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Abstract 

This study deals with development of advanced electrocatalysts and exploration of 

degradation mechanisms for polymer electrolyte fuel cell (PEFC), which is an essential 

technology for our sustainable society. Although PEFC is an attractive power device for 

both stationary and automobile applications, cost and durability are still two important 
issues to overcome for further improvement and commercialization of this technology. 

Among various factors causing degradation, catalyst deterioration due to the 

electrochemical oxidation (corrosion) of the carbon support is one of the most serious 

problems especially for automobile application. We are challenging to overcome such 

catalyst degradation problem.  

Graphite structure of carbon is known to have resistance to carbon corrosion, and 
some work developing electrocatalysts with graphitic carbon has been reported. However, 

there is no report systematically studying the detailed influence of graphitization degree 

on electrocatalytic durability. Therefore, in this study, we report the control of 

graphitization degree through the systematic heat treatment and then investigate the 

durability of electrocatalysts derived from such carbon after platinum deposition. Their 

nanostructures before and after the durability tests are examined in detail for exploration 
of degradation mechanisms. 

For this purpose, two kinds of commercially available state-of-the-art carbon 

materials, Vulcan XC-72 and Ketjen Black EC600-JD, were heat treated at 1100, 1600, 

and 2000 °C in order to produce graphitized surface. Eight different Pt/C electrocatalysts 

(Pt/VC, Pt/GVC1100, Pt/GVC1600, Pt/GVC2000, Pt/KB, Pt/GKB1100, Pt/GKB1600, 

and Pt/GKB2000) were synthesized. Their durability was evaluated using an 
electrochemically accelerating potential cycle protocol, considering a practical condition 

of fuel cell vehicles (Triangle wave between 1.0 V and 1.5 V vs. RHE, 2 s/cycle) in N2 

saturated 0.1 M HClO4 solution at 25 °C. Their durability was studied through the change 

in electrochemically active surface area (ECA), oxygen reduction reactivity (ORR), and 

the size of platinum particles in TEM images. As expected, higher graphitization degree 

led to an increase in corrosion resistance, but at the same time resulted in an increase in 
the mobility of platinum particles on carbon supports. Therefore, an optimum condition 

with both high corrosion resistance and sufficient interaction between platinum particles 

and carbon was investigated. Consequently, in this study we have found that the 

graphitization at 1600 °C is optimum among 1100, 1600, and 2000 °C to obtain highest 
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durability for Pt/C electrocatalysts. Graphitization degree obviously comes to be an 

important factor to develop electrocatalysts with high durability.  

For investigating practical application of our electrocatalysts, membrane electrolyte 

assemblies (MEAs) with Pt/VC and Pt/GVC1600 as cathode catalyst layers were 
prepared and their current-voltage (I-V) characteristics, and durability performance were 

evaluated. Initial performance of MEA was found to be salmost the same between these 

two electrocatalysts, but regarding to durability, Pt/GVC1600 showed much more 

improved durability than Pt/VC. Heat treatment of carbon supports at an optimum 

temperature leads to an increase in durability even at an actual PEFC operational 

temperature. 
Nanostructure observation of Pt/C electrocatalysts also proved the improved 

durability for Pt/C electrocatalysts heat-treated at 1600 °C by their structure with 

graphite-like surface and sufficient interaction between platinum particles and carbon. On 

the other hand, for Pt/KB, even though the growth of platinum particle size was not very 

much, the retention of ECA after the potential cycle test was extremely low such as 2 %. 

This result leads to the fact that the degradation of Pt/C electrocatalysts could not be 
explained only by platinum growth or agglomeration during the potential cycle test. To 

understand much lower ECA than the expected value, the electrolyte solution after the 

potential cycle test was examined by inductively coupled plasma (ICP) analysis. As a 

result, dissolution of platinum was found to be a predominate factor for degradation of 

Pt/KB. 

Further, an accelerated degradation test was newly introduced by using in-situ 
SEM/STEM observation at elevated temperature under the air-containing condition to 

understand the fundamental degradation mechanism of electrocatalysts. Simultaneous in-

situ SEM/STEM observation for selected electrocatalysts showed that embedded 

platinum into carbon surface was a major reason for degradation of electrocatalysts. This 

phenomenon was also suppressed when carbon surface was graphitized. Similar 

phenomenon was observed after the potential cycle test for Pt/KB, which had the lowest 
durability. Therefore, we believe that degradation mechanism observed by heating in the 

air is the same as the degradation mechanism derived by the potential cycle test even 

though the acceleration condition is more severe for heating in the air in this study. 

In conclusion, we have investigated the possible degradation mechanism of 

electrocatalysts and have found that graphitization degree is the important factor to 

design electrocatalysts with both high activity and high durability. 
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Figure 1.7 A schematic diagram of a typical MEA. 

1.2.2 Electrodes for PEFCs  

Among these components in MEA, catalyst layer is the most important component, 

which controls the reaction kinetics. Therefore, considerable efforts have been made for 

the research of electrocatalysts for PEFCs. To date, platinum-based nanoparticles 

dispersed on high surface area carbon support are still the most common electrocatalyst 

in practical PEFCs [12]. Highly dispersed platinum leads to more platinum exposed to 

the reactants and considerable increase in power density. 

Fuel cell electrodes serve as delivering/collecting electrons and also reactant/product 

species. This requires for electrodes to simultaneously provide high electrical 

conductivity, high porosity, and of course, high catalytic activity. In effective electrode, 

the required transport processes, proton, electron, and reactant/product, are totally 

balanced as shown in Figure 1.8. The ideal catalyst layer should be thin enough to reduce 

transfer loss. 

The site where protons, electrons, and reactant can meet is often referred to the three 

phase boundary in the catalyst layer. Development of effective three phase boundaries, 

where reactions are proceeded, is the most challenging part for the PEFC electrode. 

http://electrochem.cwru.edu/ed/dict.htm#e79
http://electrochem.cwru.edu/ed/dict.htm#p20
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Formation of surface oxides on Vulcan is reported at potentials higher than 1.0 V at room 

temperature [20].  

In reality, carbon corrosion is a serious problem for fuel cell vehicle (FCV) since the 

local cathode potential can reach to as high as 1.5 V during the start-up and shut-down 

operations, resulting in significant acceleration of carbon corrosion [16, 21-23].  

When carbon oxidation occurs under the high potential, migration and 

agglomeration of platinum particles, and finally the detachment from the carbon supports 

are resulted as shown in Figure 1.9. All these phenomena negatively contribute to PEFC 

performance [14-15, 24-28].  

 

Figure 1.9 Diagram of the fuel cell degradation derived by carbon corrosion. 

1.2.4 Recent Research Trend against Carbon Corrosion Problems 

To resolve the problem of carbon corrosion, development of either carbon supports 

with high corrosion resistance or metal oxide supports without using carbon becomes a 

common possible solution.  

Regarding to carbon supports with high corrosion resistance, it is well known that 

carbon with graphitic surface has high durability against corrosion. Usage of carbon 

materials with a higher graphitic character, such as carbon nanotubes [17, 29-30] and 

graphene [31-33], leads to higher durability than carbon black. Heat treatment of carbon 

materials without originally having the graphitic nanostructures, such as carbon black, 

results in formation of graphitized carbon surface and improves the carbon corrosion 

resistance [34-35]. Furthermore, many researchers have synthesized mesoporous carbon 

[36], carbon nanocage [37], carbon nanofiber (CNF) [38] or other carbon nanomaterials 

[39-41] with surface graphite structure and have used them as carbon supports with high 

corrosion resistivity. 

