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technology in the field of ionic liquid or molten salt and fuel cell catalyst. 
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General Introduction 

 

The fuel cell, which is a kind of energy conversion devices, generates electric energy from 

appropriate chemical fuels, such as hydrogen, alcohols, and hydrazine with higher conversion 

efficiencies than those for the respective burning reactions. In particular, the hydrogen-oxygen 

fuel cell, which emits water alone, has attracted much attention because of its high applicability 

to a clean energy source in place of the internal-combustion engine. The polymer electrolyte 

fuel cell (PEFC) that has several advantages including high power density, low-operating 

temperatures, high start-up performance, and compactness[1-5] is invented by BALLARD Inc. 

in 1994 in order to mount it in automobiles driven by electric motors. After years of 

development research done all over the world, Toyota Motor Company put a PEFC sedan, 

"Mirai", on the market in 2014. 

However, the current fuel cells driven in ambient temperature possess inherent drawback 

that is a requirement of expensive Pt-based electrocatalysts for enhancing the cathodic oxygen 

reduction reaction (ORR) because the ORR at a positive electrode is considerably slow 

compared to electrochemical oxidation of fuels at a negative electrode.[1-5] In addition, there is 

a mortal drawback that is relatively low durability of Pt catalyst. The Pt catalyst is composed 

of Pt nanoparticles deposited on a carbon black grains, the latter of which serve electron and 

gas paths when an electrode is fabricated using the Pt catalysts with an appropriate binder 

material.[1-5] When a fuel cell is operated, the electrode potential of a positive electrode, on 

which the ORR occurs, becomes around 0.9 V vs. NHE. However, large change in load due to 

sudden acceleration and harsh braking sometimes makes the electrode potential shift to 1.0 V 

vs. NHE or higher that is positive enough to cause oxidative degradation of the carbon 

supporter.[6-13] Unfortunately Pt is also a good catalyst toward the degradation reactions such 

as conversion of carbon to carbon dioxide.[11-14] Consequently, Pt nanoparticles that lose their 



2 

supporter aggregate and disperse in water generated in the PEFC, resulting in performance 

loss.[6-14] In other words, the PEFC vehicles run while throwing away valuable Pt metal 

particles on the ground. Accordingly, it is a high-priority issue to develop ways to prevent the 

degradation of the carbon supporter for realizing the anticipated future market expansion. As 

aforementioned, the degradation reaction is catalyzed by Pt, implying that the Pt nanoparticles 

directly contacting to the carbon supporter work well. So far, several approaches have been 

proposed to improve the Pt catalyst durability[15-27], such as the use of sp2-carbon materials 

(carbon nanotubes[15-17] and graphene[18-20]), SiO2 coating on the carbon supports,[21] and non-

carbon support materials.[22-24] Although these approaches have been effective in reducing the 

degradation in varying degrees, further developments would be required because of the high 

costs, complex preparation procedures, and insufficient electrode performances resulting from 

the those approaches. Hence, development of an effective means to provide high durability to 

the Pt catalysts with keeping their high catalytic activities is a challenging subject. 

Room-temperature ionic liquids (IL) is a liquid salt consisting entirely of cations and 

anions at room temperature and is a subset of a molten salt. The unique features of IL, such as 

negligible vapor pressure, wide electrochemical window, good thermal stability, and antistatic 

properties, have led to many proposed applications thus far.[28-37] Among such features, the 

research group I belong to focused on the extremely low vapor pressure, which enables one to 

put the liquid even in vacuum condition. There are many kinds of instruments that require 

vacuum condition in their sample chambers. It is strictly forbidden to introduce any 

conventional molecular liquid into these vacuum equipments because of contamination due to 

liquid vaporization. Since the research group noticed that IL can be put in the vacuum chamber, 

they began to subject ILs to analysis and process with several vacuum instruments.[38-41] 

One of the techniques they developed is a metal nanoparticles preparation method named 

“IL-sputtering method”.[41-59] Because of IL’s non-volatility, metal sputtering onto IL surface 

is possible under reduced pressure, giving metal nanoparticles suspended in the IL. In the case 
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of noble metal nanoparticles, stabilization effect by IL prevent aggregation of the nanoparticles 

for a long time.[41-43,60-64] When nanoparticles of metals that are susceptible to oxidation like 

copper and indium are prepared and the resulting metal nanoparticle-suspended IL is left in air, 

oxidation of the nanoparticles without aggregation, giving metal oxide nanoparticles dispersed 

in IL.[49,50] Sputtering onto IL using arrayed two kinds of metal as a target produces alloy 

nanoparticles.[44,47,53,54] By this way, Pt nanoparticles were prepared by Pt sputtering onto IL, 

and it was found that agitating the resulting IL with various carbon supports, e.g., carbon 

nanotubes and carbon black, under heating condition induced immobilization of Pt 

nanoparticles on the surfaces of the carbon materials. The prepared Pt nanoparticles deposited 

on the carbon (Pt/C) were found to exhibit favorable electrocatalytic activity toward 

ORR.[48,56,59] Notably the prepared Pt/C catalyst possessed higher durability than commercially 

available Pt/C catalyst when they were examined by the standard degradation test 

recommended by the Fuel Cell Commercialization Conference of Japan (FCCJ).[59] Based on 

several analyses of the sample, it was concluded that the thin IL layer existing as a paste 

between the Pt nanoparticles and carbon support  prevented direct contact of Pt with carbon 

support and consequently suppressed the carbon support corrosion.[59] This is quite desirable 

feature but the presence of the insulating IL layer between the Pt nanoparticle and carbon 

support might retard charge transfer, resulting in the initial electrocatalytic activity that was 

lower than that of the commercial available catalyst. 

 

The present work 

 

The final goal of this thesis is enhancement of the electrochemical activity of the Pt/C 

catalyst prepared by the IL-sputtering method with no loss of the durability currently obtained. 

The simplest idea would be formation of electronic conducting paths in the IL layer between a 

Pt nanoparticle and a carbon support. As explained later in detail, I expected greatly use of the 
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protic molten salt (PMS) as a medium, on which Pt sputtering was conducted. With utilization 

of proton conduction of the protic molten salt, Watanabe, et al, succeeded fabrication of a fuel 

cell system with PMS alone as an electrolyte.[65,66] On the other hand, heat decomposition of 

PMS was found to result in carbonization with high yield.[67,68] Based on the functions of PMS 

newly focused, I started my research work aiming at improvement of the electrocatalytic 

performance of Pt/C prepared by the IL-sputtering method. 

 

  This thesis consists of three chapters as follows: 

Chapter 1 describes preparation of the Pt/C catalysts using PMS including heating process at 

1273 K with expectation of carbonization of the PMS existing between a Pt nanoparticle and a 

carbon supporter. The electrocatalytic activity and durability of the prepared Pt/C catalysts 

were compared to know effect of PMS on the Pt/C performance.  

 

Chapter 2 describes the effect of PMS on the electrocatalytic performance of the Pt/C catalysts 

prepared without the heating process. Interestingly, non-heated Pt catalyst prepared using PMS 

showed high durability as well as remarkable mass activity. The hypothesis was proposed that 

this improvement behavior was ascribed to formation of the conductive polymer through 

electrochemical oxidation of PMS between Pt and carbon. 

