C2F6-CNWs). The electrochemical durability of 

Pt/C2F6-CNWs was evaluated by start-stop cycling tests. After the cycling tests, the 

morphology and crystallinity of the CNWs was also analyzed. Based on these results, we 

discuss the advantages of CNW supports for application in PEFC electrodes.  
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4.2 Experimental details 

C2F6-CNWs were fabricated using a radical injection plasma-enhanced chemical 

vapor deposition (RI-PECVD) system [7]. In this system, two types of plasmas, surface 

wave excitation plasma (SWP) and capacitively coupled plasma (CCP), are used. H2 gas 

is injected into the SWP region, and C2F6 gas is injected into the CCP region. 100 sccm 

of H2 gas and 50 sccm of C2F6 gas were introduced with a total gas pressure of 100 Pa. 

The power applied to the SWP and CCP regions was 250 and 200 W, respectively. A 0.1 

mm thick and 40 mm square titanium plate was placed on the lower electrode as a CNW 

substrate at a distance of 10 mm from the upper electrode. The deposition time was 30 

min and the substrate temperature was kept at 1000°C.  

The Pt nanoparticles were supported on the CNWs using a supercritical fluid metal 

organic chemical fluid deposition (SCF-MOCFD) system [15]. In the system, a top 

chamber and bottom chamber are separated by a needle valve to prepare supercritical 

fluid independently. 1 wt% of trimethyl (methylcyclopentadienyl) platinum (IV) 

[(CH3C5H4)Pt(CH3)3] in n-hexane [CH3(CH2)4CH3] was used as the Pt precursor. 1 mL 

of the Pt precursor and 45 mL of CO2 were introduced into the top chamber, and then 

pressurized to 11 MPa and heated to a temperature of 50°C to produce supercritical CO2 

(SC-CO2). In the bottom chamber, the CNWs grown on the Ti substrate were set on a 

stage and then SC-CO2 was produced by the same method at a pressure of 9 MPa. The 

stage in the bottom chamber was heated with a ceramic heater and maintained at 175°C 

during the process. After preparation of the SC-CO2, the needle valve was opened to start 

the deposition process. Pt nanoparticle deposition was performed for 30 min.  

To evaluate the electrochemical characteristics of the resultant Pt/CNWs, a three-
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electrode electrochemical cell with a rotating disk electrode (RDE) and a potentiostat 

(Toyo Corp.) were used. For preparation of the working electrode, a Ti substrate (3 mm2) 

with deposited Pt/CNWs was set on a glassy carbon disk (3 mm diameter) electrode using 

carbon tape. 1 µL of 10% Nafion in water was dropped onto the Pt/CNWs and dried for 

20 min on a 65°C heating stage. The prepared working electrode was mounted on the 

RDE and immersed in 0.1 M HClO4 solution. A reversible hydrogen electrode (RHE) and 

Pt wire were used as reference and counter electrodes, respectively. The solution was 

purged with N2 gas for 20 min. Cyclic voltammetry (CV) measurements were performed 

with a scan rate of 50 mV/s at room temperature.  

To evaluate the durability of the Pt/CNWs, PCT was performed. The potential was 

changed from 1.0 V to 1.5 V at a scan rate of 500 mV s-1, which is the standard protocol 

suggested by the FCCJ. The PCT were conducted up to 140,000 cycles, and the 

electrochemical surface area (ECSA) was calculated from the hydrogen absorption peak 

that appeared around 0.05 to 0.3 V vs. RHE in each the CVs of cycles in the potential 

cycle tests. Each ECSA in the PCT was then divided by the maximum ECSA obtained 

during the cycle tests for normalization. The total mass of Pt supported on the CNWs was 

confirmed using inductively coupled plasma mass spectrometry (ICP-MS; Sumika 

Chemical Analysis Service, Ltd), and morphological observations of the CNWs and Pt 

nanoparticles were conducted before and after the potential cycle tests using scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM).  
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4.3 Electrochemical characteristics of Pt/C2F6-CNWs 

4.3.1 CV characteristics and electrochemical durability 

Figure 4-1 shows CVs of Pt/C2F6-CNWs during the PCT. Peaks of hydrogen 

desorption/absorption are clearly evident in the potential range between 0.05 and 0.3 V 

vs. RHE. Peaks for the reduction of oxide Pt at the Pt nanoparticles surface are also clearly 

observed in the potential range between 0.5 and 0.9 V vs. RHE. From 0 to 1,000 cycles 

of the potential cycle test, the cycling curves become larger and the peak size of Pt 

absorption is maximized at 1,000 cycles. After the 1,000th cycle, the peak area of 

hydrogen absorption begins to decrease. The ECSAs normalized according to the Pt mass, 

which was 16 μg/cm2, were 12.3, 25.3, 22.1, 22.4, 18.2, 13.9, and 12.2 m2/g for 0, 1,000, 

10,000, 20,000, 60,000, 120,000, and 140,000 cycles, respectively. 

Figure 4-2 shows the normalized ECSAs of Pt/C2F6-CNWs from 0 cycles to 140,000 

cycles. The ECSAs are obtained and normalized with respect to the largest ECSA at 1,000 

cycles. The ECSA gradually decreased from 1,000 cycles to 140,000 cycles. The 

normalized ECSAs were 0.49, 1.00, 0.87, 0.88, 0.72, 0.55, and 0.48 for 0, 1,000, 10,000, 

20,000, 60,000, 120,000, and 140,000 cycles, respectively. At 60,000 cycles, the ECSA 

of Pt/C2F6-CNWs only decreases to 28% of the maximum. The ECSA then decreases to 

48% of the maximum at 140,000 cycles. As a comparison, the durability of Pt/CH4-CNWs 

is also measured. The ECSA of Pt/CH4-CNWs is also normalized according to that at 

1,000 cycles. The ECSA is almost halved in 30,000 cycles and disappeared after 60,000 

cycles. The durability of Pt/CH4-CNWs is thus lower than that of Pt/C2F6-CNWs. The 

high durability of Pt/C2F6-CNWs is significant and a longer lifetime was maintained to 

reach a half of the initial performance after 140,000 cycles of PCT.  
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Fig. 4-1 CVs of Pt/C2F6-CNWs during the potential cycle test.  
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Fig. 4-2 Normalized ECSA for Pt/CH4-CNWs (square) and Pt/C2F6-CNWs (circle) during 

potential cycle tests. 
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4.3.2 Morphological observation of CNWs and Pt nanoparticles 

before and after the degradation 

Figure 4-3 shows SEM and TEM images of Pt/C2F6-CNWs before and after 

140,000 cycles of potential cycle testing. For the Pt/C2F6-CNWs specimen, there is no 

difference in the wall density and height of the CNWs after the PCT. However, the 

appearance in the supported Pt nanoparticles was noticeably different. Before the 

potential cycle test, Pt nanoparticles were supported densely over the entire surface of the 

CNWs; however, after the PCT, the Pt nanoparticles supported on the wall surface of the 

CNWs are clearly sparse. The average diameter of the Pt nanoparticles, which are visible 

as black circles in Fig. 4-3(e), is evaluated from TEM observations. The average diameter 

of Pt nanoparticles was 2.3±0.5 nm before the potential cycle test. After 140,000 cycles 

of the potential cycle test, Pt aggregation to form Pt clusters with diameters of more than 

10 nm is evident. These differences indicate that the Pt particles aggregate during the PCT, 

which lowers the performance of the Pt/C2F6-CNWs. Thus, SEM and TEM observations 

indicated that Pt nanoparticles are aggregated by potential cycling; however, no CNW 

structures are corroded by the potential cycle tests.  