On the other hand, metal oxide supports are known to stable against oxidation since 

they are already fully oxidized. Oxides with many metals, such as Au, Pt, Ir, Ru, Ta, Ti, 
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Sn, etc., are stable at actual fuel cell environment [42]. Among those oxides, SnO2 and 

TiO2 are widely investigated toward the improvement on durability [43-50]. Also, much 

research work has been reported on developing high activity and high durability oxides 

by controlling the nanostructures of oxides, such as hollow nanostructure [51-52], 

nanofiber [53-54], nanotube [55], etc. Furthermore, with the consideration of increasing 

the conductivity of oxides, many studies using composites of oxide and carbon as 

supports, for example, carbon with silica [56-58] or with titania [59-62], have been 

reported, showing almost the same activity but increased durability compared to carbon 

supports. 

1.3  Objective of This Study 

In this study, we have focused on graphitic structure of carbon, which is known to 

have resistance to carbon corrosion. The aim of the study is proposing nanostructure of 

carbon supports with high corrosion resistance through the systematic heat treatment of 

commercially available carbon black materials. Through the heat treatment, carbon 

surface is graphitized, leading to increase in corrosion resistance. However, highly 

graphitized smooth carbon surface most likely leads to an increase in the mobility of 

platinum particles on carbon support at the same time, similar to the case of carbon 

nanotubes [63]. Therefore, in this study we have challenged to investigate an optimum 

condition, which can simultaneously achieve high carbon corrosion resistance and good 

interaction between platinum particles and carbon supports. We have further aimed to 

understand possible degradation mechanisms of electrocatalysts using various techniques 

including electrochemical and electron-microscopic methods. 
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With the aim of graphitizing the surface of carbon materials, Vulcan and Ketjen 

Black were heat treated at three different temperatures (1100 °C, 1600 °C, and 2000 °C) 

(Table 2.1). Heat treatment at 1100 °C was performed under nitrogen (G1 grade) flow by 

heating from room temperature at 20 °C min-1 and then keeping at 1100 °C for 3h, using 

an infrared lamp heating equipment (ULVAC-RIKO, SSA-E45P). Heat treatments at 

1600 °C and 2000 °C were done under argon (G1 grade) flow by heating from room 

temperature at 20 °C min-1 and 40 °C min-1, respectively, and then keeping at 1600 °C 

and 2000 °C, respectively, for 3h using a high frequency induction heating equipment 

(SK MEDICAL, MU-1700D). Graphitized Vulcan at different temperatures was denoted 

as GVC1100, GVC1600, and GVC2000, respectively. Similarly for Ketjen Black, they 

were denoted as GKB1100, GKB1600, and GKB2000, respectively. With adding non 

heat-treated Vulcan and Ketjen Black, VC and KB, eight kinds of carbon materials were 

used for this study. 

 

Figure 2.1 TEM images of Vulcan XC-72 (a) and Ketjen Black (b). 

Table 2.1 Heat treatments of Vulcan and Ketjen Black.  

Heat-treated temperature Heat-treated condition Carbon materials obtained 

1100 °C N2, 20 °C /min, 3h GVC1100, GKB1100 

1600 °C Ar, 20 °C /min, 3h GVC1600, GKB1600 

2000 °C Ar, 40 °C /min, 3h GVC2000, GKB2000 

2.2.3 Specific Surface Area by Nitrogen Adsorption Measurement 

Specific surface area of carbon materials was calculated by the method developed 

by Brunauer, Emmett, and Teller (BET) [3] based on nitrogen adsorption measurement 

using BELSORP-mini (BEL Japan, Inc.). This is a method by which physical adsorption 
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Table 2.2 Measurement conditions of X-ray diffraction for carbon materials.  

Voltage / current 40 kV/40 mA Divergence Slit (DS) 1/3° 

Scanning Type FT Scatter Length Limit Slit 2 mm 

Fixed Time 4 cps Scatter Slit (SS) 1/3° 

Scanning Interval 0.02° Receiving Slit (RS) 0.30 mm 

Scanning Scope 20 ~ 30° Monochrome Receiving Slit 0.8 mm 

For the calculations, Carbon-X, which is a software made based on JIS R 7651:2007, 

was in use. In this calculation software, diffraction peak profiles are corrected on 

consideration of Lawrence, polarization, absorption, and carbon atomic scattering. Then, 

the interlayer spacing d002 and the crystallite size Lc (002) of carbon materials are 

calculated. In this study, graphitization degree is defined as how close the value of d002 is 

to 0.3354 nm, which is the value of d002 for graphite.   

2.3 Preparation and Characterization of Pt/C Electrocatalysts 

2.3.1 Preparation  

Pt/C electrocatalysts were prepared by depositing platinum on eight kinds of carbon 

supports obtained in section 2.2.2. Pt/C electrocatalysts were synthesized using platinum 

(II) acetylacetonate as a platinum precursor and dichloromethane as a solvent based on 

the method in the literature [5]. Figure 2.2 shows the flow chart of Pt/C electrocatalyst 

preparation. Each prepared carbon powder and platinum (II) acetylacetonate were 

suspended in dichloromethane within the ultrasonic bath, until the solvent were 

completely removed through evaporation. The obtained black solid was then transferred 

to the infrared lamp heating equipment, and then heated at 210 °C for 3h and 240 °C for 

3h under nitrogen flow to reduce platinum (II) to platinum metal. Consequently, eight 

different Pt/C electrocatalysts were obtained by this method. For all the Pt/C 

electrocatalysts, the amount of platinum on carbon was controlled at about 20 wt%. 
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Table 2.3 Measurement conditions of X-ray diffraction for Pt/C electrocatalysts.  

Voltage/current 40 kV/40 mA Divergence Slit (DS) 2/3° 

Scanning Type Continuous Scanning Scatter Length Limit Slit 10 mm 

Scanning Speed 2°/min Scatter Slit (SS) 2/3° 

Scanning Interval 0.01° Receiving Slit (RS) 0.30 mm 

Scanning Scope 10 ~ 90° Monochrome Receiving Slit 0.8 mm 

2.4 Electrochemical Evaluation of Pt/C Electrocatalysts 

2.4.1 Three Electrode Set-up 

For the evaluation of the Pt/C electrocatalysts prepared for PEFC, the measurement 

with MEA is effective owing to the true operation environment of experiments. However, 

for the testing of many kinds of Pt/C electrocatalysts which electrochemical activity and 

durability are unknown, the test by preparing MEAs will take time and need much more 

electrocatalysts. Therefore, on the consideration that electrocatalyst of PEFC is used in 

an acid condition and the operation temperature is relatively low, electrochemical 

measurement of electrocatalysts are often made as thin-films cast on rotating disk 

electrodes in liquid electrolyte with a half-cell configuration. This method has been 

shown to be predictive of the performance trends of practical electrocatalysts in the 

electrocatalyst coated membranes used in PEFCs [7]. It is a standard procedure to 

evaluate oxygen reduction reactivity using the rotation disk electrode which is a kind of 

the convection voltammogram for the study such as development of new cathode 

electrocatalysts.  

Here, electrochemical measurement was also performed in the perchloric acid 

solution using the three electrode set-up to evaluate the activity, and durability of the 

eight kinds of electrocatalysts was evaluated. In this study, electrochemical 

measurements of Pt/C electrocatalysts were performed on the automatic polarization 

system (Hokuto Denko Corp., HZ-5000) and rotating disk electrode apparatus (Hokuto 

Denko Corp., HR-500) with a three-electrode set-up (Hokuto Denko Corp., HX-107) (see 

Figure 2.3).  
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Figure 2.4 Working electrode preparation. 