 

Chapter 3 describes verification of the hypothesis given in chapter 2. If the formation of 

conductive polymer by the electrochemical oxidation of PMS was a main reason why the 

electrocatalytic activity of the Pt/C was enhanced, addition of other monomers, oxidation of 

which gives a conducting polymer would work in place of the polymerizable PMS. Aniline, 

thiphene, and pyrrole were used for this purpose.   
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Chapter 1  

 

Effect of Protic Molten Salt on Electrocatalytic Performance 

of the Heated Pt/C Catalyst 

 

1-1. Introduction 

Protic molten salt (PMS) and protic ionic liquid (PIL) are salts easily synthesized by the 

simple stoichiometric neutralization of Brønsted acid and Brønsted base, and have active 

proton on the cation.[65-74] They are a cost-effective option and often show desirable 

physicochemical properties over commonly-used ILs. It has been studied to apply PIL as a fuel 

cell electrolyte under non-humidifying condition,[65,66,69] and as a stabilizer for the micelle[70,71] 

and the protein.[72,73] As other distinctive feature, it is known that PMS and PIL comprising 

sulfuric acid and amine are efficiently carbonized under an Ar atmosphere (Figure 1-1).[67,68] 

This unique feature of PMS and PIL is focused in this study. Specifically, by heating Pt/C 

catalysts prepared using PMS/PIL, it is expected that the carbonization of PMS and PIL reduce 

the charge transfer resistance between Pt and the carbon support, improving catalytic activity 

(Figure 1-2). I particularly focused on diphenyl ammonium hydrogen sulfate ([DPA][HSO4]), 

which shows high carbonaceous residue yield at 1273K, among the series of PMS. Because 

sputtering to prepare Pt nanoparticles requires liquid, Pt sputtering was performed using N,N-

diethyl-N-methylammonium hydrogen sulfate ([DEMA][HSO4]) which is PIL in the same 

Figure 1-1. Chemical structures and carbonaceous residue yield at 1273K of several 

ammonium hydrogen sulfate salts.[67] 

5.4 % 16.9 % 36.5% 46.0 %
Carbonaceous

residue yield at 1273K
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series, and [DPA][HSO4] is added to the Pt-sputtered [DEMA][HSO4] to prepare Pt/C catalyst. 

In chapter 1, the elecrtocatalytic activity and durability of the Pt/C catalysts prepared using 

PMS and PIL including heating process at 1273 K are compared. The effect of PMS on the 

Pt/C electocatalytic performance is discussed to improve electrocatalytic performance of Pt/C 

catalyst utilizing PMS/PIL carbonization process to take advantage of unique feature of 

PMS/PIL. 

 

1-2. Experimental section  

1-2-1. Materials 

N,N-diethyl-N-methylamine (99%), diphenylamine (98.5%) were obtained from Tokyo 

Chemical Industry Co., Ltd. Sulfuric acid (95%) were obtained from Wako Pure Chemicals 

Co., Ltd. 

 

1-2-2. Preparation of PMS and PIL 

The PMS, diphenylammonium hydrogen sulfate ([DPA][HSO4]), and PIL, N,N-diethyl-N-

methylammonium hydrogen sulfate ([DEMA][HSO4]), were synthesized by simple 

stoichiometric neutralization reactions between amines and sulfuric acid in organic or aqueous 

solutions, followed by solvent removal under vacuum.[67,68] 

 

Figure 1-2. Schematic illustration of variations in the Pt nanoparticle-supported carbon 

electrocatalyst prepared in IL after the heating process. 

Non-heated

Pt/C catalyst

Pt

Carbon support

Pt

Carbon support

1273 K×2h

under Ar flow Carbonized 

materials 
PMS + PIL

Heated 

Pt/C catalyst

e-e-
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[DPA][HSO4]: Diphenyl amine (13.51 g, >98wt%) dissolved in 40 mL of ethanol was 

gradually added into a dilute sulfuric acid solution (8.24 g, 95wt% in 60 mL of ethanol) under 

a N2 atmosphere in a round-bottom flask kept in an ice-water bath. The mixture was stirred for 

2 h at room temperature. Finally, the solvent was removed under vacuum using a rotary 

evaporator at 333 K. A white powder was obtained. 

[DEMA][HSO4]: Diethyl methyl amine (9.38 g, >98 wt%) dissolved in 40 mL of ultrapure 

water was gradually added into a dilute sulfuric acid solution (10.37 g, 95 wt% in 60 mL of 

ultrapure water) under a N2 atmosphere in a round-bottom flask kept in an ice-water bath. The 

mixture was stirred for 2 h at room temperature. Finally, the solvent was removed under 

vacuum using a rotary evaporator at 333 K. A clear, colorless liquid was obtained. 

 

1-2-3. Preparation of the heated Pt/C catalysts 

A piece of soda glass (2.5 cm × 2.5 cm) spread with [DEMA][HSO4] (0.4 mL) was placed in a 

Cressington 108 Auto/SE sputter coater. A polycrystalline Pt plate target (5.7 cm diameter, 

99.98%) was placed 4.5 cm above the glass plate. Sputter deposition of Pt onto [DEMA][HSO4] 

was conducted with a sputter current of 40 mA in a dry Ar (99.999%) atmosphere with a 

pressure not exceeding 7 ± 1 Pa. The magnetron sputtering was performed in direct current 

(DC) mode at room temperature (298 ± 2 K) for 30 min. Carbon black (1.5 mg, Cabot, Vulcan®-

XC72) was mixed and stirred with 1.2 mg of [DPA][HSO4] in a vial containing the Pt-sputtered 

[DEMA][HSO4] (0.4 mL) at 373 K for 20 min to obtain a monodispersed mixture. This mixture 

was agitated at 473 K for 2 h to support Pt nanoparticles on the carbon support, Vulcan®, 

washed with ethanol several times after the agitation process, and vacuum dried for 15 h to 

obtain catalyst 1. Catalyst 2 was prepared by agitating 0.4 mL of Pt-sputtered [DEMA][HSO4] 

and 1.5 mg of Vulcan® at 473 K for 2 h, and then, the mixture was washed with ultrapure water 

several times. A commercially available Pt-nanoparticle catalyst (TEC10V30E, Tanaka 

Kikinzoku Kogyo, catalyst 3) was employed for comparison. Catalysts 4, 5, and 6 were 
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prepared by heating catalysts 1, 2, and 3, respectively, at 1273 K for 2 h in a tube furnace under 

an Ar gas flow of 300 ml min-1 (Fig. 1-1). The rate of temperature increase was 10 K min-1. 

 

1-2-4. Characterization of the heated Pt/C catalysts 

The morphologies of all the catalysts used in this investigation were examined using a 

Hitachi H-7650 transmission electron microscope (TEM), and the morphology of carbonized 

PMS and PIL were observed by a Hitachi S-3400N scanning electron microscope (SEM). The 

mean particle size of Pt was determined by measuring the size of at least 100 particles in the 

TEM images and calculating the average. Platinum contents in the catalysts were analyzed by 

a Shimadzu ICPS-7510 inductively coupled plasma atomic emission spectrometer (ICP-AES). 