Figure 4-4 shows the TEM image of Pt/CH4-CNWs after the 60,000 cycles. While 

the ECSA is almost completely decreased after the 60,000 cycles in the case of Pt/CH4-

CNWs, Pt nanoparticles are still visible with the average diameter of 3.3 ± 0.8 nm. These 

results indicated that there is a possibility of electrical disconnection between the Pt 

nanoparticles and CNWs surfaces. While the Ostwald ripening and reprecipitation of Pt 

nanoparticles were indicated in the case of Pt/CNWs, Pt nanoparticles may have 

reprecipitated with the electrical disconnection of Pt and CNWs. 



Chapter 4 

 

111 

 

 

 

Fig. 4-3 SEM and TEM images of Pt/C2F6-CNWs; top view observed before 

(left; a, c, e, g) and after 140,000 cycles (right; b, d, f, h) of potential cycle 

testing. Top view observed before (a, c) and after (b, d) the potential cycle test, 

high magnification TEM image before (e) and after (f) the potential cycle tests, 

and bird’s eye view before (g) and after (h) the potential cycle tests.  
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Fig. 4-4 TEM image of Pt/CH4-CNWs after 60,000 cycles. 
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4.3.3 Effect of crystallinities and chemical bonding states in the 

durability of Pt/C2F6-CNWs 

Graphene structures of CNWs before and after the PCT are evaluated using Raman 

spectroscopy. Figure 4-5 shows Raman spectra of the Pt/CNWs before and after 

degradation. Each peaks of G band, D band, and D’ band is fitted by Voigt function, and 

the area and full width at half maxima of each peaks are calculated from fitted Raman 

spectra for evaluating Raman spectral parameters listed in Table 1. The Raman spectral 

parameters are listed in Table I. For the Raman spectra of Pt/C2F6-CNWs, the peak area 

ratios of the D peak, which increases around 1350 cm−1, to the G peak, which increases 

around 1580 cm−1, (ID/IG ratio) before and after the potential cycle tests, were 2.3 and 2.0, 

respectively. The full width at half maxima of the G peak (FWHMG), before and after the 

potential cycle tests, were 34 and 33 cm−1, respectively. FWHMD before and after the 

potential cycle tests were 33 and 36 cm−1, respectively. After degradation, the ID/IG ratio 

decreased, and both FWHMG and FWHMD had almost no change. The D peak is due to 

defects or edges in graphene, and the G peak is due to the six-membered ring structure of 

graphene, so that the ID/IG ratio indicates the number of defects or edges in the graphene. 

The Raman spectrum of Pt/C2F6-CNWs changes significantly after degradation. 

This tendency from the Raman spectra is quite different from that for amorphous 

CB or graphitized CB. It has been reported that the ID/IG ratio increases in the case of 

Pt/graphitized CB, and the Raman peak is broadened in the case of Pt/CB after the 

potential cycle test [16]. In contrast, the decreased ID/IG ratio indicates that the defects on 

the CNWs decreased, and the unchanged FWHMG indicates that there is no corrosion of 

the graphene structure throughout the potential cycle tests. It was previously reported that 
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the density of supported Pt nanoparticles increased with the ID/IG ratio of graphite or 

CNWs, which indicates that Pt nanoparticles are nucleated at the surface defects on 

graphene sheets. The intensity of the D band also decreased due to the deposition of metal 

nanoparticles on the edges and defects of the graphene structure in the CNWs [17]. 

Therefore, it is not yet clear if this result indicates the migration of Pt nanoparticles during 

the potential cycle tests. The Pt nanoparticles may migrate on the surfaces of CNWs from 

their initially supported points to stabilize defects or edges sites. These results suggest 

that the degradation of Pt/CNWs is solely determined by Pt aggregation and detachment 

because no structural corrosion of the carbon support was evident.  

 

 

Table 4-I  ID/IG ratio and FWHMs of CNWs before and after the potential cycle 

tests. 

 

CNWs Cycle 

number 

ID/IG FWHMG (cm-1) FWHMD (cm-1) 

Pt/CH4-CNWs 0 cycles 2.3 43 50 

60,000 

cycles 

2.3 40 47 

Pt/C2F6-CNWs 0 cycles 2.3 34 33 

140,000 

cycles 

2.0 33 36 
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Fig. 4-5 Raman spectra of Pt/C2F6-CNWs (a) and Pt/CH4-CNWs (b) before and after 

potential cycle testing. 
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The surface chemical analysis of CH4-CNWs and C2F6CNWs are carried out by 

XPS. Figure 4-6 shows the C1s, F1s, and O1s photoelectron spectra of CNWs, in which 

all spectra are indicated normalizing their intensities by those of C1s. Because of the 

CNWs 3D structure, mean free path of photoelectron cannot be considered, however, by 

considering the ionization cross section of each elements, the roughly estimated 

composition ratio of F to C were 0.002. It is indicated that less than 1 % of fluorine exist 

at the surface of CNWs. 
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Fig. 4-5 C1s, O1s, and F1s peaks of CH4-CNWs and C2F6-CNWs. 
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4.4  Discussion on extended durability of Pt/C2F6-

CNWs 

The present results suggest that CNWs have high potential as candidates for the 

construction of highly durable fuel cells. Further understanding of the CNW crystallinity 

and conditions for supporting Pt nanoparticles during the durability tests is required. The 

Pt/C2F6-CNWs exhibited much higher durability than Pt/CH4-CNWs. This durability may 

be attributed to sp2 bonds formed during the synthesis process. 

One important difference in the synthesis process is the presence of fluorine. 

However, the composition ratio of F to C were roughly estimated to be 0.002, which 

indicate that less than 1% of fluorine exist at the surface of CNWs fluorine, which may 

indicate that fluorine in the CNWs is less important, although the presence of fluorine in 

the synthesis process is more important for the durability. However, the F on the CNWs 

should affect the surface wettability. It is not completely elucidated, but this difference in 

the wettability may give some effect on either the Pt supporting condition or Nafion 

covering at the surface of CNWs, which may give the difference in the degradation 

mechanisms including dissolution and reprecipitation of Pt nanoparticles.   

A possible interpretation of the extension of durability in the case of Pt/CNWs can 

be drawn as follows. The initial Raman spectral features of Pt/CH4-CNWs and Pt/C2F6-

CNWs are significantly different, especially for the FHWM of the G and D bands. A 

sharper FWHM generally indicates higher graphene crystallinity. In the case of plasma 

CVD, it has been reported in the previous report that the electrical conductivity of carbon 

film increases and the separation of G band and D’ band become clearer when the higher 

RF power is introduced in the PECVD method [18]. The Raman spectra indicates that the 
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C2F6-CNWs have higher crystallinity, which may be the reason the for extended durability. 

Higher crystallinity is notably important for graphene-based carbon supports while 

defects and edges are also important for Pt nanoparticles to be supported and stabilized. 