2.4.3 Cyclic Voltammetry 

Cyclic voltammetry (CV) is typically used to characterize fuel cell electrocatalysts 

in more detail. In a standard CV measurement, the potential is swept back and forth 

between two voltage limits while the current response is measured. The voltage sweep is 

generally linear with time, and the plot of the resulting current versus voltage is called a 

cyclic voltammogram.  

An illustration of the CV waveform used in this study is provided in Figure 2.5. E0 

is initial potential, after changing potential from E0 to E1, and then sweeping it between 

E1 and E2 at the scan rate of 50 mV/s (In this experiment potential is swept from 0.05 V 

to 1.20 V vs. RHE).  

 

Figure 2.5 Wave pattern of the potential apply on CV measurement. 

A typical cyclic voltammogram recorded for a Pt/C electrocatalyst in 0.1 M HClO4 

solution at 25 °C is shown in Figure 2.6. When the potential increases from 0.05 V, a 
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current begins to flow and reaches a peak as the potential increases further. This is related 

to hydrogen desorption reaction occurring on the electrode surface. Between 0.45 and 

0.55 V, only a small current flow is measured. This current is attributed to the formation 

of electrolytic double layer. As the potential increases from 0.55 V further, the platinum 

surface becomes oxidized and is covered with an oxide layer. At higher potentials, the 

current rises significantly because the formation of oxygen starts. By decreasing the 

potential, the platinum surface is reduced, but not until about 1.0 V due to the over 

potential. At approximately 0.35 V, platinum starts to get covered with hydrogen and at 

lower potentials near 0.05 V, molecular hydrogen is formed. Then, with sweeping to the 

positive potential again, hydrogen starts desorbing from platinum surface. 

 

Figure 2.6 A typical cyclic voltammogram of a Pt/C electrocatalyst. 

The electrochemical surface area (ECA) can be obtained by quantifying the total 

charge (QH) provided by hydrogen desorption on the catalyst surface. As shown in Figure 

2.6, shaded area indicates the electric charge generated by hydrogen desorption during 

the cyclic voltammetry measurement. The QH value can be calculated using the analyzing 

software (Hokuto Denko Corp., HZ-5000ANA). The charge, which can be generated 

from the desorption from platinum surface completely covered with hydrogen, is 2.1 C 

m-2 (one hydrogen atom per platinum atom in a single layer) [9]. With these values, the 

electrochemical surface area (As) can be calculated as below. 
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sec per cycle, made by Fuel Cell Commercialization Conference of Japan (FCCJ) [8] as 

described in Figure 2.10.  

In this study, potential cycle test was performed up to 60000 cycles at 25 °C for all 

Pt/C electrocatalysts. 

 

Figure 2.10 Start-stop potential cycle protocol recommended by FCCJ [8]. 

2.4.6 Platinum Dissolution 

To evaluate platinum dissolution phenomena, Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES), also referred to as Inductively Coupled Plasma 

Optical Emission Spectrometry (ICP-OES), is an useful analytical technique. It is a type 

of emission spectroscopy that uses the inductively coupled plasma to produce excited 

atoms and ions which emit electromagnetic radiation at characteristic wavelengths of a 

particular element [12-13]. The intensity of this emission can indicate the concentration 

of elements within the sample solution.  

In this study, in order to make clear if and how much platinum was dropped or 

dissolved into the electrolyte solution during the potential cycle test, ICP analysis was 

performed. The amount of platinum ions, including platinum nanoparticles, in selected 

electrolyte solution after 60000 cycles was analyzed. For this particular analysis, carbon 

paper without Teflon coated (Toray, EC-TP1-060) was used as a counter electrode instead 

of Pt-wire in order to eliminate platinum ion coming from the counter electrode. Then, 

carbon paper after 60000 cycles was placed in aquilegia (HCl : HNO3 = 3 : 1) and 

ultra-sonicated for 10 minutes. This aquilegia was diluted by MillQ water and also 

analyzed by ICP. Possible re-precipitation of platinum on the carbon paper was counted 

http://en.wikipedia.org/wiki/Emission_spectroscopy
http://en.wikipedia.org/wiki/Inductively_coupled_plasma
http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Chemical_element
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Figure 2.14 Typical voltage changes just before and after the current is interrupted. Linear change 

(circled) can be used as ohmic drop.  

Therefore, ohmic drop is determined by the difference in the voltage immediately 

before and immediately after the current has been interrupted. The ohmic drop divided by 

the known current before the interrupting gives the ohmic resistance. 

In this study, the current interrupt technique was used to separate the ohmic 

resistance using a digital phosphor oscilloscope (Tektronix Inc., TDS 3012B). In this 

measurement, the small reference electrode (Platinum loading is 0.6 mg cm-1) was 

attached to the anode side of the MEA as shown in Figure 2.15. Under the three different 

current values for the MEA cell, ohmic drop was recorded and then plotted against the 

current. Finally, ohmic resistance was calculated through the slope after the linear fitting. 

Similarly, ohmic resistance of the anode was measured through the circuit between the 

anode and the reference electrode. Then, cathode resistance was calculated by subtracting 

the anode ohmic drop from the cell ohmic drop. 

 

Figure 2.15 A photo of a MEA with the reference electrode. 
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2.5.4 Durability  

Similar to the half-cell measurement as shown in section 2.4.5, the durability 

analysis of MEAs was also performed using the potential cycles between 1.0 and 1.5 V 

vs. RHE with 2 sec per cycle. During the potential cycles, H2 and N2 were supplied to the 

anode and the cathode, respectively. Here, the anode was used as reference electrode to 

applied the potential to the cathode using a fuel cell test system (Toyo Technic, 890e) and 

a electrochemical interface (Solarton SI, 1287). 

2.6 Analyses by Electron Microscopy 

Since the Pt/C electrocatalyst is made with small platinum nanoparticles deposited 

on the surface of carbon, effect of platinum crystallite/particle size on the activity of 

electrocatalyst has been an important subject [14-18]. Then, evaluation of electrocatalysts 

using an electron microscopy technique becomes essential. 

2.6.1 Ex-situ Observation  

In order to declare the relationship between the platinum particle growth and the 

degradation mechanism of electrocatalyst, the nanostructure changes before and after the 

cycle test were characterized using transmission electron microscopy (JOEL, 

JEM-ARM200F or Philips, Tecnai-20) and scanning transmission electron microscope 

(Hitachi, HD-2300A) at an acceleration voltage of 200 kV, or using field emission 

scanning electron microscope (FESEM) (Hitachi, S5200) at an acceleration voltage of 30 

kV. For the determination of average platinum particle size, 30 to 90 platinum particles 

on each TEM image were picked up and used for calculation using an image analysis 

software. 

2.6.2 In-situ Observation 

In order to gain fundamental understanding of degradation mechanism of Pt/C 

electrocatalysts, accelerated degradation test was performed using Enviromental TEM 

(ETEM). In this study, ETEM technique based on a standard 300 kV cold-field emission 

gun TEM (Hitachi HF3300) equipped with the unique secondary electron and STEM 

imaging capability was used under the collaboration with Hitachi High-Technology. 
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An efficient differencial pumping system with a gas injection heating holder 

allowed in-situ study under heating and in a gaseous atmosphere up to 10 Pa. In this 

study 200 °C and air atmosphere were in use. A simultaneous in-situ SEM/STEM study 

for Pt/C electrocatalysts was carried out under such accelerated degradation condition. 
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Chapter 3  

Material  Characterization of Electrocatalysts 

3.1  Carbon/Graphitized Carbon  

As mentioned in chapter 2, eight kinds of carbon materials (VC, GVC1100, 

GVC1600, GVC2000, KB, GKB1100, GKB1600 and GKB2000) were prepared in this 

study as carbon supports. In order to understand the difference in material properties, 

specific surface area and graphitization degree were evaluated through nitrogen 

adsorption/desorption and X-ray diffraction measurements, respectively.  