The crystal structure of the catalysts was identified by a Rigaku Ultima IV X-ray diffractometer. 

 

1-2-5. Electrochemical measurements 

The electrocatalytic activities of catatlyst 3-5 were examined with a Hokuto Denko HZ-

7000 potentiostat/galvanostat controlled with a laptop computer. The new electrocatalysts, 4 

and 5 were compared with a commercially available Pt/C catalyst, 3. The electrochemical 

experiments were conducted using a three-electrode cell at room temperature. A glassy carbon 

(GC) rotating disk electrode (surface area: 0.196 cm2, Pine Instruments) was used as the 

working electrode. The GC electrode was polished to a mirror finish with a slurry of 0.06 mm 

alumina and then rinsed with ultrapure water and dry ethanol before use. The catalyst ink was 

prepared by ultrasonically dispersing 1.48 mg of the Pt catalyst in 2-propanol (1.0 mL) for 5 

min. The ink (10 L) was uniformly spread onto the GC electrode, and the solvent was slowly 

evaporated in air. Then, the GC disk was covered with 10 L of a Nafion® solution (0.1 wt%) 

diluted with 2-propanol to fix the catalyst on the GC disk. The obtained working electrode was 

set in a Pine Instruments AFMSRCE electrode rotator for the measurements. Platinum mesh 

was used as the counter electrode, and a Ag/AgCl double-junction electrode immersed in 
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saturated KCl (aq) was used as the reference electrode. An aqueous solution of 0.1 M HClO4 

was used as the electrolyte. All potential values in this study are referenced to the reversible 

hydrogen electrode (RHE). Before the electrocatalytic activity measurements, the working 

electrode was electrochemically cleaned by 40–100 potential sweeps between 0.05 and 1.20 V 

(vs. RHE) at a scan rate of 50 mV s-1 under a N2 atmosphere until the cyclic voltammograms 

were stabilize. The electrochemical surface area (ECSA) of the Pt nanoparticles was 

determined by the Columbic charge for hydrogen adsorption or desorption in the cyclic 

voltammogram under N2 after subtracting the double-layer charge current. The ECSA value 

was calculated from the following equation: 

ECSA =
𝑄H × 102

210 × 𝑀Pt 
          (1) 

where QH (C) is the amount of charge during hydrogen adsorption/desorption.[75] For 

comparison, the average value for the charge associated with hydrogen adsorption/desorption 

monolayer formation on smooth polycrystalline Pt is 210 C cm-2. MPt (g) is the Pt mass on 

the GC working electrode. The durabilities of the electrocatalysts were estimated by the 

standard degradation test recommended by the Fuel Cell Commercialization Conference of 

Japan (FCCJ).[76,77] This test overloads the cathode in a proton exchange membrane fuel cell 

system by potential sweeps between 1.0 and 1.5 V at 500 mV s-1. Carbon corrosion occurs 

easily under this condition, and therefore, the durability of the cathode catalyst can be 

electrochemically evaluated in a short time. To obtain additional insight into the deterioration 

behavior, the surface retention rate for the ECSA was estimated by the following equation:  

Surface retention rate for the ECSA (%) 

=
ECSA estimated at each cycle (m2 g−1)

initial ECSA (m2 g−1) 
          (2) 

The oxygen reduction reaction (ORR) measurements were performed in a 0.1 M HClO4 
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solution using the rotating disk electrode linear sweep voltammetry (RDE-LSV) in the anodic 

direction with a sweep rate of 10 mV s-1 and five different rotation speeds (200, 400, 800, 1200, 

and 1600 rpm) in an O2 atmosphere. ORR at the RDE is described by the Koutecký-Levich 

equation as follows:  

1

𝐼
=

1

𝐼𝑘
+

1

𝐵 𝜔1 2⁄
           (3) 

𝐵 = 0.62 𝑛 𝐹 𝐴 𝐶∗ 𝐷2 3⁄  𝑣−1 6⁄  𝜔1 2⁄  

where I is the experimentally measured current at 0.85 V, Ik is the kinetic current, is the 

electrode rotation rate, n is the electron-transfer number, F is the Faraday constant, A is the 

electrode surface area, C* is the O2 concentration in the electrolyte, D is the diffusion coefficient 

of O2 in the electrolyte, and v is the viscosity of the electrolyte. Ik was estimated from the 

intercept in the Koutecký-Levich plot (I-1 vs. -1/2). For each catalyst, the kinetic current was 

normalized to the Pt loading to obtain mass activities. The catalytic activity retention rate for 

the mass activity was obtained by an equation similar to equation (2): 

Catalytic activity retention rate for mass activity (%) 

=
mass activity estimated after 15,000 cycles (A g−1)

initial mass activity (A g−1)
          (4) 

 

1-3. Results and discussion 

1-3-1. Characterization of the heated Pt/C catalysts  

Photographs and SEM images of the [DPA][HSO4] PMS/[DEMA][HSO4] PIL mixture and 

neat [DEMA][HSO4] PIL carbonized at 1273 K are in Figure 1-3. For the PMS/PIL mixture, a 

self-standing carbon foam is obtained, and the carbonaceous residue yield was ca. 42.2 wt%. 
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In the case of the [DEMA][HSO4], only small amount of agglomerated small particles remains 

(carbonaceous residue yield: ca. 6.9 wt%). The carbonaceous residue yields are close to those 

reported by Watanabe et al.[67,68] These results suggest that structure and thickness of the carbon 

layer depend on the PMS and PIL species. In order to confirm the carbonization reaction on 

the Pt nanoparticle-supported carbon electrocatalysts prepared using the [DPA][HSO4] 

PMS/[DEMA][HSO4] PIL mixture, catalyst 1, or the [DEMA][HSO4] PIL, catalyst 2, the 

catalysts before and after the carbonization process were compared by means of TEM. As a 

reference, a commercially available electrocatalyst, 3, was also employed. Catalysts 4, 5, and 

6 were prepared by heat treatment of catalysts 1, 2, and 3, respectively, at 1273 K for 2 h. 

Figure1-4 shows TEM images of catalysts 1−6. After the heat treatment, the mean particle size 

of the Pt nanoparticles supported on the carbon black clearly increases (Table 1-1), but a 

homogeneous dispersion of the nanoparticles is maintained. The mean particle sizes for 4 and 

Figure 1-3. (a−c) Photographs and (d−h) SEM images of the carbonized PMS/PIL mixture 

and neat PIL. (a, d, g) external and (b, e) internal structures of the carbonized [DPA][HSO4] 

PMS/[DEMA][HSO4] PIL mixture (mixing weight ratio = 2 : 1), and (c, f, h) external 

structure of the carbonized neat [DEMA][HSO4] PIL. 

100 m1 cm

(a) external structure
(d) (g)

5 m

1 cm

(c)

5 m

(h)

100 m

(f)

200 m

(b) internal structure (e)

1 cm

[DPA][HSO4]/[DEMA][HSO4]

[DEMA][HSO4]
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5 were 6.1 and 6.3 nm, respectively. As for 6, the size is larger than these two catalysts (10.3 

nm), although their original sizes, ca. 2.5~2.8 nm, are quite similar. The moderate Pt 

nanoparticle aggregation observed on the 4 and 5 may be due to the thin IL layer on the catalysts. 