The use of CNWs, which consist of defects at the edges and have high crystallinity in the 

wall structure, is thus advantageous for highly durable fuel cell applications. 
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4.5 Summary 

In summary, the durability of Pt/C2F6-CNWs was extended to 140,000 cycles of 

potential cycle tests from 30,000 cycles for Pt/CH4-CNWs. This was determined by the 

evolution of ECSA for the Pt/C2F6-CNWs. The ECSA increased in the first 1,000 cycles 

and then decreased to 48% at 140,000 cycle, as compared with the ECSA for Pt/CH4-

CNWs, which decreased to 55% at 30,000 cycles. Pt aggregation was observed after 

140,000 cycles; however, although the Raman spectra showed a decrease in the ID/IG ratio, 

there was no change in the FWHM of these peaks before and after aggregation of the Pt 

nanoparticles. This indicates that no corrosion occurred on the graphite structure of the 

C2F6-CNWs.  
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Chapter 5  

  

Polarization characteristics of 

Pt/CNWs with different wall density  

 

5.1 Introduction 

Carbon nanowalls (CNWs) have attracted great attention for their wide-ranging 

applications, such as gas storage, biosensors, capacitors, cell culture templates, electron 

field emitters, and fuel cells, owing to their unique features [1-5]. Three-dimensional 

nanostructures of CNWs are composed of multilayer graphenes, which stand vertically 

on the substrate, and the wall shape of graphenes has an ultrahigh aspect ratio of over 100 

[6-7]. Their unique three-dimensional structure, which shows a low-loss electrical path 

and a high specific surface area, makes them suitable for polymer electrolyte fuel cell 

(PEFC) applications.  

It has been reported that Pt-nanoparticle-supported CNWs (Pt/CNWs) show 

excellent electrochemical characteristics [8-9]. Also, CNWs support exhibited a higher 

electrochemical durability to maintain half of its performance until 140,000 cycles of PCT 

as explained in chapter 4 of this thesis. CNWs are stable catalyst supports, and thus, 

suitable for fuel cell applications of Pt/CNWs. However, the three-dimensional high-

aspect-ratio structure of CNWs has not yet been sufficiently characterized in terms of 

electrochemical effects involving reactant flow aspects rather than their catalyst supports. 
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In an electrochemical reaction, the overall performance is determined in terms of multiple 

factors, including the durability of the support, the catalyst performance, the diffusivity 

of active materials, etc. In the case of a flat-surface electrode, reactants in the fluid should 

reach the whole surface uniformly. By contrast, because the CNWs form an assembled 

structure of independent fluid paths with narrow gap and high aspect ratio, CNWs should 

result in a different reactant flow as compared with catalyst supports with a flat surface. 

The three-dimensional structure of CNWs should affect the electrochemical 

characteristics, however, no research has yet been conducted on the structural effects of 

CNWs on the mass flow. 

In the present study, the electrochemical performance of CNWs was analyzed in 

detail by cyclic voltammetry, the linear sweep voltammetry, and electrochemical 

impedance spectroscopy. To consider the fluid diffusivity in the three-dimensional high-

aspect-ratio features of CNWs, CNWs with different wall densities, and hence, different 

wall-to-wall average gap lengths, were prepared by changing the processing conditions. 

It was found that intra-diffusion of reactants and byproducts in the narrow gaps in CNWs 

determined the limiting current, which is one of the fuel cell electrochemical 

characteristics of Pt/CNWs. 
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5.2 Experimental details 

The CNWs templates were fabricated by radial-injection plasma-enhanced 

chemical vapor deposition (RI-PECVD) [10]. H2 (50 sccm) and CH4 (100 sccm) gases 

were introduced to the surface wave plasma (SWP) and the capacitively coupled plasma 

(CCP) regions, respectively, and the pressure was maintained at 2 Pa. The powers applied 

to the SWP and CCP regions were 400 W and 200 W, respectively, and 40×40×0.1 mm 

Ti substrates were placed on the lower electrode, 30 mm away from the upper electrode. 

The substrate temperature was kept at 800°C.  

CNWs templates with different wall densities were prepared by varying the 

fabrication pressures from 1 to 3 Pa [11]. The final CNWs height was adjusted to 500 nm 

by controlling the deposition time: 11 min 20 s at 1 Pa, 12 min 35 s at 2 Pa, and 13 min 

50 s at 3 Pa. 

Pt catalysts were supported on as-deposited CNWs using a supercritical fluid 

metal organic chemical fluid deposition (SCF-MOCFD) system [12]. Before deposition, 

1 mL of 1 wt% trimethyl (methylcyclopentadienyl) platinum (IV) [(CH3C5H4)Pt(CH3)3], 

diluted with n-hexane [CH3(CH2)4CH3], was added into the top chamber SCF, as the Pt 

precursor. CO2 gas was introduced into the downflow region from the top chamber so as 

to keep the pressure at 11 MPa and the top chamber heated to 50°C to produce the 

supercritical CO2 (SC-CO2).  

The CNWs-grown Ti substrate was set on the stage of the bottom chamber. The 

SC-CO2 of the bottom chamber was produced by pressurizing CO2 gas to 9 MPa. The 

stage temperature was heated with a ceramic heater and maintained at 175°C during the 

deposition process. Under these conditions, the temperature of the bottom chamber rose 
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to 110°C. The needle valve was opened and then deposition was performed for 30 min. 

Pt nanoparticles were deposited on the surface of CNWs.  

The total mass of Pt supported on the CNWs was measured by an inductively 

coupled plasma mass spectrometry (ICP-MS) (Sumika Chemical Analysis Service, Ltd). 

The Pt-supported CNWs on the Ti substrate were cut into 3×3 mm pieces. The tip of 

each Pt/CNWs was set on a glassy carbon disk (3 mm diameter) using adhesive carbon 

tape. Then, 4.2 µL of 1.4% Nafion, diluted in a mixture of water and 2-propanol, was 

dropped on the Pt/CNWs tip and dried for 20 min at 65°C on a heating stage. 

To evaluate the electrochemical characteristics of Pt/CNWs, a three-electrode 

electrochemical cell with a rotating disk electrode (RDE), a potentiostat (Toyo Corp.), 

and impedance analyzer (Toyo Corp.) were used. The prepared working electrode was 

mounted on the RDE and immersed in a 0.1 M HClO4 solution. A reversible hydrogen 

electrode and Pt wire were used as reference and counter electrodes, respectively. 

Electrochemical characterization was performed by cyclic voltammetry (CV), 

oxygen reduction reaction (ORR) measurements, and alternating current (AC) impedance 

analysis. CV and ORR measurements were conducted to determine I-V characteristics by 

sweeping the applied potential under room temperature. First, conditioning was carried 

out: 5,000 potential cycles ranging from 1.0 V to 1.5 V at a scan rate of 500 mV/s. In the 

case of Pt/CNWs, the electrochemical surface area (ECSA) increased during the first few 

thousands of potential cycles, and was then stabilized as described in chapter 3 and 4. 

CV measurements were performed at a scan rate of 50 mV/s and a scan range from 

0.05 to 1.2 V vs. RHE. The electrolyte was purged with N2 gas before measurements. To 

determine the electrochemical surface area (ECSA) of the Pt/CNWs, charges integrated 

over the potentials for currents corresponding to H2 evolution on the Pt catalysts were 
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calculated and the ECSA was estimated by assuming a specific charge of Pt of 210 

μC/cm2
Pt, and a loading Pt mass. ORR measurements were carried out with a scan rate of 

10 mV/s and a scan range of 0 to 1.2 V vs. RHE at room temperature with a O2-purged 

solution. The alternating current (AC) impedance analysis was performed under a DC 

potential of 0.2 V vs. RHE with an AC amplitude of 20 mV, applied from the initial 

frequency of 1 MHz to the final frequency of 0.1 Hz. An equivalent circuit using R, Q, 

and α was used for the fitting, and the results were analyzed by AC impedance analysis 

for each Pt/CNWs sample. 
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5.3 Fabrication of CNWs with different wall density 

Figure 5-1 shows scanning electron microscope (SEM) images of Pt/CNWs. 

CNWs wall densities are calculated by counting the number of walls crossing the evenly 

spaced line drawn on the top-view SEM images. The wall density of the CNWs was 

estimated to be 67×108 walls/cm2. That is, the average distance between neighboring 

walls of the CNWs was 126 nm. According to the ICP-MS results, the mass of Pt 

supported on each CNWs sample was 10 μgPt/cm2. 