3.1.1  Specific Surface Area 

Based on nitrogen adsorption/desorption measurements, BET surface areas were 

calculated and listed in Table 3.1. 

Table 3.1 Specific surface areas of prepared carbon materials.  

Carbon 
support 

BET surface 
area (m2g-1) 

Carbon 
support 

BET surface 
area (m2g-1) 

VC 225 KB 1280 

GVC1100 225 GKB1100 1160 

GVC1600 110 GKB1600 610 

GVC2000 90 GKB2000 300 

BET surface area for the Vulcan group materials had a tendency to decrease after 

the heat treatment, and decreased more at relatively higher heat treatment temperatures. 

This is associated with the increase in more crystallized surface by the removal of 

amorphous surface including structural defects since it is oxidized to such as CO2 in the 

presence of small amount of oxygen.  

 

 

 

This chapter has been published in Zhao et al., J. Electrochimica Acta 97 (2013) 33-41.  
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For the Ketjen Black group materials, the similar tendency was seen. Since the 

initial BET surface area of KB was almost six times larger than VC, even after the heat 

treatment at 2000 °C, BET surface area was kept to 300 m2g-1. However, the rate of BET 

surface loss was relatively large for Ketjen Black group materials. 

3.1.2  Graphitization Degree 

In this study, graphitization degree is defined as how close the d002 value is to 

0.3354 nm, which is that of graphite. For further quantitatively analyzing the 

graphitization degree, the interlayer spacing and respective crystallite size of each 

material were determined based on JIS R 7651:2007 as explained in section 2.2.4. They 

were analyzed by X-ray diffraction, particularly (002) diffraction, by referring to the 

diffraction positions of the standard silicon. Resulting XRD spectra of C (002) diffraction, 

and interlayer spacing d002 and respective crystallite size Lc(002) are listed in Figure 3.1 

and Table 3.2, respectively. 
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Figure 3.1 XRD spectra showing carbon (002) diffraction using silicon as a standard for a) VC, 

GVC1100, GVC1600 and GVC2000 and b) KB, GKB1100, GKB1600 and GKB2000. 

Table 3.2 Interlayer spacing d002 and crystallite size Lc(002) for prepared carbon materials.  

Carbon support d002 (nm) Lc (002) (nm) Carbon support d002 (nm) Lc (002) (nm) 

VC 0.3524 3.0 KB -- -- 

GVC1100 0.3522 3.3 GKB1100 -- -- 

GVC1600 0.3448 5.5 GKB1600 0.3450 4.1 

GVC2000 0.3436 7.7 GKB2000 0.3440 5.0 

a) b) 
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In this study, (002) diffraction line was very broad for VC and GVC1100, however, 

the interlayer spacing d002 and the crystallite size Lc(002) of them were roughly calculated. 

On the other hand, neither the interlayer spacing d002 nor the crystallite size Lc(002) was 

determined since both KB and GKB1100 did not have clear (002) diffraction lines owing 

to their low graphitic surface as shown in Figure 3.1. 

For both the Vulcan and Ketjen Black group materials, the interlayer spacing d002 

gradually decreased and got close to 0.3354 nm, derived from the ideal graphite crystal 

[1], with increasing heat treatment temperature. The respective crystallite size also 

gradually grew, consisting with the previous reports [2-3]. Therefore, more graphitized 

surfaces of carbon were successfully obtained with increasing heat treatment temperature 

[4]. Consequently, in our study, GVC2000 and GKB2000 exhibited the highest 

graphitization degree among the Vulcan and Ketjen Black group materials, respectively. 

Similar to BET surface area, the heat treatment at 1100 °C did not change much on 

graphitization degree. It is probably because the temperature of 1100 °C is not high 

enough for graphitization of the carbon surface. 

3.2  Platinum Deposited Carbon/Graphitized Carbon 

3.2.1  Platinum Loading 

For eight different carbon materials, platinum catalysts were deposited using 

platinum (II) acetylacetonate as a platinum precursor with the method mentioned in 

section 2.3.1. The actual amount of deposited platinum on carbon was analyzed by TG 

measurement, and every Pt/C electrocatalyst was confirmed to contain about 20 wt% of 

platinum as listed in Table 3.3.  

Table 3.3 Platinum loading determined from TG measurements for prepared Pt/C electrocatalysts. 

Pt/C 
electrocatalyst 

Platinum 
loading (wt%)  

Pt/C 
electrocatalyst 

Platinum 
loading (wt%)  

Pt/VC 20.2 Pt/KB 20.7 

Pt/GVC1100 19.8 Pt/GKB1100 21.3 

Pt/GVC1600 19.6 Pt/GKB1600 19.7 

Pt/GVC2000 17.4 Pt/GKB2000 18.1 

Since GVC1600, GVC2000, GKB1600, and GKB2000 have lower BET surface 
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area, almost half or lower than the original BET surface area of original Vulcan or Ketjen 

Black, more platinum (II) acetylacetonate against carbon was used in order to keep 

depositing almost the same 20 wt% platinum on these carbon supports. It was probably 

because the more graphitized surface formed by the heat treatment at 1600 °C and 

2000 °C was not able to absorb platinum (II) acetylacetonate before the reduction of Pt 

(II) to Pt(0).   

3.2.2  TEM Observation  

TEM observation was made in order to check the particle size and the distribution of 

platinum on carbon supports.  

   
 

   

Figure 3.2 TEM images of a) Pt/VC, b) Pt/GVC1100, c) Pt/GVC1600, and d) Pt/GVC2000. 

a) b) 

c) d) 
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Figure 3.2 shows TEM images of Pt/VC, Pt/GVC1100, Pt/GVC1600, and 

Pt/GVC2000. Platinum particles were homogeneously distributed for Pt/VC and 

Pt/GVC1100 electrocatalysts. For Pt/GVC1600 and Pt/GVC2000 electrocatalysts, 

graphite-like layers on the surface of carbon support were clearly observed. Although 

agglomeration of some platinum particles was seen for Pt/GVC1600, platinum particles 

were adequately dispersed on the carbon surface. For Pt/GVC2000, platinum particles 

were not homogeneously deposited and rather agglomerated on certain spots, which was 

resulted from its highest graphitization degree.  

   
 

   

Figure 3.3 TEM images of a) Pt/KB, b) Pt/GKB1100, c) Pt/GKB1600, and d) Pt/GKB2000. 

Figure 3.3 shows TEM images of Pt/KB, Pt/GKB1100, Pt/GKB1600, and 

Pt/GKB2000. Similar to Pt/Vulcan group electrocatalysts, graphite-like layers on the 

surface of carbon support were also observed for Pt/GKB1600 and Pt/GKB2000. Except 

a) b) 

c) d) 
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temperatures. Platinum particles were successfully deposited on these carbon materials 

with the loading of about 20 wt%. X-ray diffraction and TEM analyses revealed that the 

platinum particle size of all the Pt/C electrocatalysts stayed between 2.0 and 3.0 nm in 

diameter, even though the agglomeration of platinum particles was distinguished on the 

carbon treated at higher temperatures. 
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Chapter 4  

Electrochemical Characterization of Pt/C 

Electrocatalysts 

4.1  Electrochemical Evaluation of Pt/Vulcan Group Electrocatalysts at 

25 °C 

Prepared four different Pt/Vulcan group electrocatalysts were evaluated in 0.1 M 

HClO4 solution at 25 °C using a three-electrode set-up. Electrochemically active surface 

area (ECA) and oxygen reduction reactivity (ORR) were evaluated using cyclic and 

linear sweep voltammetry. ECA and ORR were recorded before and after the certain 

potentials, which was based on the durability protocol.  