Indeed, high magnification TEM images of 1 and 2 show that a number of Pt nanoparticles are 

covered with the IL layer (Figure 1-4a,b (inset)). After the carbonization process, the 

Figure 1-4. TEM images of the Pt nanoparticle-supported carbon electrocatalysts. 

Electrocatalysts are (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, and (f) 6. (Insets) High-magnification 

TEM images of 1−6. 

 a1 was prepared using [DPA][HSO4] and [DEMA][HSO4]. 
b2 was prepared using 

[DEMA][HSO4]. 
cTEC10V30E. d4 was prepared by heating 1 at 1273 K. eCatalyst 5 was 

prepared by heating 2 at 1273 K. 

Table 1-1. Mean particle size and loading amount of Pt of the Pt/C catalysts. 

20 nm

(c)

20 nm

(a)

3 nm
20 nm

(b)

3 nm

20 nm

(d)

3 nm
20 nm

(e)

3 nm
20 nm

(f)

10 nm

3 nm



 

13 

nanoparticles were encapsulated by the carbonized PMS and PIL (Figure 1-4d,e), it is expected 

that the carbonized material structure depending on PMS and PIL species as shown in Figure 

1-3 covers the surface of Pt nanoparticles in Pt/C catalyst as shown in Figure1-5. This process 

yields both spherical and polyhedral shaped Pt nanoparticles. Similar morphology change was 

recognized, when commercially-available catalyst 3 was heated under the same condition 

(Figur 1-4c,f). It means that the PMS and PIL are not involved in the morphology change. As 

depicted in Figure 1-6, the XRD patterns indicate smaller half-value widths for the Pt metal on 

the 4−6 than original catalysts 1−3, since the Pt crystallite size increased via the heat treatment 

at 1273 K. On the other hand, no diffraction pattern derived from graphitic structure is observed 

in ones for the catalysts 4 and 5, suggesting that carbon materials in the catalysts have 

amorphous structure.[67] 

Carbon support

Pt

Carbonized

[DPA][HSO4]/

[DEMA][HSO4]

Carbon support

Pt
Carbonized

[DEMA][HSO4]

(a) (b)

Figure 1-5. Schematic illustration of variations in the heated Pt nanoparticle-supported 

carbon electrocatalyst prepared using (a) [DPA][HSO4]/[DEMA][HSO4] and (b) 

[DEMA][HSO4] after the heating process. 

Figure 1-6. XRD patterns of the Pt-nanoparticle-supported carbon electrocatalysts. 
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 1-3-2. Electrocatalytic performance and durability of the heated Pt/C catalysts 

Figure 1-7 indicates the cyclic voltammograms recorded at the electrodes with the 

electrocatalysts 3−5, in a N2-saturated 0.1 M HClO4 aqueous solution before and after the 

durability test. All the voltammograms show commonly observed electrochemical behaviors. 

That is, the redox waves for hydrogen adsorption/desorption and platinum oxidation/reduction 

appear at the potential ranges of ca. 0.10−0.35 V and ca. 0.80−1.20 V, respectively.[15-27] A pair 

of peaks observed at ca. 0.60 V are attributed to the redox reaction of quinone and 

hydroquinone moieties on the carbon materials.[78] However, at the electrodes with 4 and 5, the 

current densities for hydrogen adsorption/desorption at ca. 0.10−0.35 V are smaller than 

commercially available catalyst 3 due to the larger Pt nanoparticles. ECSAs of three catalysts 

were estimated from the hydrogen desorption peak observed in the voltammograms (see details 

Figure 1-7. Cyclic voltammograms recorded in a N2-saturated 0.1 M HClO4 aqueous 

solution (—) before and (- - -) after the potential cycling tests. Sweep rate is 10 mV s-1. 

Electrocatalysts are (a) 4, (b) 5, and (c) 3. 
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in the Experimental section), ECSAs before and after durability test and surface retention rates 

for ECSA are summarized in Table 1-2. Figure 1-8 plots ECSAs for 3−5 as functions of the 

cycle number. As expected from the voltammograms in Figure 1-7, the initial ECSAs for 4 and 

5 are very low, 11.4 and 10.3 m2 g-1, respectively (Table 1-2), but, during the durability test, 

their ECSAs are stable without significant change. The encapsulation of Pt nanoparticles by 

the carbonized PMS/PIL would relate to the high stability. These two catalysts exhibited 

exceptionally high surface retention rates of 112.2 and 129.0 %, respectively. Considering that 

the redox waves associated with the quinone-like structure, which come from carbon corrosion, 

become clearer after the durability test compared to other three catalysts,  probably the carbon 

corrosion of the carbonized PMS/PIL layer on the Pt nanoparticles during the cycle test made 

it possible to expose Pt surface to the aqueous solution directly and resulted in the increase in 

electrochemically active area. 

The ORR performance of 3−5 was examined by the RDE-LSV in an O2-sataurated 0.1 M 

HClO4 before and after the cycle test (Figure 1-9). Their mass activities and specific activities 

were calculated from the current density at 0.85 V and Pt loading. These data are summarized 

in Figure 1-10a and Table 1-2. The low initial ECSAs for 4 and 5 relate to insufficient initial 

mass activities. Surprisingly the mass activity for 4 improves after the 15,000-cycle test. It 

Figure 1-8. Variation in the ECSA as a function of cycle number. Electrocatalysts are (▲) 

3, (●) 4, and (●) 5. 
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should be attributable to the increase in O2 diffusion routes derived from the aforementioned 

carbon corrosion of the carbonized PMS/PIL during the durability test. The mass activitiy 

retention rate for 4 is much higher (245.9% at 15,000 cycle) than the other catalysts, and the 

mass activity remains virtually unchanged up to 45,000 cycles. Sufficient encapsulation of Pt 

nanoparticles by the carbonized [DPA][HSO4]/[DEMA][HSO4] plays a role in unexpected 

result. However, the mass activity of 5 functionalized by the carbonization process similar to 4 

slightly decreases after the cycle test, because, as described above, the insufficient carbon layer 

originating from [DEMA][HSO4] PIL is formed on the Pt nanoparticles. From the data given 

in Table 1-2, specific activity was also estimated (Figure 1-10b). The initial specific activity 

for 4 is comparable to commercially available catalyst 3. After the cycle test over more than 

Figure 1-9. Hydrodynamic voltammograms recorded at RDEs with different 

electrocatalysts (—) before and (- - -) after the durability test in an O2-saturated 0.1 M 

HClO4 at 1,600 rpm. The scan rate is 10 mV s-1. Electrocatalysts are (a) 4, (b) 5, (c) 3. 
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15,000 cycle, 4 exhibits the highest value among the 3−5, and the specific activity for 4 finally 

reaches 2.1 mA cm-2 after 45,000 cycles. These results, reveal that the carbonized layer formed 

by the [DPA][HSO4]/[DEMA][HSO4] mixture greatly enhances both catalytic durability and 

specific activity. 

Figure 1-10. Comparison of (a) the mass activities and (b) the specific activities 

recorded at 3–5 before and after the potential cycling tests. 
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Table 1-2. Summary of the Pt nanoparticle-supported carbon electrocatalysts discussed on catalytic activity in this chapter. 