 

 

Figure 5-1 SEM images of Pt-supported CNWs on Ti substrates: (a) bird’s-eye view 

and (b) top view. Wall density was estimated to be 67×108 walls per cm2. 
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5.4 Polarization of Pt/CNWs and their resistive 

elements 

Figure 5-2(a) shows the cyclic voltammogram of a Pt/CNWs. A hydrogen 

absorption peak appeared between 0.05 to 0.3 V vs. RHE. The ECSA value is calculated 

to be 49.5 m2 gPt
-1. The ORR characteristics of the Pt/CNWs are measured under an RDE 

rotation speed of 1600 rpm. The curve clearly shows the Pt-catalyzed electrochemical 

reactions at each potential. Figure 5-2(b) shows the polarization curve for the Pt/CNWs, 

in which the absolute value of the current starts to increase at around 1.0 V vs. RHE and 

begins to saturate below 0.5 V vs. RHE. In the high potential region, the current density 

is electron-transfer-limited, whereas in the low potential region, it shifts to the mass 

transport limiting case. As the onset potential, the current density exceeded 20 μA/cm2 at 

1.06 V vs. RHE. Then, at 0.2 V vs. RHE, where the current is mass-transport-limited, the 

current density is -3.14 mA/cm2. In the polarization curve, the saturated currents are 

limited by the catalytic reactions and the supply of reactants. In the case of Pt/CNWs, 

although the saturation of the polarization curve is slow, the currents in the mass-

transported region can be analyzed by eq. (2-8), substituting F (96485 C/mol), D0 (1.9 

×10-5 cm2/s), v (0.01 cm2/s), C0 (1.2 × 10-6 mol/cm3), and n (4 electrons). The theoretically 

obtained diffusion current was 5.76 mA/cm2 for an RDE rotation speed of 1600 rpm. The 

discrepancy in current density between the theoretical (5.76 mA/cm2) and measured (3.14 

mA/cm2) values indicates the mass transport of reactants, with the additional resistive 

element hidden in the ORR of the Pt/CNWs. 
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Figure 5-2 (a) Cyclic voltammogram and (b) polarization characteristics of Pt 

nanoparticle-supported CNWs on Ti substrates. 
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Further details of the resistive components of the Pt/CNWs are investigated by AC 

impedance analysis [13-14]. This method is employed to assess the resistive elements of 

Pt/CNWs in the mass-transport limiting case. The frequency response characteristics of 

Pt/CNWs are measured under an applied potential of 0.2 V vs. RHE. Figure 5-3 shows 

the changes in the magnitude and phase of the impedance in a Bode plot as a function of 

frequency. In this Bode plot, the impedance magnitude for the Pt/CNWs is increasing 

noticeably from high to low frequency. The step-formed increase of the magnitude in the 

Bode plot indicates that there are several resistive elements with different time constants. 

The first resistive element at a frequency of over 105 Hz may be assumed to arise from 

the electric double layer and the bulk resistance of the cell. In the low frequency region 

from 105 to 102 Hz, the impedance increased slightly and then increased sharply below 

102 Hz. The frequency spectrum can be divided into three regions: the high frequency 

region from 105 to 106 Hz, the middle frequency region from 102 to 105 Hz, and the low 

frequency region from 10-1 to 102 Hz. 
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Figure 5-3 Bode plot for Pt/CNWs. The curve was measured at 0.2 V vs. RHE under 

O2-saturated conditions. The (a) magnitude and (b) phase of the impedance. 
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To distinguish the resistive elements, a Nyquist plots is plotted for the Pt/CNWs 

(see Fig. 5-4). From the Nyquist plots, curves are obtained with semicircles attached. 

Each semicircle shows up in a different frequency region. One semicircle appears 

between 106 and 105 Hz. Also, semicircle is observed between 102 and 10-1 Hz. 

 

 

Figure 5-4 Nyquist plots for the Pt/CNWs. The curve was measured at 0.2 V vs. RHE 

under O2-saturated conditions with an RDE rotation speed of 1600 rpm. Frequency region 

of 106 to 105 Hz, 105 to 102 Hz, and 102 to 10-1 Hz correspond to different resistive 

elements with different time constant. 
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Figure 5-5(a) shows the polarization curves of Pt/ CNWs with rotating disk 

electrodes rotating at different speeds. Upon increasing the rotation speed, the saturation 

current around 0 to 0.5 V vs. RHE increases. In the mass transport limiting case, the 

saturation current is determined only by ω, as seen in eq. (1). The rotation speed of RDE 

controls the thickness of the diffusion layer on the electrode surface. As the rotation speed 

increases, the diffusion layer becomes thinner, which allows the diffusion layer to be 

penetrated by a faster reactant supply. This diffusion of the reactant determines the 

saturating current, which increases with rotation speed. 

Figure 5-5(b) shows the Nyquist plots of Pt/CNWs plotted from 102 to 10-1 Hz 

under different RDE rotation speeds. Again, a semicircle shows up below 102 Hz and 

shrinks with increasing rotation speed. As mentioned previously, the rotation speed 

determines the amount of active materials supplied to the electrode surface. This indicates 

that the semicircle for the low frequency region is shown as a resistive element, which is 

determined by the diffusion of oxygen in this reaction.  
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Figure 5-5 (a) Polarization curve and (b) Nyquist plots of Pt/ CNWs with different 

RDE rotating speeds. The measurements were conducted under O2-saturated conditions. 
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5.5 Discussion about reaction model and resistive 

elements in the ORR of Pt/CNWs 

The CNWs are fabricated under different pressures. From the SEM images, wall 

densities were found to be 114, 67, and 44 × 108/cm2 for pressures of 1, 2, and 3 Pa, 

respectively, as shown in Fig. 6. Thus, the average distances between neighboring walls 

are 89, 126, and 171 nm for 1, 2, and 3 Pa, respectively. For simplicity, CNWs fabricated 

under 1 Pa are referred to as high-density CNWs (HD-CNWs), CNWs fabricated under 2 

Pa as medium-density CNWs (MD-CNWs), and CNWs fabricated under 3 Pa as low-

density CNWs (LD-CNWs). From the ICP-MS measurements by Sumika Chemical 

Analysis Service, Ltd, the Pt mass values for Pt/HD-CNWs, Pt/MD-CNWs, and Pt/LD-

CNWs are 25, 10, and 7.9 μg/cm2
Ti, respectively. The ECSAs of Pt/HD-CNWs, Pt/MD-

CNWs, and Pt/LD-CNWs are 0.45, 0.45, and 0.10 cm2
Pt, respectively. 
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Figure 5-6 A bird’s-eye view of CNWs fabricated under (a) 1 Pa and (b) 3 Pa. The top 

view of CNWs fabricated under (c) 1 Pa and (d) 3 Pa. (e) The relationship between wall 

density and fabrication pressure for CNWs. 
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Figure 5-7 shows the Nyquist plots for Pt/HD-CNWs and Pt/LD-CNWs. In the 

figure, three semicircles are associated with each Pt/CNWs. The semicircles emerged 

below 102 Hz, varying dramatically for Pt/CNWs with different wall densities.  

 

 

Figure 5-7 Nyquist plots for CNWs with different wall densities. 