4.1.1  Change in Cyclic Voltammograms During the Potential Cycle  

Test 

Cyclic voltammograms for Pt/VC, Pt/GVC1100, Pt/GVC1600, and Pt/GVC2000 are 

shown in Figure 4.1, 4.2, 4.3, and 4.4, respectively. Change in cyclic voltammograms 

during the potential cycles (10000, 30000, 60000 cycles) between 1.0 and 1.5 V is also 

included in these figures.  

 

 

 

 

 

 

 

 

 

This chapter has been published in Zhao et al., J. Electrochimica Acta 97 (2013) 33-41.  
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As shown in cyclic voltammograms stated as 0 cycle (black line) in Figure 4.1 to 

Figure 4.4, the size of electronic double layer at 0.3-0.5 V decreased for the carbon 

support materials with heat treatment at a higher temperature, corresponding to the 

lowering of BET surface area of carbon. All these four electrocatalysts showed clear 

hydrogen adsorption/desorption and PtOx formation/reduction peaks. By comparing with 

Figures 4.1, 4.2, 4.3, and 4.4, it is clear that all these Pt/C electrocatalysts had a tendency 

to lose its hydrogen adsorption/desorption and PtOx formation/reduction peaks after the 

potential cycle test, but the rate of loss was different. Apparently, Pt/GVC1600 (Figure 

4.3) showed the least decrease in those peaks during the potential cycle test among 

Pt/Vulcan group electrocatalysts. 

E / V vs. RHE

0.0 0.2 0.4 0.6 0.8 1.0 1.2

I /
 m

A

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0 cycle
10000 cycles
30000 cycles
60000 cycles

 
Figure 4.1 Cyclic voltammograms of Pt/VC after 0, 10000, 30000, 60000 cycles of the potential 

cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with the scan 

rate of 50 mV/s. 
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Figure 4.2 Cyclic voltammograms of Pt/GVC1100 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 
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Figure 4.3 Cyclic voltammograms of Pt/GVC1600 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 
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Figure 4.4 Cyclic voltammograms of Pt/GVC2000 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 

4.1.2  Change in ECA During the Potential Cycle Test 

ECAs of these four Pt/C electrocatalysts were calculated based on Figure 4.1 to 

Figure 4.4 using the charge associated with hydrogen desorption on platinum (2.1 C m-2). 

Change in ECA against the number of potential cycle was plotted in Figure 4.5.  
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Figure 4.5 Change in ECA during the potential cycle test for Pt/VC, Pt/GVC1100, Pt/GVC1600, and 

Pt/GVC2000.  

Besides Pt/VC, ECA increased after the initial several hundred cycles probably 

owing to the produced clean platinum surface during the potential cycles. Therefore, for 

quantitative comparison, initial ECA, maximum ECA, ECA after 60000 potential cycles, 

and % retention of ECA (ECAafter-60k-cycles / ECAmax) were calculated for each Pt/Vulcan 

group electrocatalyst and listed in Table 4.1. The % retention of ECA was confirmed by 

testing two to three samples for each Pt/C electrocatalyst and the differences among test 

remained within a few percent. 

Table 4.1 ECAs of Pt/Vulcan group electrocatalysts. 

Pt/C 
electrocatalyst 

Initial ECA 
(m2g-1) 

Max. ECA 
(m2g-1) 

ECA after 60000 
cycles (m2g-1) 

Retention 
of ECA (%) 

Pt/VC 75.8 75.8 27.5 36.3 

Pt/GVC1100 66.8 80.0 32.0 40.0 

Pt/GVC1600 53.0 56.1 39.5 70.4 

Pt/GVC2000 40.3 49.2 19.8 40.2 

By looking at ECAmax values in Table 4.1, ECAmax decreased for Pt/GVC1600 and 

Pt/GVC2000 although all the samples had similar platinum particle size as shown in 

Table 3.4. This is probably due to the increased aggregation of platinum particles on the 
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smoothened carbon surface of GVC1600 and GVC2000 resulted from the heat treatment, 

leading to the loss of sufficient interparticle distance for electrocatalytic reactions [1].  

Regarding to their durability, Pt/GVC1600 showed highest durability and retention 

of ECA, 70.4%, which was almost twice better than that of Pt/VC. On the other hand, 

Pt/GVC2000 showed retention of ECA, 40.2%, which was almost the same as that of 

Pt/VC, even though GVC2000 had highest graphitization degree as mentioned in chapter 

3. This is probably because the interaction between the platinum nanoparticles and the 

carbon support became weakened at the same time. Platinum agglomeration and 

detachment were easily happened in such cases, leading to the decrease in ECA values 

and also % retention of ECA. Pt/GVC1100 showed retention of ECA, 40.0%, which was 

almost the same as that of Pt/VC. This result can be easily explained from the results of 

material properties after the heat treatment at 1100 °C in chapter 3, which were not much 

changed from the original Pt/VC.  

In case of Pt/VC and Pt/GVC1100, they sometimes detached from the electrode 

surface owing to their degradation during the potential cycle test. In such cases the % 

retention of ECA became much lower like 10-20 % as shown in Figures 4.6 and 4.7.  

 
Figure 4.6 Change in ECA during the potential cycle test for Pt/VC including the case that 

detachment of Pt/VC from the electrode has occured. 
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Figure 4.7 Change in ECA during the potential cycle test for Pt/GVC1100 including the case that 

detachment of Pt/GVC1100 from the electrode has occured. 

4.1.3  Change in Linear Sweep Voltammograms for ORR During the 

Potential Cycle Test 

ORR measurements were also performed before and after 10000, 30000, and 60000 

potential cycles. Figures 4.8, 4.9, 4.10 and 4.11 show the linear sweep voltammograms 

under the rotation of 1600 rpm at 25 °C for Pt/VC, Pt/GVC1100, Pt/GVC1600, and 

Pt/GVC2000 electrocatalyst, respectively.  

Similar to the decline of their hydrogen adsorption/desorption and PtOx 

formation/reduction peaks in cyclic voltammogram curves, in case of any samples, ORR 

was also lost at a certain degree during the potential cycle test. However, the rate of loss 

was different. By comparing with Figures 4.8, 4.9, 4.10 and 4.11, Pt/GVC1600 (Fig. 

4.10) clearly showed the smallest decrease in ORR during the potential cycle test among 

other Pt/Vulcan group electrocatalysts.  
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Figure 4.8 Linear sweep voltammograms of Pt/VC after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.9 Linear sweep voltammograms of Pt/GVC1100 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.10 Linear sweep voltammograms of Pt/GVC1600 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.11 Linear sweep voltammograms of Pt/GVC2000 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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4.1.4  Change in Mass Activity for ORR During the Potential Cycle Test 

In order to quantitatively analyze the change in ORR activity, mass activity at 0.90 

V was calculated. Based on ORR measurements at different rotational speeds (400, 900, 

1600, and 2500 rpm), Koutecky-Levich plots were plotted and shown in Figure 4.12, 

4.13, 4.14, and 4.15 for Pt/VC, Pt/GVC1100, Pt/GVC1600, and Pt/GVC2000, 

respectively. The value of ik was determined from the y-value when x = 0. Then, using ik, 

mass activity was calculated and plotted in Figure 4.16. 