1 Entry 2 PMS/PIL species 

ECSA  Mass activity  Specific activity 

Initial  

(m2 g-1) 

After 15,000 

cycle (m2 g-1) 

Surface retention 

rate (%) 

 Initial 

(A g-1) 

After 15,000 

cycle (A g-1) 

Catalytic activity 

retention rate (%) 

 Initial  

(mA cm-2) 

After 15,000 cycle 

(mA cm-2) 

4a 
[DPA][HSO4]/ 
[DEMA][HSO4] 

11.4 12.8 112.2 

 

63.5 156.1 245.9 
 

0.56 1.22 

5b [DEMA][HSO4] 10.3 13.3 129.0 

 

124.2 109.3 88.0 
 

1.20 0.82 

3c - 57.8 27.2 47.1 

 

264.4 144.6 54.7 
 

0.46 0.53 

a4 was prepared by heating 1 at 1273 K. b5 was prepared by heating 2 at 1273 K. c3 TEC10V30E. 

1
8
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1-4. Conclusions 

The carbonization of the [DPA][HSO4] PMS/[DEMA][HSO4] PIL mixture on the ORR 

electrocatalysts prepared using the Pt nanoparticle-monodispersed IL enables a high specific 

activity up to 2.1 mA cm-2 after the 45,000 cycle test because of the improvement of the charge 

transfer ability between Pt nanoparticles and carbon support by the formation of a fine 

carbonized PMS/PIL layer. Sufficient encapsulation of Pt nanoparticles on the carbon support 

is necessary to realize electrocatalysts with a long-term stability. But moderate carbon 

corrosion of the carbonized PMS/PIL layer on the Pt nanoparticles is effective for O2 diffusion 

routes, i.e., for obtaining a better catalytic property. The findings reported in this chapter offer 

helpful suggestions to functionalize the IL-based electrocatalysts for ORR. 
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Chapter 2  

 

Effect of Protic Molten Salt on Electrocatalytic Performance 

of the Non-heated Pt/C Catalyst 

 

2-1. Introduction 

In order to reduce Pt cost which is one of the biggest issue of ORR catalyst, numerous efforts 

to reduce Pt usage and to improve catalytic activity have been conducted by various 

approaches,[79-90] e.g., alloying Pt nanoparticle with transition metals,[79-83] crystallographic 

control of Pt nanoparticles,[84-87] utilization of ionic liquids (ILs) with high oxygen solubility,[88] 

and Pt surface modification by specific amine capping.[89,90] 

The Pt/C catalyst described in chapter 1 was heated to carbonize PMS/PIL in Pt/C catalyst. 

The heating of Pt/C with PMS catalyst drastically improves the specific activity, however on 

the other hand leaves a problem of enlarging Pt and consequently reducing the mass activity. 

In order to improve of mass activity for the heated Pt/C catalyst, it is necessary to suppress the 

aggregation of the Pt nanoparticles. As one way to solve that, the catalytic performance of the 

non-heated Pt/C catalyst prepared by adding [DPA][HSO4] to Pt-sputtered [DEMA][HSO4], 

catalyst 1, was examined. Interestingly it was found that 1 showed remarkable higher mass 

activity than the heated one and commercially available Pt-nanoparticle catalyst. Therefore, 

based on this result, the effect of PMS, [DPA][HSO4], on the electrocatalytic performance for 

the non-heated Pt/C catalyst was investigated and the hypothesis to improve electrocatalytic 

performance of non-heated Pt/C catalyst by PMS was proposed to disclose novel approach for 

the enhancement of catalytic activity. 
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2-2. Experimental section 

2-2-1. Preparation of the non-heated Pt/C catalysts 

The non-heated Pt/C catalyst, catalyst 1 prepared using [DPA][HSO4] and [DEMA][HSO4], 

[DPA][HSO4] free catalyst 2 shown in chapter 1 were prepared without heating process. 

Similarly, the Pt/C catalyst with commonly used IL, trimethylpropylammonium 

bis(trifluoromethanesulfonyl)amide ([N1,1,1,3][Tf2N]), was also prepared. [N1,1,1,3][Tf2N] were 

purchased from Kanto Chemical Co., Inc. and was purified before use with a method previously 

described in the literature.[91] Catalyst 7 was prepared by agitating 0.4 mL of Pt-sputtered 

[N1,1,1,3][Tf2N] and Vulcan® at 573 K for 2 h to support Pt nanoparticles on the carbon support, 

followed by washing with acetonitrile several times. Catalyst 8 was prepared by mixing 2.0 mg 

of TEC10V30E (Catalyst 3), 0.1 g of [DEMA][HSO4], and 0.3 g of [DPA][HSO4] at 473 K for 

2 h and then rinsing with ethanol several times. In this chapter, catalyst 1 and 2 were compared 

with a catalyst prepared with [N1,1,1,3][Tf2N], 7, which was reported in previous reserch,[59] as 

well as the commercially available catalyst TEC10V30E, 3. Additionally, TEC10V30E heat-

treated with a mixture of [DPA][HSO4] and [DEMA][HSO4], 8, was also examined. 

 

2-2-2. Characterization and electrochemical measurements 

Characterization and electrochemical measurement of the non-heated Pt/C catalyst were 

carried out in the same method as in chapter 1. 

 

2-3. Results and discussion 

2-3-1. Characterization of the non-heated Pt/C catalysts 

Figure 2-1 shows the TEM images and size distributions of the non-heated Pt/C catalysts 1, 

2, 3 and 7 used in this chapter. The size distributions of the nanoparticles were determined by 

measuring size of individual particles in the TEM images. For 1 and 2, the Pt nanoparticles 



 

22 

were homogeneously dispersed on the surfaces of carbon black, Vulcan®, displaying a mean 

particle size of ca. 2.5-3.0 nm with the narrow size distribution, which were slightly smaller 

than that of 7 (3.6 nm) and equivalent to that of 3 (2.6 nm). The Pt loading amount on catalysts 

1, 2 and 7 was ca. 23~24%, which was lower than that for 3 (ca. 26%). These data are 

summarized in Table 2 along with electrocatalytic properties that will be described later.  

Figure 2-1. TEM images of the non-heated Pt nanoparticle-supported carbon electro 

catalysts used in this chapter and their size distribution data: a) 1, b), 2, c) 7, and d) 3. 
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Table 2. Summary of the non-heated Pt nanoparticle-supported carbon electrocatalysts used in this chapter. 