 

In the ORR, the following resistive elements can be conceived: a bulk resistance, 

an interface resistance, a resistance caused by the ORR and the diffusion resistance of 

active materials. From the results of the Bode plot and Nyquist plots, assuming that the 

Pt/CNWs have three resistive elements with different time constants, a series of three 

parallel connection of R and CPE is used for the equivalent circuit. The fitted Nyquist 
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plots were obtained by using the equivalent circuit. The parameters Rn, Qn, and αn 

corresponding to each Rn and CPEn are listed in Table 5-I. R1, Q1, and α1 correspond to 

the semicircle in the highest frequency region between 105 and 106 Hz, while R2, Q2, and 

α2 correspond to the semicircle after the first semicircle, which appeared between 102 and 

105 Hz. R3, Q3, and α3 correspond to the semicircle in the lowest frequency region (< 102 

Hz), which is presumably the resistive element related to the diffusion of active materials.  

 

 

The diffusion resistance, R3, varies greatly for each set of CNWs. The R3 values 

for Pt/HD-CNWs, Pt/MD-CNWs, and Pt/LD-CNWs are 1763, 320, and 77 Ω, 

respectively. R3 decreases as the wall density of the CNWs decreases. 

Lastly, the model in the ORR of Pt/CNWs involving these resistive components 

is discussed including the physical meanings. The electrochemical experiments are 

conducted by using a standard measurement setup. It is necessary to consider the electric 

double layers on the electrodes, the electrolyte bulk resistance, and external circuit 

Table 5-I Parameters of AC impedance analysis of equivalent circuits, a series of three 

parallel connections of R and CPE elements, for the best fitted results. 

 

CNWs 
R1 

(Ω) 

Q1 

(F/s(1-α)) 

α1 
R2 

(Ω) 

Q2 

(F/s(1-α)) 

α2 
R3 

(Ω) 

Q3 

(F/s(1-α)) 

α3 

Pt/HD- 

CNWs 
50 4.3×10

-9

 1 54 1.9×10
-5

 0.65 1763 1.1×10
-3

 0.90 

Pt/MD- 

CNWs 
62 7.5×10

-9

 1 4 7.7×10
-5

 1 320 1.6×10
-3

 0.95 

Pt/LD- 

CNWs 
70 1.2×10

-8

 1 352 9.9×10
-7

 0.82 77 2.2×10
-3

 0.59 
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components such as Ti substrate conductivity. Followed by insight view of the equivalent 

circuits, Fig. 5-8 illustrates the resistive elements of the ORR on Pt/CNWs as a working 

electrode. The bulk resistance of the electrolyte with respect to the ORR current is Rsol, 

and the other resistance Rbulk is for the electrical connection path through the Pt surface 

to the working electrode. CPt-sol and RPt-sol represent the chemical reaction that occurs on 

the Pt surface. As well known in the Koutecky-Levich relation, the reactant diffusion 

elements Cdiff and Rdiff are necessary to describe the electrochemical response at low 

frequency. We note that in the case of Pt/CNWs, Cdiff and Rdiff with slow time constants 

might be represented by the intra-diffusion of the three-dimensionally structured walls 

inside.  

 

 

Figure 5-8 Schematic of resistive elements in electrochemical reaction of Pt/CNWs. 
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In the AC impedance analysis of Pt/CNWs with different RDE rotation speeds, 

the resistive elements Cdiff and Rdiff are shown as the reactant diffusion resistance with 

responses at frequencies below 102 Hz. Rdiff increased greatly as the wall density of the 

CNWs increases. This supports the idea that the gap width between the walls regulates 

the fluidic diffusion of reactants in the electrolyte. That is, the nanostructure feature 

obstructs supply of reactants to reaction sites located at deep positions, inhibiting mass 

transfer. This is mainly caused to saturate in the current, showing the ORR polarization 

in the mass-transfer-limited region. The fitted Rdiff values increases as the wall density 

increases. The research on imbibition or liquid penetration through porous microstructure 

can be adapted to this case [15]. The hydrodynamic resistance decreases with increasing 

mean pore size. Despite the end-closed structure of the CNWs fabricated on the substrate, 

mass transfer phenomena in the Pt/CNWs would be expected to show the same trends. 

For simplicity, the wall density is assumed to be equal to the size of the fluid path, 

regarding with cylindrical shapes of holes and representing a characteristic of diameter. 

The CNWs nanostructure affects the mass transfer of reactants to the Pt surfaces deposited 

on the wall surface. Fluidic diffusion transport is regulated by the inverse of the fourth 

power of the characteristic diameter [15]. Figure 5-9 (a) shows the relationship between 

the wall density of CNWs and the resistivity of diffusion resistance. It can be seen that 

the resistivity increases as the wall density increases in the log-log scale. On the otherhand, 

Fig. 5-9 (b) plots the relationship between the average gap between neighboring walls of 

Pt/CNWs and the resistivity of diffusion resistance. The relationship is also linear on the 

log-log plot and the resistivity decreases as the average distance between the neiboring 

walls increases. The slope of the line is -4.79, which roughly corresponds to the 

relationship between fluidic diffusion transport and characteristic diameter which the 
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diffusion transport is reported to be regulated by the inverse of the fourth power of the 

characteristic diameter [15]. This relationship can be explained by the significant increase 

in the measured diffusion resistance for the Pt/CNWs samples with high wall density. As 

a consequence, the CNWs-specific diffusion resistance can be improved by decreasing 

the wall density. Of course, if the CNWs density decreases, less Pt can be supported on 

the CNWs, which would decrease the number of active sites for ORR. It should be noted 

that the diffusion of active materials is important to balance the number of active sites 

and the size of the fluid path by controlling the wall density for the use of CNWs as 

catalyst supports for chemical reactions. 
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Figure 5-9 Resistivity of diffusion resistance vs. (a) wall density of CNWs and (b) 

average distance between neighboring walls of Pt/CNWs. 
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5.6 Summary 

CNWs templates with a wall height of 500 nm were prepared on Ti substrates by 

the deposition in CH4/H2 plasma through radical-injection chemical vapor deposition. Pt 

nanoparticles were deposited on CNWs templates by supercritical CO2 chemical fluid 

deposition. The electrochemical performance of the Pt-nanoparticle-supported CNWs 

(Pt/CNWs) was assessed by cyclic voltammetry, oxygen reaction reduction (ORR) 

current measurements, and electrochemical impedance spectroscopy. The 

electrochemical analysis results could be divided into the three major resistive 

components for the Pt/CNWs: bulk and interfacial electrolyte double layer, catalytic ORR 

element, and reactant diffusion toward reaction sites based on their time constants. 

Appearing below a frequency of 102 Hz, the diffusion resistance was essential for the 

characteristically three-dimensional nanostructure of CNWs. That is, the diffusion 

resistance was the determining factor in the ORR that employed a nanostructured catalyst 

support. 

The details of the diffusion resistance elements of Pt/CNWs were investigated in 

the ORR as well as in the Nyquist plots. Different wall densities of CNWs were obtained 

by changing the processing parameters of deposition pressures. The diffusion resistances 

were 1763, 320, and 77 Ω for Pt/HD-CNWs, Pt/MD-CNWs, and Pt/LD-CNWs 

respectively. The diffusion resistance decreased as the wall density of CNWs decreased. 

Thus, the three-dimensional nanostructure of the CNWs, as characterized by the wall 

density and gap size between the walls, plays an important role in the fluid path and the 

diffusion of reactants with respect to the ORR. In the ORR on Pt/CNWs, the wall density 

or the wall gap should be optimized to maximize the electrochemical performance, and 



Chapter 5 

 

 

145 

 

this is achieved through control of the CNWs deposition by changing the processing 

pressure. 
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Chapter 6  

  

Effect of Fe and nitrogen introduction 

in the CNWs synthesis for fuel cell 

application 

 

6.1 Introduction 

For the development of non-Pt catalysts, interesting researches on the bottom up 

synthesis of carbon alloy catalysts synthesized by carbonizing the mixture of carbon 

precursor polymer and metal, or nonmetal organic complexes were reported previously 

from Ozaki’s group [1-3]. They reported the high catalytic activities of carbon alloy 

catalysts. The other researches also proposed that the N (or Fe with N) introduction in the 

six-membered ring structures of graphite take important roles as the origin of catalytic 

activities where Niwa et al. proposed the catalytic activity of graphite-like nitrogen and 

Guo et al. proposed the contribution of pyridinic nitrogen on the catalytic activities of 

ORR [3-4].  