For Pt/Vulcan group electrocatalysts, the similar durability trend of mass activity to 

ECA was observed. Pt/GVC1600 showed highest mass activity throughout the potential 

cycle test. The 58% of mass activity was retained even after 60000 cycles, in comparison 

to only 33% for Pt/VC. The improvement of durability on ORR for Pt/GVC1600 is 

attributable to the high retention of ECA caused by graphitized carbon surface and 

sufficient interaction between platinum particles and carbon at the same time. 
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Figure 4.12 Koutecky-Levich plot (at 0.90 V) of Pt/VC after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. 
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Figure 4.13 Koutecky-Levich plot (at 0.90 V) of Pt/GVC1100 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.14 Koutecky-Levich plot (at 0.90 V) of Pt/GVC1600 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.15 Koutecky-Levich plot (at 0.90 V) of Pt/GVC2000 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.16 Change in ORR mass activity of Pt/VC, Pt/GVC1100, Pt/GVC1600, and Pt/GVC2000 

after 0, 10000, 30000, 60000 cycles of the potential cycle test.  



 

61 

Kyushu 
University 

Investigation of Fundamental Degradation Mechanism toward Developing Highly Durable Electrocatalysts for PEFC 

 Chapter 4 Electrochemical Characterization of Pt/C Electrocatalysts 

4.2  Electrochemical Evaluation of Pt/Ketjen Black Group 

Electrocatalysts at 25 °C 

4.2.1  Change in Cyclic Voltammograms During the Potential Cycle 

Test 

Cyclic voltammograms before and after the potential cycles (10000, 30000, 60000 

cycles) for Pt/KB, Pt/GKB1100, Pt/GKB1600, and Pt/GKB2000 are shown in Figure 

4.17, 4.18, 4.19, and 4.20, respectively.  

Similar to the Pt/Vulcan group, Pt/Ketjen Black group electrocatalysts had a 

tendency to lose their hydrogen adsorption/desorption and PtOx formation/reduction 

peaks after the potential cycle test, but the decreasing rate was different. Also, the peak 

derived from carbon surface oxidation was rather clearly grown around 0.6 V for the 

Pt/Ketjen Black group electrocatalysts after the potential cycles. This is probably due to 

the rough surface of Ketjen Black, leading to high specific surface area. Such a peak was 

suppressed by heat treatment, which is reasonable for the sample with more graphitized 

oxidation resistance surface. 
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Figure 4.17 Cyclic voltammograms of Pt/KB after 0, 10000, 30000, 60000 cycles of the potential 

cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with the scan 

rate of 50 mV/s. 
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Figure 4.18 Cyclic voltammograms of Pt/GKB1100 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 
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Figure 4.19 Cyclic voltammograms of Pt/GKB1600 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 
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Figure 4.20 Cyclic voltammograms of Pt/GKB2000 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in N2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 50 mV/s. 

4.2.2  Change in ECA During the Potential Cycle Test 

ECAs of these four Pt/C electrocatalysts were then calculated from cyclic 

voltammogram curves based on the charge associated with hydrogen desorption on 

platinum. Change in ECA against the number of potential cycle was plotted in Figure 

4.21. Initial ECA, maximum ECA, ECA after 60000 cycles, and % retention of ECA 

(ECAafter-60k-cycles / ECAmax) were also calculated and listed in Table 4.2. The % retention 

of ECA for the Pt/Ketjen Black group electrocatalysts was confirmed by testing two to 

three samples for each Pt/C electrocatalyst, and the differences among test remained 

within a few percent. 

As indicated in Figure 4.21, both Pt/GKB1600 and Pt/GKB2000 showed an increase 

in ECA after the initial several hundred cycles, probably owing to the produced clean 

platinum surface during the potential cycles. Again, even with similar platinum particle 

size among the Pt/Ketjen Black group (Table 3.4), relatively low ECAmax values of 

Pt/GKB1600 and Pt/GKB2000 (Table 4.2) were observed owing to the increased 

aggregation of platinum particles on the smoothened carbon surface, leading to the loss 
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of sufficient interparticle distance for electrocatalytic reactions. 
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Figure 4.21 Change in ECA during the potential cycle tests for Pt/KB, Pt/GKB1100, Pt/GKB1600, 

and Pt/GKB2000.  

Regarding to durability, Pt/GKB1600 showed the highest retention of ECA (46.8%) 

after the potential cycle test. In comparison to Pt/KB, the % retention of ECA was very 

much improved from 2.1% to 46.8%. Pt/KB and Pt/GKB1100 showed almost the same 

durability. Pt/GKB2000 showed lower durability than Pt/GKB1600 even with increased 

graphitization degree of GKB2000. Similar reasons to the Pt/Vulcan group, which 

already discussed in section 4.1.2, can be expected for the Pt/Ketjen Black group.  

Table 4.2 ECAs of Pt/Ketjen Black group electrocatalysts. 

Pt/C 
electrocatalyst 

Initial ECA 
(m2g-1) 

Max. ECA 
(m2g-1) 

ECA after 60000 
cycles (m2g-1) 

Retention 
of ECA (%) 

Pt/KB 77.0 77.0 1.6 2.1 

Pt/GKB1100 88.7 88.7 1.6 1.8 

Pt/GKB1600 63.0 70.8 33.1 46.8 

Pt/GKB2000 41.2 56.3 20.0 35.5 

Comparing to the Pt/Vulcan group electrocatalysts, Pt/Ketjen Black group showed 

lowering in durability. This can be explained by the difference of nanostructure between 

Vulcan and Ketjen Black. BET surface areas for Vulcan and Ketjen Black were very 
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much different like 225 m2 g-1 and 1280 m2 g-1 (Table 3.1), respectively, owing to a lot 

more amorphous structure of Ketjen Black. Therefore, Ketjen Black is easily expected to 

have low oxidation resistivity under a high potential, which is also reported previously 

[2].  

4.2.3  Change in Linear Sweep Voltammograms for ORR During the 

Potential Cycle Test 

ORR measurements were also performed before and after 10000, 30000, and 60000 

potential cycles. Figure 4.22, 4.23, 4.24 and 4.25 show the linear sweep voltammograms 

under the rotation of 1600 rpm at 25 °C for Pt/KB, Pt/GKB1100, Pt/GKB1600, and 

Pt/GKB2000 electrocatalyst, respectively.  

ORR was lost at a certain degree during the potential cycle test, and the rate of loss 

was different. Pt/GKB1600 (Fig. 4.24) showed the smallest decrease in ORR during the 

potential cycle test among Pt/Ketjen Black group electrocatalysts. 
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Figure 4.22 Linear sweep voltammograms of Pt/KB after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.23 Linear sweep voltammograms of Pt/GKB1100 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.24 Linear sweep voltammograms of Pt/GKB1600 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 
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Figure 4.25 Linear sweep voltammograms of Pt/GKB2000 after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. Measurements were recorded in O2 saturated 0.1 M HClO4 solution at 25 °C with 

the scan rate of 10 mV/s and the rotation of 1600 rpm. 

4.2.4  Change in Mass Activity for ORR During the Potential Cycle Test 

Mass activity at 0.90 V was calculated for the quantitative analysis of ORR. Based 

on ORR measurements at different rotational speeds (400, 900, 1600, and 2500 rpm), 

Koutecky-Levich plots were plotted and shown in Figure 4.26, 4.27 4.28 and 4.29 for 

Pt/KB, Pt/GKB1100, Pt/GKB1600, and Pt/GKB2000, respectively. The value of ik was 

determined from the y-value when x = 0. Then, using ik, mass activity was calculated and 

plotted in Figure 4.30. 