 
 

Entry 
Used salt and IL 

species  

Mean 

particle 

size (nm) 

Pt loading 

amount  

(wt%) 

ECSA  Mass activity 
E1/2

a 

(mV) Initial 

(m
2 
g

-1
) 

Maximum  

(m
2 
g

-1
) 

After 15,000 

cycles (m
2 

g
-1

) 

Surface retention 

rate (%) 

 Initial 

(A g
-1

) 

After 15,000 

cycles (A g
-1

) 

Catalytic activity 

retention rate (%) 

1 
[DPA][HSO4] + 

[DEMA][HSO4]  
2.9 ± 0.5

b
 23.0 42.1 51.1 43.6 103.5 

 
436.1 498.1 114.2 - 6 

2 [DEMA][HSO4] 2.6 ± 0.5
b
 23.8 44.6 51.1 36.0 80.7 

 
255.2 224.5 88.0 8 

7 [N1,1,1,3][Tf2N] 3.6 ± 1.0
b
 23.2 45.8 49.3 36.6 79.9 

 
165.2 134.9 81.6 1 

3c - 2.6 ± 0.8
b
 26.2 51.3 51.3 15.5 30.2 

 
273.7 173.6 63.4 41 

8 

[DPA][HSO4] + 

[DEMA][HSO4] 

with 3 
2.8 ± 1.0

b
 22.1 38.4 38.4 18.3 47.7 

 

258.2 157.3 60.9 58 

a
 E1/2 shows the difference in the half-wave potential before and after the potential cycling test estimated from Figure 2-5. 

b
 The values in parentheses show the standard 

deviation.  c3 TEC10V30E. 

2
3
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2-3-2. Electrocatalytic performance and durability of the non-heated Pt/C 

catalyst 

Figure 2-2 shows the cyclic voltammograms recorded at electrocatalysts 1, 2, 3 and 7 in a 

N2-saturated 0.1 M HClO4 aqueous solution before and after a potential cycling test (15,000 

cycles) that simulates actual fuel cell operation. For all the catalysts, the redox waves for 

hydrogen adsorption/desorption and platinum oxidation/reduction appeared at the potential 

ranges of 0.10 ~ 0.35 V and 0.80 ~ 1.20 V, respectively. A pair of ill-defined peaks appeared at 

approximately 0.60 V due to the redox reaction of the quinone and hydroquinone moieties on 

the carbon support.[78] Furthermore, the Pt-oxide reduction peak potentials positively shifted 

Figure 2-2.  Cyclic voltammograms recorded at a) 1, b) 2, c) 7, and d) 3 in a N2-saturated 

0.1 M HClO4 aqueous solution before (——) and after (- - -) the durability tests. 
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after the cycling tests. This positive shift of the reduction peak is due to the weaker adsorption 

strength of the oxygen-containing chemical species on the metal surface, which is caused by 

an increased Pt particle size,[92] i.e., related to the binding strength of oxygen on the metal 

surface. ECSAs of all the catalysts were estimated from the hydrogen desorption peak observed 

in the voltammograms. The obtained values are given in Table 2. Compared to the 

commercially available catalyst 3, the other three catalysts prepared with ILs showed smaller 

initial ECSAs (Table 2) due to residual IL on the Pt nanoparticles meagerly preventing the 

adsorption of H atoms.[93,94] 

Changes in the ECSA during potential cycling tests have provided important insights into 

the durabilities of catalysts. Figure 2-3 shows the ECSA and the surface retention rate for the 

ECSA as a function of cycle number. While 3 had the highest initial ECSA of 51.3 m2 g-1, this 

value decreased rapidly to 15.5 m2 g-1 after 15,000 cycles (retention rate: 30.2%). In contrast, 

for catalysts 1, 2 and 7 prepared using ILs, their ESCAs increased during the initial several 

thousand cycles and gradually decreased after reaching maximum values. The anomalous 

increase in the ECSA is caused by the desorption of residual IL on the Pt nanoparticles during 

the potential cycling test.[59] Catalysts 1, 2 and 7 maintained much higher surface retention rates 

Figure 2-3.  Variation in the a) ECSA and b) surface retention rate for the ECSA estimated 

from Figure 2-3a as a function of cycle number:●) 1, ○) 2, ■) 7, and ▲) 3. 
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(approximately 80 to 104%) even after 15,000 cycles, and it is interesting that the ECSA for 

the catalyst 1 after the cycling test became a larger value compared to the initial one. Carbon 

corrosion typically proceeds during the potential cycling test via the oxidation of functional 

groups on the carbon support to CO2 and CO.[6-13] Recently, it was reported that a thin IL layer, 

which exists between the Pt nanoparticles and the carbon support, prevents this corrosion.[59] 

The high durabilities of 2 and 7 are explained by the same phenomenon. For the higher surface 

retention rate of the catalyst 1, it is considered that not only the IL layer effect but also the 

addition of [DPA][HSO4] as discussed later promote the suppression of carbon-support 

corrosion and the agglomeration of Pt nanoparticles. TEM observations of the electrocatalysts 

after the potential cycling tests were conducted to visually understand the deterioration (Figure 

2-4). Some degree of aggregation of the Pt nanoparticles after the cycling test was recognized 

in each case. However, for the three catalysts prepared using ILs, many Pt nanoparticles 

remained on the carbon support. In contrast, the number of Pt nanoparticles on 3 clearly 

Figure 2-4.  TEM images of the Pt-nanoparticle-supported carbon electrocatalysts after 

the durability tests (15,000 cycles): a) 1, b) 2, c) 7, and d) 3. 
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decreased due to nanoparticle detachment caused by deterioration of the carbon support.[6-13] 

These results are consistent with the retention rate trends of the ECSA. 

The electrocatalytic mass activity is an essential measure for evaluating ORR 

electrocatalysts. The ORR performances of specimens 1, 2, 3 and 7 were examined by the 

RDE-LSV (Figure 2-5), and their mass activities at 0.85 V were calculated. Surprisingly, 1 

showed a very high initial mass activity exceeding that of the commercially available catalyst 

3. In comparison with 2, [DPA][HSO4] enhanced the mass activity of 1. Even the initial mass 

activity of 2 without the [DPA][HSO4] was nearly 1.5 times higher than that of 7 obtained from 

the common [N1,1,1,3][Tf2N] IL. The difference in the mass activity was not due to the ECSA, 

as the ECSAs of 2 and 7 are roughly equivalent but was attributed to the higher affinity between 

Figure 2-5.  Hydrodynamic voltammograms recorded at RDEs with electrocatalysts 

before (—) and after (- - -) the durability test in an O2-saturated 0.1 M HClO4 at 1,600 rpm. 

The scan rate was 10 mV s-1. Electrocatalysts are a) 1, b) 2, c) 7, and d) 3. The E1/2 value 

shows the change in the half-wave potential before and after the potential cycling test.
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the hydrophilic IL, [DEMA][HSO4], and the carbon materials (carbon support or glassy carbon 

electrode). Notably, the mass activity of 1 increased after 15,000 cycles, whereas those of the 

other three catalysts decreased (Figure 2-6). The catalytic activity retention rates on the mass 

activity for 1, 2, 7, and 3 were 114.2%, 88.0%, 85.5%, and 63.4%, respectively (Table 2). The 

apparent deterioration of 3 was recognized, and for 2 and 7, a moderate deterioration rate was 

observed, as reported in previous paper of the group which the author belongs.[59] The 

differences in the half-wave potential (E1/2) estimated from the RDE-LSVs are displayed in 

Figure 2-5. Only 1 showed a positive shift of the half-wave potential after the cycling test, 

whereas the other three catalysts showed negative shifts. This positive shift indicates that an 

unexpected reaction occurred on 1 during the cycling test and enhanced the catalytic properties. 

The origin for this enhancement must be [DPA][HSO4], as 2 prepared using [DEMA][HSO4], 

which was the same IL used for 1, but without [DPA][HSO4], did not show such enhancement.  