We focused on the bottom up process of N and Fe introduction in the CNWs 

synthesis. While the heat-treated metal-N4 complex exhibit high catalytic activity, point 

is that the existence of metal is not important, but the existence of metal at the synthesis 

process may contribute on the construction of catalytic sites. By synthesizing the CNWs 
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in the plasma with the presence of N and Fe precursors, there is a possibility of 

introducing other elements in the graphite structures as the catalytic site. Furthermore, by 

changing the condition of plasma (ex.: ion energy, electron density, radical densities, 

mean free path of radicals, etc.), dissociation or excitation of precursors, can be controlled 

for the selective introduction of C-N bonds in the graphite. In this research, in the aim of 

synthesizing heteroelements-induced CNWs, new system is developed, and the synthesis 

is carried on for the synthesis of non-Pt catalysts in the CNWs structure, i.e., CNWs 

catalyst.    
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6.2 Experimental details 

Figure 6-1 shows the schematic of the system for introducing metal organic 

complex in the CNWs synthesis chamber. In the synthesis, Fe(CH3C5H4)2 

[Bis(methylcyclopentadienyl)iron : FeMeCp2] is used for the Fe precursor, The melting 

point of FeMeCp2 is 37-40°C, and is introduced in the chamber by the babbling method 

with the H2 gas used for the carrier gas. Temperature of the FeMeCp2 were controlled by 

thermostat bath, and the FeMeCp2 introduction is controlled by controlling the flowrate 

of hydrogen carrier gas from 0 to 5 sccm.  

CNWs fabrication conditions are as follows. For the synthesis of C2F6-CNWs 

without N2 and FeMeCp2 introduction, 100 sccm of H2 gas and 50 sccm of C2F6 gas are 

introduced. The power of 250 W is applied to the SWP region and the power of 200 W is 

applied to the CCP region. A Ti substrate with the thickness of 0.1 mm is placed on the 

lower electrode at a distance of 10 mm from the upper electrode. The substrate 

temperature is kept at 1000°C. 

For the synthesis of C2F6-CNWs with the introduction of N2, additional N2 gas is 

introduced into the CCP region with the flowrate of 10 sccm. For the synthesis of C2F6-

CNWs with the introduction of N2 and FeMeCp2, additional N2 gas and H2 gas for the 

bubbling of FeMeCp2 are introduced into the CCP region with the flowrate of 10 sccm 

and 0 to 5 sccm respectively. For all conditions, the total pressure is kept at 100 Pa. C2F6-

CNWs with and without the introduction of N2 and FeMeCp2 in the synthesis process are 

named and shown in Table 6-I. CNWs without the introduction of N2 and FeMeCp2 are 

named as pure-CNWs (pCNWs). CNWs with the introduction of N2 are named as N-

CNWs. CNWs with the introduction of N2 and FeMeCp2 are named as FeN-CNWs. To 

distinguish the differences in the flowrate H2 carrier gas for FeMeCp2 bubbling, FeN-
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CNWs with the carrier gas flowrate of 0.5, 1, and 5 sccm are named as FeN(0.5)-CNWs, 

FeN(1)-CNWs, and FeN(5)-CNWs respectively. Also, H2 carrier gas for FeMeCp2 

bubbling is named as H2-Fe. 

 

 

Figure 6-1 Schemcatic of CNWs system with the injection of metal organic complex.  
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Table 6-I Conditions for the C2F6-CNWs synthesis with and without the N2 and 

FeMeCp2 introduction. 

 

Synthesized CNWs 
H2 

(sccm) 

C2F6 

(sccm) 

N2 

(sccm) 

H2-Fe 

(sccm) 

pCNWs 100 50 0 0 

N-CNWs 100 50 10 0 

FeN-CNWs 

Fe(0.5)N-CNWs 100 50 10 0.5 

Fe(1)N-CNWs 100 50 10 1 

Fe(5)N-CNWs 100 50 10 5 
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6.3 Morphological observation of synthesized CNWs 

with Fe, nitrogen introduction 

Figure 6-2 shows the SEM images of pCNWs, N-CNWs, and FeN-CNWs. N-

CNWs edges have more branched structure when they are compared with that of pCNWs. 

Furthermore, when FeMeCp2 are added, CNWs shape become sharper with less branches 

when they are compared with that of N-CNWs. Furthermore, there are differences in the 

wall density of FeN-CNWs with the changed flowrate of H2-Fe. Theses structural 

differences indicate there may be the differences in the density of radicals and species to 

contribute on the CNWs synthesis.  
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Figure 6-2 Top view and cross-sectional view SEM images of pCNWs ((a)-(b)) and FeN-

CNWs ((e)-(j)). Those of N-CNWs are also shown for comparison ((c)-(d)). 
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6.4 Electrochemical characteristics of CNWs 

synthesized in Fe, N introduction process 

Figure 6-3 shows the LSV curves and table 6-II shows the current densities at 0.2 

V vs. RHE and onset potentials of FeN-CNWs. In here, onset potential is defined to be 

the potential where the current density exceeds -50 μA. The onset potential and current 

density at 0.2 V vs. RHE of N-CNWs are 0.56 V vs. RHE and -0.01 mA/cm2 respectively. 

However, when the FeMeCp2 are introduced with 0.5 sccm of H2-Fe, onset potential 

increases to 0.81 V vs. RHE and current density at 0.2 V vs. RHE increases to -0.23 

mA/cm2. When H2-Fe introduction is increased to 1 sccm, current density decreased to -

0.12 mA/cm2 while the onset potential does not change the most, then the current density 

and onset potential decreased to -0.04 mA/cm2 and 0.59 V vs. RHE when the HFe flowrate 

increases to 5 sccm. This result suggest that the ORR activity increased with the 

introduction process of FeMeCp2. However, it also suggests that the increase in the 

flowrate does not simply correspond to the increase in the catalytic site and can be 

affecting the chemical states of synthesized CNWs. 



Chapter 6 

156 

 

 
Figure 6-3 LSVs of FeN-CNWs and N-CNWs in the rotation speed of 1600 rpm in the 

0.1 M HClO4. The hydrogen carrier gas flowrate is changed from 0 to 5 sccm. 

 

 

Table 6-II Current density and onset potentials for N-CNWs and FeN-CNWs. 