Mass activity of Pt/GKB1600 was the highest throughout the potential cycle test 

except for the initial activity. This is probably due to the fact that the surface of platinum 

was not clean enough at the initial stage, leading to lowering ORR activity, and rather 

clean surface appeared after 10000 cycles, resulting in increasing ORR activity. 

Regarding to ORR of Pt/KB, Pt/GKB1100, and Pt/GKB2000, the differences among 

these three samples were not well pronounced in comparison to the differences in ECAs. 

Consequently, evaluation of ECA by itself is not sufficient enough for studying the 

durability, and other exploration by ORR and TEM, which will be introduced in chapter 

6, is necessary. 
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Figure 4.26 Koutecky-Levich plot (at 0.90 V) of Pt/KB after 0, 10000, 30000, 60000 cycles of the 

potential cycle test. 
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Figure 4.27 Koutecky-Levich plot (at 0.90 V) of Pt/GKB1100 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.28 Koutecky-Levich plot (at 0.90 V) of Pt/GKB1600 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.29 Koutecky-Levich plot (at 0.90 V) of Pt/GKB2000 after 0, 10000, 30000, 60000 cycles of 

the potential cycle test. 
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Figure 4.30 Change in ORR mass activity of Pt/KB, Pt/GKB1100, Pt/GKB1600, and Pt/GKB2000 

after 0, 10000, 30000, 60000 cycles of the potential cycle test.  

4.3  Electrochemical Evaluation of Selected Pt/C Electrocatalysts at 

60 °C 

Even though the evaluation using a solution half-cell method at room temperature is 

convenient to study electrocatalytic activity of materials, in reality the operation 

temperature of PEFC is near 100 °C. It is known that carbon corrosion and performance 

degradation have strong correlation with operating temperature [3-4]. Therefore, the 

selected Pt/C electrocatalysts were evaluated at higher temperature, such as 60 °C. 

In this study, Pt/GVC1600 and Pt/GKB1600, which had highest durability under the 

evaluation at 25 °C, were selected for further evaluation at 60 °C together with Pt/VC 

and Pt/KB. ECA change of these four Pt/C electrocatalysts against the number of 

potential cycle was plotted in Figure 4.31.  

For quantitative comparison, initial ECA and ECA after 10000 and 30000 cycles 

with corresponding % retention, ECAafter-10k-cycles / ECAini and ECAafter-30k-cycles / ECAini, 

are listed in Table 4.3. 
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4.4  Conclusions 

In this chapter, the effect of carbon nanostructure including graphitization degree 

toward durability has been evaluated using the potential cycle protocol. As a result, both 

Pt/GVC1600 and Pt/GKB1600 showed the highest ECA retention and ORR activity after 

the potential cycle test among Pt/Vulcan and Pt/Ketjen Black group electrocatalysts, 

respectively. Here, the importance of carbon nanostructure including graphitization 

degree for the durability has clearly been demonstrated. Comparing to Vulcan and Ketjen 

Black, Vulcan showed higher durability than Ketjen Black, owing to much different 

nanostructures. In case of Ketjen Black, its amorphous structure with high specific 

surface area was more easily oxidized. Regarding to graphitization degree, as expected, 

higher graphitization degree lead to improving corrosion resistance, but at the same time 

resulted in increasing the mobility of platinum particles on carbon supports. 

Consequently, the optimum heat treatment condition with both high corrosion resistance 

and sufficient interaction between platinum particles and carbon support was found to be 

1600 °C, among 1100 °C, 1600 °C and 2000 °C.  
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Chapter 5  

Evaluation of MEAs 

During the evaluation of prepared Pt/C electrocatalysts using the half-cell method in 

chapter 4, we have found that an Pt/C electrocatalyst made by heat treatment of Vulcan 

carbon at 1600 °C, Pt/GVC1600, reveals much more improved durability than the any 

other Pt/C electrocatalysts. This result has further suggested us to characterize 

Pt/GVC1600 under an actual PEFC operational condition.  

In this chapter, membrane electrode assembles (MEAs) were developed with 

Pt/GVC1600 and also Pt/VC for the cathode and evaluated in terms of electrochemical 

activity and durability similar to the half-cell experiments in the previous chapter.  

5.1  Preparation of Catalyst Layers 

Sufficient amount of Nafion ionomer is essential within the catalyst layers of MEAs 

to produce high performance. Insufficient Nafion leads to suppress the proton transfer 

necessary for electrochemical reactions. On the other hand, too much Nafion may block 

the mass transfer for both gas and water.  

Previously reported studies on the optimization of Nafion content in MEAs have 

suggested that the optimized Nafion content depends on the MEA fabrication parameters 

(platinum weight percent against carbon support, platinum loading amount on catalyst 

layer, and solvent used for electrocatalyst slurry) and techniques used in MEA 

preparation [1-5]. The optimum Nafion content reported by various researchers is 

summarized in Table 5.1. Therefore, in this study, the sufficient amount of Nafion 

content was also evaluated for both anode and cathode catalyst layers. 
 

 

 

 

 

This chapter has been submitted to Zhao et al., ECS Trans. 2013 Vol.58. 
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Table 5.1 Summary of optimized Nafion content reported by various researchers. 

No. Pt / (Pt + C) 
(wt%) 

Pt loading  
(mg cm-2) 

Optimum Nafion / 
(Nafion + Pt + C) (wt%) Reference 

1 25 0.5 33 Uchida [1] 

2 20 0.2 40 Antolini [2] 

3 20 0.1 33 Passalacqua[3] 

4 45.5 0.4 25 (anode)/30 (cathode) Kun-Ho Kim [4] 

5 10 0.4 30 - 35 Paganin [5] 

5.1.1  Evaluation of Sufficient Nafion Amount for the A node Catalyst 

Layer 

For the anode, a commericial electrocatalyst, TEC10E50E (Platinum loading of 

46.2%), was used. On consideration of the Nafion content suggested by others (Table 

5.1), Nafion content was controlled to 28, 30, and 33% against the total content (Nafion 

+ Pt + C). Cathode layer was made by exactly the same way as the anode. I-V 

characteristics of resulting MEA are shown in Figure 5.1.  
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Figure 5.1 I-V characteristics of MEA with different Nafion contents for both anode and cathode with 

a standard electrocatalyst, TEC10E50E. Platinum loading was kept to 0.3 mg cm-2 in all the cases. 

Measurements were done at the cell temperature of 80 °C under the flow of 100% humidified H2 and 

air into the anode and the cathode, respectively, with a constant flow rate of 100 cc min-1.  
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In the case that 30% Nafion was used, the I-V characteristics were the best 

throughout the tested current range. Therefore, the Nafion content for the anode catalyst 

layer was kept to 30% throughout this study. 

5.1.2  Evaluation of Sufficient Nafion Amount for the Cathode Catalyst 

Layer with Pt/VC 

Considering the relatively small BET surface area of Vulcan, Nafion content for 

Pt/VC cathode layer was controlled to 30% or lower (24% and 16%) against the total 

content (Nafion + Pt + C). I-V characteristics of resulting MEA are shown in Figure 5.2. 
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Figure 5.2 I-V characteristics of MEA with different Nafion contents for the cathode catalyst layer 

with Pt/VC. Platinum loading was kept to 0.3 mg cm-2 in all the cases. Measurements were done at the 

cell temperature of 80 °C under the flow of 100% humidified H2 and air into the anode and the 

cathode, respectively, with a constant flow rate of 100 cc min-1. 

As seen in Figure 5.2, the Nafion content of both 30 and 24% resulted in the similar 

I-V curve above 0.6 V. However, below 0.6 V the current decreased when the Nafion 

content of 30% was used. 