One plausible explanation for this behavior is the formation of a conductive polymer, 

poly(diphenylamine), during the electrochemical cleaning process conducted prior to the 

voltammetric measurements and the potential cycling tests. In fact, poly(diphenylamine) 

(conductivity: 1.5 × 10-2 ~ 5 × 10-1 Ω-1 cm-1) can be produced by an electrochemical 

Figure 2-6.  Comparison of mass activities recorded at 1, 2, 3, 7 before (blue) and after 

(red) the potential cycling tests (15,000 cycles).
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polymerization reaction in an acidic aqueous solution with diphenylamine.[95-100] This reaction 

can also occur for [DPA][HSO4] in the mixture layer existing between the Pt nanoparticles and 

the carbon support, as the electrochemical oxidation of [DPA]+ was conducted in a 0.1 M 

HClO4 aqueous solution, which meets the polymerization conditions for diphenylamine. This 

plausible polymerization process is summarized in Figure 2-7 and schematically illustrated in 

Figure 2-8. The conductive poly(diphenylamine) formed reduces the charge-transfer resistance 

between the Pt nanoparticles and the carbon support, greatly improving the mass activity and 

durability of 1 after the potential cycling test. Besides, it is linked to the superior ECSA 

retention rate, too. Interestingly, even when 3 was covered with the [DPA][HSO4] and 

[DEMA][HSO4] mixture, i.e., catalyst 8, the catalytic properties remained similar to 3 (Table 

2), suggesting that the PMS and PIL mixture had to exist between the Pt nanoparticles and the 

carbon support for enhanced activity.  

 

 

Figure 2-7. Plausible electrochemical polymerization process of [DPA][HSO4]. 
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Figure 2-8. Schematic illustration of the change in Pt nanoparticle-supported carbon 

electrocatalyst 1 prepared in this study a) before and b) after the potential cycling test. 
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2-4. Conclusions 

  In conclusion, highly functional Pt-nanoparticle-supported carbon electrocatalysts using 

PMS and PIL were successfully fabricated. The resulting electrocatalyst prepared from a 

mixture of [DPA][HSO4] and [DEMA][HSO4] showed very high durability and remarkable 

mass activity. The catalytic properties largely surpassed those of a commercially available 

catalyst and previously synthesized catalysts produced using ILs in the group which the author 

belongs. [DPA]+ provides further functionality to the electrocatalyst but required to be 

positioned between the Pt nanoparticles and the carbon support. The approach reported in this 

chapter will be a useful technique and provide valuable insight for improving future ORR 

electrocatalysts. 
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Chapter 3  

 

The Mechanism for Improvement of Electrocatalytic 

Performance using Protic Molten Salt 

 

3-1. Introduction 

 As discribed in chapter 2, the Pt/C catalyst prepared using a polymerizable PMS, 

[DPA][HSO4], showed anomalously high catalytic behavior that gradually appeared during the 

potential cycling test, leading to propose hypothesis that this unexpected result was possibly 

ascribed to the formation of a conductive polymer, poly(diphenylamine), by the 

electropolymerization of [DPA][HSO4] in an IL layer between the Pt nanoparticles and the 

carbon support. As electropolymerized conductive polymers,[101-103] polyaniline,[104-106] 

polypyrrole,[107-109] and polythiophene [110-112] are well known besides polydiphenylamine. It is, 

therefore, expected that the electrocatalytic performance is enhanced by formation of these 

conductive polymers in Pt/C catalyst. The validation of the above hypothesis of improvement 

of electrocatalytic performance by PMS was tested to establish a fabrication process for the 

long-life Pt/C catalyst with a favorable catalytic activity. For this purpose, the change of 

[DPA][HSO4] by potential cycling and the effect of several electropolymerizable additives to 

form polyaniline, polythiophene, and polypyrrole on the electrocatalytic performance of Pt/C 

catalyst were investigated.  
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3-2. Experimental section  

3-2-1. Materials 

3-methylthiophene (98%, 3MT) were obtained from Tokyo Chemical Industry Co., Ltd. 3,4-

ethylenedioxythiophene (97%, EDOT), and Potassium Bromide (KBr) were obtained from 

Wako Pure Chemicals Co., Ltd. Phenyl amine (95%, PhNH2), pyrrole (98%) were obtained 

from Sigma aldrich. 

 

3-2-2. Electropolymerization test 

A small amount of [DPA][HSO4] salt powder was placed on a pre-cleaned indium tin oxide 

(ITO) substrate (1 × 3 cm) heated on a hotplate. When the salt was melted at around 373 K, it 

was spread over the substrate with a spatula, followed by heating at 373 K for 30 min. The 

silver paste was put on top of the substrate to make good electrical contact. Ag/AgCl and a Pt 

plate were used as reference and counter electrodes, respectively. Electropolymerization testing 

was performed in 0.1 M HClO4 under two potential cycling conditions used for the evaluation 

of catalytic activity. One was an electrochemical cleaning process (100 cycles at a sweep rate 

of 50 mV s–1 between 0.05–1.20 V), and the other was a durability test (15,000 cycles at a 

sweep rate of 500 mV s–1 between 1.0–1.5 V). The [DPA][HSO4] subjected to the 

electropolymerization test was carefully removed from the ITO electrode and was washed with 

ethanol before analysis of its morphology observation by SEM and chemical structure by 

Fourier-transform infrared spectroscopy (FTIR) spectroscopy. 

 

3-2-3. Preparation of Pt/C catalysts using other electropolymerizable additives 

Phenylammonium hydrogen sulfate ([PhNH3][HSO4]) was synthesized by simple 

stoichiometric neutralization of PhNH2 with sulfuric acid in ethanol and subsequent solvent 

removal under vacuum.[67] Sputter deposition of Pt onto 0.4 ml of [DEMA][HSO4] for 30 min 
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was conducted under the same conditions as shown in chapter 1. Carbon black, Vulcan® (1.5 

mg) and [PhNH3][HSO4] (1.2 g, 6.3 mmol) were added to the Pt-sputtered [DEMA][HSO4] 

(0.4 mL) in a vial, and it was stirred at 423 K for 20 min. Finally, the homogenized mixture 

was agitated at 473 K for 2 h to support Pt nanoparticles on the carbon support, washed with 

ultrapure water and ethanol, and dried in vacuo for 15 h to obtain the desired catalyst 9.[59] 

Other Pt nanoparticle-supported carbon catalysts, 10, 11, and 12 were also prepared by a similar 

procedure but with 22 mg (0.22 mmol) of 3MT, 34 mg (0.51 mmol) of pyrrole, and 71 mg (0.50 

mmol) of EDOT, respectively, as electropolymerizable additives instead of [PhNH3][HSO4]. 

For preparation of catalysts with 3MT, pyrrole, and EDOT, the heating temperature was set at 

353 K, which is lower than the boiling point of charge-neutral additives. Catalyst 13 was 

prepared in a similar way by agitating a mixture of Pt-sputtered [N1,1,1,3][Tf2N] (0.4 mL) and 

diphenylamine (125 mg, 0.74 mmol) as electropolymerizable additives and Vulcan® at 573 K 

for 2 h, followed by washing several times with acetonitrile. Three types of Pt nanoparticle-

supported carbon catalysts prepared using ILs and electropolymerizable additive and reported 

in chapter 1 and 2, Catalyst 1, 2, 7 and then a commercially available Pt nanoparticle catalyst, 

3, were employed for comparison.  