CNWs 
Curret density at 0.2 V vs. RHE 

(mA/cm2) 

Onset Potential 

(V vs.RHE) 

N-CNWs     -0.01 0.56 

Fe(0.5)N-CNWs     -0.23 0.81 

Fe(1)N-CNWs -0.12 0.85 

Fe(5)N-CNWs -0.04 0.59 
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6.5 Chemical states and elemental distribution of 

CNWs synthesized in Fe, N introduction process 

Figure 6-4 shows the C1s, N1s, and O1s peaks of N-CNWs and FeN-CNWs. In 

each peak of C1s, peak which correspond to C=C or C-H bond is observable at the binding 

energy of around 284.6 eV. In the case of Fe(0.5)N-CNWs and Fe(1)N-CNWs, broad 

peaks around 288 eV are observable. This peak is considered to be the peak which 

corresponds to the chemical bond of sp2 C-N (285.5 eV), sp3 C-N (286.9 eV), C=O (287.6 

eV), or C-O (289.0 eV) [5-7]. In the binding energy region of 398 – 406 eV which 

correspond to N1s, pyridinic-type N bond (398.3±3 eV), pyrrolic-type N bond (400.2±

4 eV), and graphitic-type N bond (401.7±3 eV) can be expected [5-6,8]. Though no clear 

peaks can be observed in all CNWs. In the case of FeN-CNWs, though they are broad 

and very low in intensity, very small elevations in photoelectron signal intensities at the 

range of around 400 – 404 eV are observable. This indicate that the undetectable amount 

of nitrogen may have doped in the CNWs. There is a possibility they correspond to the 

different bonds of pyridinic-type N bond, pyrrolic-type N bond, and graphitic-type N 

bond, however, the intensity is too low to discuss on the difference. Only the change in 

the C-N bonds are suggested, however, more detailed analysis by the method with higher 

sensitivity (ex. synchrotron radiation XPS, X-ray absorption spectroscopy) are necessary 

for the further analysis on the chemical state analysis. O1s peaks are observed in the 

CNWs. In the case of Fe(0.5)N-CNWs and Fe(1)N-CNWs, peaks are observable at 

around 536 eV, which correspond to the H2O (536.1 eV). This could be the signal detected 

from the effect of air exposure [9]. Though it is important to understand the chemical 

bonds including Fe, there were no peaks of Fe2p observables for all CNWs, which 
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indicate that Fe is not existed at the CNWs surfaces.  

 

Figure 6-4 C1s, N1s, and O1s spectra of CNWs synthesized with FeMeCp2, nitrogen 

introduction. 
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Figure 6-5 shows the depth profiles of Fe(0.5)N-CNWs analyzed by SIMS. O2
+ is 

irradiated at the incident angle of 45° as the primary ion to elucidate Fe, Ti, and C 

concentrations. While the concentration of Ti and C are changing at around 0.5 μm, this 

position is considerable as the CNWs/Ti interface. While the Fe concentrations of FeN-

CNWs and pCNWs have almost no difference, it can be found that Fe is hardly introduced 

in the CNWs structure. However, in the case of FeN-CNWs, there is a point where the Fe 

concentration takes the maximum value at around 0.53 μm. This indicate that the Fe may 

be segregated at the Ti surfaces. 

Figure 6-6 shows the depth profiles of H, N, O, F, and C concentrations of 

Fe(0.5)N-CNWs. For the detection of negative ions for light elements, Cs+ was irradiated 

by the incident angle of 45° as a primary ion. Difference in the C concentrations between 

Fig. 6-6 and Fig. 6-5 originate from the difference in the ionization tendency by using the 

different primary ions. It can be seen that the N is doped in the CNWs in the order of 1020 

cm-3. The depth profiles of N concentrations in the FeN-CNWs is shown in Fig 6-7. It can 

be seen that higher amount of N is doped in the case of Fe(0.5)N-CNWs and Fe(5)N-

CNWs while the lower amount of N is doped in the Fe(1)N-CNWs. This result suggest 

that the doped amount of N does not increase proportionally with the increased flowrate. 

There are possibilities of plasma condition changed with the N2 and FeMeCp2 

introduction, however, while the optical emission spectra (OES) show almost no 

differences among the FeN-CNWs (Fig. 6-8). This may indicate either the intensities of 

contributed radicals are too low, or there is a contribution of other nonradiative species. 
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Figure 6-5 Depth profiles of Fe, Ti, and C concentrations analyzed by SIMS with the 

primary ion of O2
+ for (a) pCNWs and (b) Fe(0.5)N-CNWs. 
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Figure 6-6 Depth profiles of H, N, O, F, and C concentrations analyzed by SIMS with 

the primary ion of Cs+ for Fe(0.5)N-CNWs. 

 

Figure 6-7 Depth profiles of N concentrations analyzed by SIMS for CNWs synthesized 

with different conditions of H2-Fe, N2 introduction. 
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Figure 6-8 OES of FeN-CNWs and N-CNWs. 
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6.6 Discussion on the catalytic activity of CNWs 

synthesized in Fe, N introduction process 

The current density at 0.2 V vs. RHE is -0.23 mA/cm2 in the case of Fe(0.5)N-

CNWs and is the highest among the other CNWs synthesized under different conditions. 

It was also confirmed that the amount of N doped in the CNWs is high in the case of 

Fe(0.5)N-CNWs. Though the Fe(5)N-CNWs has the highest N2 concentrations, it had 

much lower current density of -0.04 mA/cm2 at the potential of 0.2 V vs. RHE as shown 

in table 6-III. These results suggest that the N concentration doped in the CNWs structure 

does not simply correspond to the ORR activity. In fact, it is known that the N in the 

carbon can take several types of C-N chemical bonds including graphite-like nitrogen, 

pyrrole nitrogen, and pyridine nitrogen, and each of them affect differently on the 

catalytic activity in ORR [8]. While the small differences in the chemical bonds of C-N 

is indicated from XPS, because the signals were too low to discuss, the analysis on the C-

N bonds should be proceeded by the measurements with higher sensitivity for the more 

understandings on CNWs catalysts.  

Also, while the differences in current densities were observed by changing the 

flowrate of bubbling hydrogen for introducing Fe, though it is still a speculation however, 

there is a possibility of Fe affected the chemical states of C-N bonds in the PECVD. 

However, the OES were same among all the conditions. There may be the possibility of 

active species without the luminescence existed in the plasma to affect the C-N chemical 

bonds. 
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Table 6-III N concentrations and ORR activities of CNWs synthesized under different 

flowrates of H2-Fe. 

CNWs 

N concentration 

at CNWs region 

(atoms/cm3) 

Curret density 

at 0.2 V vs. RHE 

(mA/cm2) 

Onset 

Potential 

(V vs.RHE) 

Fe(0.5)N-CNWs     1.7×1020 -0.23 0.81 

Fe(1)N-CNWs 3.3×1019 -0.12 0.85 

Fe(5)N-CNWs 2.7×1020 -0.04 0.59 
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6.7 Summary 

In this chapter, effects of nitrogen and metal organic complex introductions in the 

CNWs synthesis processes were carried out at the first time, and the elemental 

distributions and ORR activities of synthesized CNWs were elucidated. It was found that 

the CNWs structure could be synthesized, and the wall densities and edge structures were 

changed in the FeMeCp2 introducing process. Furthermore, the higher current density was 

observed by the CNWs with the presence of N concentrations in the order of 1020 

atoms/cm-2.  

The existence of Fe in the CNWs was not confirmed uniformly in the wall regions 

of CNWs. The segregation of Fe at the interface layer of CNWs and Ti substrate may be 

occurring. While it is still a speculation, there is a possibility of Fe could not stabilize or 

bonded at the defects on sp2 carbons and could only stabilize at the carbon pre-deposited 

before the growth of graphite structures started.  

The ORR activity did not correspond proportionally to the N concentrations. The 

chemical states of C-N bonds could not be analyzed in detail, and further analysis is 

demanded by the chemical states analysis methods with higher sensitivity such as 

synchrotron radiation XPS or X-ray absorption spectroscopy. 
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Chapter 7  

Conclusion and future perspectives 

 

7.1 Summary of the thesis 

In the thesis, electrochemical characteristics of CNWs composites materials were 

clarified in the view point of their applications for the realization of highly-durable and 

low-cost fuel cells. High specific surface area originated from the unique three-

dimensional structure of CNWs is suitable characteristics for the catalyst support, and 

their graphite structures are promising for reliable electrical path. From the durability tests, 

the high electrochemical durability of Pt/CNWs for the fuel cell application was indicated 

and their degradation mechanisms were elucidated in detail. Furthermore, the trial on 

synthesizing non-Pt catalysts based on CNWs structure was carried out and it was 

indicated that there is a possibility of synthesizing CNWs catalysts with the hetero 

elemental doping in the bottom up synthesis process of CNWs. The brief summaries of 

chapters are explained in below. 