Further, cross-sectional SEM observation was performed for cathode catalyst layer 

with different Nafion contents, and the SEM micrographs are shown in Figure 5.3.  
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Figure 5.3 SEM images of cross section of MEA (a) and Pt/VC cathode catalyst layers with different 

Nafion contents (30% (b), 24% (c), and 16% (d)). 

Figure 5.3a shows a cross-sectional SEM image of MEA, in which three layers are 

composed of anode catalyst layer, Nafion membrane, and cathode catalyst layer, 

sandwiched by the gas diffusion layers (GDLs). In Figure 5.3c and 5.3d, the 

well-developed porous structure of cathode catalyst layers was identified. However, 

comparing to these two figures, Figure 5.3b showed that some of gas channels were 

rather covered by excess Nafion, resulting in a less porous structure. This is a possible 

reason for reduced current below 0.6 V with 30% Nafion. Consequently, Nafion content 

for Pt/VC cathode catalyst layer was kept to 24% throughout this study. 

5.1.3  Evaluation of Sufficient Nafion Amount for the Cathode Catalyst 

Layer with Pt/GVC1600 

Since the specific surface area of GVC1600 was reduced by the heat treatment, the 

Nafion content for Pt/GVC1600 cathode catalyst layer was controlled to 24% or lower 

like 20%. I-V characteristics of resulting MEA are shown in Figure 5.4. Cross-sectional 
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SEM observation of cathode catalyst layers was also performed, and resulting SEM 

images are shown in Figure 5.5. 
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Figure 5.4 I-V characteristics of MEA with different Nafion contents for the cathode catalyst layer 

with Pt/GVC1600. Platinum loading was kept to 0.3 mg cm-2 in all the cases. Measurements were 

done at the cell temperature of 80 °C under the flow of 100% humidified H2 and air into the anode 

and the cathode, respectively, with a constant flow rate of 100 cc min-1. 

   

Figure 5.5 SEM images of Pt/GVC1600 cathode catalyst layers with different Nafion contents (24% 

(a), and 20% (b)). 

Both I-V characteristics (Figure 5.4) and SEM images (Figure 5.5) did not show 

much difference between 24% and 20% of the Nafion content. Therefore, in this study, 

Nafion content in the Pt/GVC1600 cathode catalyst layer was rather kept to 24% as the 

same as in Pt/VC cathode. 
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5.2  Electrochemical Evaluation of MEAs 

MEAs were prepared with TEC10E50E as an anode and with Pt/VC or Pt/GVC1600 

as a cathode. The amount of Nafion in the catalyst layer was kept to be 30% and 24% for 

the anode and the cathode, respectively. Then, I-V performance and durability of MEAs 

were examined.  

5.2.1  I -V Characteristics 

I-V characteristics of MEAs with Pt/VC and Pt/GVC1600 cathode catalyst layers 

are shown in Figure 5.6. Their I-V curves were very similar to each other, which can be 

expected from the comparable initial mass activities for ORR as already shown in Figure 

4.16.  
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Figure 5.6 I-V characteristics of MEA with Pt/VC (blue) and Pt/GVC1600 (red) for the cathode. 

Platinum loading was kept to 0.3 mg cm-2 in all the cases. Measurements were done at the cell 

temperature of 80 °C under the flow of 100% humidified H2 and air into the anode and the cathode, 

respectively, with a constant flow rate of 100 cc min-1. 

For further comparison, ohmic resistance of the cell, the anode, and the cathode was 

separated through a current interrupt technique, and the results are listed in Table 5.2.  
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Figure 5.8 Change in I-V characteristics during the potential cycling between 1.0 and 1.5 V vs. RHE 

for MEA with Pt/GVC1600. Platinum loading was kept to 0.3 mg cm-2 in all the cases. I-V 

measurements were done at the cell temperature of 80 °C under the flow of 100% humidified H2 and 

air into the anode and the cathode, respectively, with a constant flow rate of 100 cc min-1. 

MEA with Pt/VC lost most of its initial I-V performance after 5,000 potential cycles 

as shown in Figure 5.7. On the other hand, MEA with Pt/GVC1600 much more gradually 

lost its initial performance as shown in Figure 5.8. In order to compare the durability 

between two samples more quantitatively, cell voltages of Pt/VC and Pt/GVC1600 at 0.2 

A cm-2 are listed in Table 5.3.  

Table 5.3 Changes in cell voltage of MEAs with Pt/VC and Pt/GVC1600 during the potential cycle 

test. 

 Pt/VC Pt/GVC1600 

 Ecell @  
0.2 A/cm2, V 

Retention 
of Ecell (%)  

Ecell @  
0.2 A/cm2, V 

Retention 
of Ecell (%)  

0 cycle 0.678 -- 0.696 -- 

5000 cycles 0.309 45.6 0.602 86.5 

10000 cycles -- -- 0.499 71.7 

Regarding to cell voltages after 5,000 cycles, the cell voltage of MEA with 

Pt/GVC1600, 0.602 V, was significantly higher than that of MEA with Pt/VC, 0.309 V. 
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Even after 10,000 potential cycles, the resulting cell voltage of Pt/GVC1600 was 0.499 V, 

and 71.7% of the initial cell voltage was retained. These consequences have agreed with 

the results obtained from the half-cell evaluation in the previous study. Graphitized 

surface certainly increased the durability. However, degradation rate was much larger for 

MEA analyses. The main reasons for faster degradation come from the operation at 

different temperatures, 25 °C for the half-cell tests and 80 °C for the full-cell tests. 

Increase in degradation rate at an elevated temperature was also observed in our half-cell 

study. 

In order to compare with the report by others [6], the retention of current density at 

0.85 V and evaluated condition are summarized in Table 5.4. Although MEA with our 

electrocatalyst shows lower retention of current density without heat treatment, similar 

retention is observed with graphitized carbon. The resulting difference is probably owing 

to different conditions for potential cycle test and also different carbon sources used in 

each study. Consequently, similar improvement has been observed even though the 

evaluated conditions are slightly different. Therefore, our results are reasonable, and so 

MEA with improved durability has successfully been achieved with the appropriate heat 

treatment. 

Table 5.4 Comparison of MEA performance with other studies.  

Cathode 
electrocatalysts 

j 0.85 V (A/cm2) Retention of 
j 0.85 V (%)  

Conditions for potential 
cycle test Initial  After  

c-Pt/CB* 0.0441 0.0098 22.2 65 °C, 0.9-1.3 V, 3000 cycles 

c-Pt/GCB* 0.0291 0.0177 60.8 65 °C, 0.9-1.3 V, 10000 cycles 

Pt/VC 0.0070 0.0002** 3.0** 80 °C, 1.0-1.5 V, 5000 cycles 

Pt/GVC1600 0.0108 0.0069 63.9 80 °C, 1.0-1.5 V, 10000 cycles 

*  The values for these electrocatalysts were obtained from ref [6].  

** Current density at 0.84 V was in use. 

5.3  Conclusions 

In this chapter, sufficient amount of Nafion in the anode and the cathode layer was 

examined. In our study, 30% and 24% as the Nafion content were determined as 

appropriate amount for the anode and the cathode, respectively.  
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With the sufficient Nafion content, MEAs were developed using TEC10E50E for 

the anode and Pt/VC or Pt/GVC1600 for the cathode. Then, I-V characteristics and 

durability of MEAs were evaluated. Although the initial performance was almost the 

same for MEAs with Pt/VC and Pt/GVC1600, regarding to durability, Pt/GVC1600 

showed much more improvement than Pt/VC. Results from MEA evaluation have 

demonstrated that heat treatment of carbon supports at an optimum temperature leads to 

increase in durability even under the actual PEFC operational condition.  
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