In chapter 1, backgrounds of carbon nanomaterials and fuel cells were explained. 

Characteristics on carbon materials including CNWs and their applications for energy 

devices are explained, and the explanations about PEFCs including its background, 

principles on operations, structure, degradation problems, and approaches on solving the 

problems on its cost were described. Finally, the objective and composition of thesis is 

described in the chapter 1.3. 



Chapter 7 

168 

 

In chapter 2, explanations on CNWs composite synthesis and its evaluation 

methods were described. The synthesis methods and descriptions about the CNWs 

deposition chamber, i.e. radical injection plasma enhanced chemical vapor deposition 

system, and systems for supporting metal nanoparticles, i.e. supercritical metal organic 

chemical fluid deposition system, are shown. Then the methods for evaluating 

morphological, crystallographic, and elemental characteristics of CNWs composites are 

explained. Finally, the electrochemical analysis methods including cyclic voltammetry, 

and AC impedance analysis for CNWs composites were described. 

In chapter 3, elucidations on the electrochemical durability of Pt/CH4-CNWs and 

their degradation mechanisms were described. It was found that the Pt/CH4-CNWs have 

higher electrochemical durability than the conventional CB. Pt aggregations including 

Ostwald ripening and reprecipitations were indicated, while no structural and 

crystallographic degradations were observed on CNWs. Also, the AC impedance analysis 

revealed that only the resistivity of resistive elements at the applied frequency between 

105 to 102 increased after the degradation. Furthermore, the H2O2 surface treatment on 

CNWs had a drastic effect on Pt/CNWs degradation. While the correlation between 

increased Pt nucleation and the increased number of defects on CNWs were indicated in 

the previous researches, it has been elucidated that the most surface of CNWs, including 

the locations were the Pt nucleation occurs, are important on degradation of Pt/CNWs. In 

this chapter, the electrochemical characteristics including durability and degradation 

mechanism of Pt/CNWs is elucidated at the first time and the knowledge for their 

application on devices were shown. 

In chapter 4, extended electrochemical durability of Pt/CNWs is realized by 

employing C2F6 gas for the precursor. Pt aggregation was observed after 140,000 cycles 
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of PCT; however, although the Raman spectra showed a decrease in the ID/IG ratio, there 

was no change in the FWHM of these peaks before and after aggregation of the Pt 

nanoparticles. This indicates that no corrosion occurred on the graphite structure of the 

C2F6-CNWs. In this chapter, the difference in the electrochemical durability of CNWs 

synthesized by CH4 and C2F6 gas is revealed. 

In chapter 5, the electrochemical performance of the Pt-nanoparticle-supported 

CNWs (Pt/CNWs) was assessed by cyclic voltammetry, oxygen reaction reduction (ORR) 

current measurements, and electrochemical impedance spectroscopy. The resistive 

elements of Pt/CNWs could be divided into the three major resistive components: bulk 

and interfacial electrolyte double layer, catalytic ORR element, and reactant diffusion 

toward reaction sites based on their time constants. Different wall densities of CNWs 

were obtained by changing the processing parameters of deposition pressures, and it was 

found that the resistive elements which appeared below a frequency of 102 Hz, increased 

as the CNWs wall density increased. Thus, the three-dimensional nanostructure of the 

CNWs, as characterized by the wall density and gap size between the walls, plays an 

important role in the fluid path and the diffusion of reactants with respect to the ORR. In 

the ORR on Pt/CNWs, the wall density or the wall gap should be optimized to maximize 

the electrochemical performance, and this is achieved through control of the CNWs 

deposition by changing the processing pressure. 

In chapter 6, effect of nitrogen and metal organic complex introductions in the 

CNWs synthesis processes were carried out at the first time, and the elemental 

distributions and ORR activities of synthesized CNWs were elucidated. It was found that 

the CNWs structure could be synthesized, and the wall densities and edge structures were 

changed in the FeMeCp2 introducing process. Furthermore, the higher current density was 
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observed by the CNWs with the presence of N concentrations in the order of 1020 

atoms/cm-2. However, the Fe dopes in the CNWs wall structures were not confirmed and 

the segregation of Fe at the interface layer of the CNWs and the substrate is indicated. Fe 

may have not stabilized in the graphite structures and could only remained at the pre-

deposited carbon at the interface layer. While the Fe dopes were not indicated, the ORR 

activity did not correspond proportionally to the N concentrations. These results suggest 

that the different chemical bonds of N could be constructed in the CNWs and expressed 

as the different catalytic activities. The chemical states of C-N bonds could not be 

analyzed in detail, and the further analysis is demanded by the chemical states analysis 

methods with higher sensitivity such as synchrotron radiation XPS or X-ray absorption 

spectroscopy. In this chapter, new method of introducing metal in the plasma synthesis 

process were tried, and the characteristcs of synthesized material is revealed. 
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7.2 Future perspectives 

The author found that the Pt/CNWs have high electrochemical durability for PEFC 

applications, and the surface layers of CNWs take important role on durability and 

degradation. What is needed for future development on utilization of CNWs structures 

for PEFC applications are the more detailed analysis on the interactions between Pt 

nanoparticles surfaces and CNWs surfaces including their defects. While the Pt 

nanoparticles observation were carried out by TEM observation, we couldn’t reveal the 

local interactions at the interface of Pt and CNWs. Also, while the mechanism for the 

Pt/CNWs is indicated, the critical observations on the indicated local degradations were 

not achieved. Direct observations and more high-resolution analysis on the Pt and CNWs 

before and after the degradation should give more critical information on the degradation 

phenomena and corrosions, hence, more observations and analysis at the surface of 

Pt/CNWs are needed for further elucidations. 

Also, the author found the effect of three-dimensional structures on the 

electrochemical reaction involving mass-transfer of catalytic materials. It was revealed 

that the decreased wall density of CNWs can reduce the resistive elements in ORR which 

correspond to the lowest time constant. This is the first important result for revealing the 

three-dimensional structural effect on CNWs on the electrochemical reactions. However, 

the effect of other important factor of CNWs structure, the height, is still not elucidated 

yet. While the catalytic sites for the CNWs can be increased by increasing height, how do 

the mass flows and chemical reactions occur on the Pt/CNWs with different height have 

not been revealed yet. It is also the important factor, hence, the clarification on the effect 

of Pt/CNWs height on the ORR is necessary for the CNWs applications on batteries or 

fuel cell devices.  
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The Author also indicated the possibility of realizing Pt-less CNWs catalyst for 

fuel cell applications. However, the current density was relatively small, which means 

that the rise in catalytic performance is necessary for the applications. It has to be pointed 

out that the Fe introduction into the CNWs structures were not succeeded by the proposed 

system. For introducing Fe in the structure, the precursor, the carrier gas, or the plasma 

conditions are the factors which can be changed in the synthesis process. Anyway, the 

plasma diagnostic on the metal organic complex introduced plasma should be one 

effective method, and the computational simulations on the interactions between metal 

precursors and graphene structures would be helpful for understanding how the metal 

precursors correlate with the edges or defects in the CNWs structures during the synthesis 

processes. Furthermore, the more understandings on the role of the Fe elements for the 

expression of ORR in non-Pt catalysts should also needed to grope the optimal method 

of Fe introduction. 
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