 

3-2-4. Characterization and electrochemical measurements  

The electrochemically treated [DPA][HSO4] was rinsed with ethanol several times, its 

morphology was examined using a Hitachi S-3400N SEM under an accelerating voltage of 10 

kV. The sample (0.2 mg), which was previously uniformly mixed in a mortar with well-dried 

KBr (40 mg), was pressed to obtain a translucent pellet for FTIR. FTIR spectroscopy was 

conducted on a Perkin Elmer Spectrum 100 instrument in a wavenumber range of 400–4000 

cm–1. The other characterization and electrochemical measurements of the Pt/C catalysts were 

carried out in the same method as in chapter 1. 
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3-3. Results and discussion 

3-3-1. Electropolymerization test using [DPA][HSO4]-coated ITO electrode 

 In order to explain the anomalous behavior of the Pt nanoparticle-suported carbon catalysts 

prepared in a PMS [DPA][HSO4] and PIL [DEMA][HSO4] mixture during the durability test, 

electrochemical examination of the [DPA][HSO4]-coated transparent ITO electrode was 

conducted in a N2-saturated 0.1 M HClO4 aqueous solution. The electrode and cell used are 

depicted in Figure 3-1a,b. Notably, the [DPA][HSO4] salt was firmly deposited on the ITO 

electrode surface without dissolution in the electrolyte solution, even when the electrochemical 

measurement was initiated. The electrochemical measurement was conducted under two 

different potential cycling conditions: first, the condition for electrochemical cleaning (0.05–

1.20 V, 50 mV s–1, 100 cycles); and second, the condition for the durability test (1.0–1.5 V, 500 

mV s–1, 15,000 cycles). Soon after immersing the [DPA][HSO4]-coated ITO into the aqueous 

solution, as shown in Figure 3-1b, the transparent [DPA][HSO4] layer changed to a white color, 

indicating formation of diphenylamine by the deprotonation of the [DPA]+ (pKa = 0.78).[113] 

Figure 3-1c shows typical cyclic voltammograms recorded at the [DPA][HSO4]-coated ITO 

under the electrochemical cleaning conditions. At the first cycle, only an oxidation wave was  

observed at around 1.1 V. With increasing cycling number, the oxidation peak at 1.1 V became 

smaller, while a broad redox wave at around 0.4–0.9 V appeared and gradually increased. The 

white [DPA][HSO4] layer varied to green from its edge immediately after the potential cycling 

was started (Figure 3-1d). This green-colored area increased upon cycling. The resulting green 

[DPA][HSO4] film reversibly changed color from dark-green to yellow-green during the 

potential cycling. These electrochemical and electrochromic behaviors are consistent with 

previous reports on the electropolymerization of diphenylamine to poly(diphenylamine).[95-100] 

Similar behavior was also recognized under the conditions of the durability test. SEM images 

of the electrochemically treated [DPA][HSO4] were very much like ones reported previously 
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of the electrochemically treated [DPA][HSO4] were very much like ones reported previously 

Figure 3-1.  Photo images of a) a [DPA][HSO4]-coated ITO electrode and b) an 

electrochemical cell for the electropolymerization test. c) Cyclic voltammograms recorded 

at a [DPA][HSO4]-coated ITO electrode in a N2-saturated 0.1 M HClO4 aqueous solution 

during the electropolymerization test. d) Photographs of the [DPA][HSO4]-coated ITO 

electrode at each cycle number during the electropolymerization test. 

Figure 3-2. SEM images of the electropolymerized [DPA][HSO
4
] after EtOH washing. 
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(Figure 3-2). Further investigation of the [DPA][HSO4]-coated ITO before and after the 

potential cycling tests was conducted by FTIR spectroscopy. Figure 3-3 shows the FTIR spectra 

on the diphenylamine, as-synthesized [DPA][HSO4], and [DPA][HSO4] after the two potential 

cycling tests. The strong bands at ca. 815 cm-1, which is assigned to para-coupled monomeric 

unit for poly(diphenylamine), appeared only at the [DPA][HSO4] after the cycling tests,[95-100] 

confirming that the conductive poly(diphenylamine) was formed from [DPA][HSO4] layer 

deposited on the ITO electrode in the 0.1 M HClO4 aqueous solution. 

Cyclic voltammetry was carried out in aqueous solution to clarify whether the 

elecctropolymerization of [DPA][HSO4] occurs by the potential cycling even in the actual Pt/C 

catalyst prepared using [DPA][HSO4] and in Pt nanoparticle-monodispersed PIL 

[DEMA][HSO4] (catalyst 1). Figure 3-4a shows the voltammograms obtained during 

electrochemical cleaning of 1. A large oxidation current at 0.9–1.2 V was observed in the first 

cycle, and clear redox waves appeared at 0.7–0.8 V after the second cycle (up to the tenth cycle). 

This behavior is essentially consistent with that of [DPA][HSO4]-coated ITO (Figure 3-1(c)), 

Figure 3-3.  FTIR spectra of a) diphenylamine, b) as-prepared [DPA][HSO
4
], and 

speciemen after potential cycling by c) electrochemical cleaning and d) durability test 

(15,000 cycles ).  
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indicating that poly(diphenylamine) was indeed formed in catalyst 1 during the electrochemical 

cleaning. This redox waves derived from poly(diphenylamine) formation and 

oxidation/reduction of the Pt surface appeared smaller and larger, respectively, after further 

cycling. This electrode behavior was not observed in the electrocatalyst prepared with only PIL 

[DEMA][HSO4] (catalyst 2) (Figure 3-4b). Thus, it was concluded that the high catalytic 

activity and durability of 1 were due to the formation of poly(diphenylamine) by the 

electropolymerization of [DPA][HSO4].  

 

3-3-2. Electrocatalytic performance and durability of the Pt/C catalysts using 

other electropolymerizable additives 

The aforementioned electrocatalyst fabrication process was applied to other ILs and 

electropolymerizable additives mixtures to understand their influence on catalytic performance. 

[PhNH3][HSO4], 3MT, pyrrole, and EDOT were used as the electropolymerizable additives for 

PIL [DEMA][HSO4] instead of [DPA][HSO4] to synthesize the electrocatalysts 9, 10, 11, and 

12 respectively. However, the solubility of 3MT in [DEMA][HSO4] was very low. In addition 

to those mixtures, IL [N1,1,1,3][Tf2N] with diphenylamine as an electropolymerizable additive 

Figure 3-4. Cyclic voltammograms recorded in a N2-saturated 0.1 M HClO4 aqueous solution at a scan 

rate of 50 mV s–1 during the electrochemical cleaning of a) 1 and b) 2.  
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was employed for fabrication of catalyst 13. TEM images of the five new electrocatalysts are 

shown in Figures 3-5. For comparison, TEM images of the previously reported Pt/C catalysts 

1, 2, 3, and 7, prepared under the similar conditions reported in Chapter 2, are also shown in 

the Figures 2-1 in chapter 2. For 9, 10, and 13, the Pt nanoparticles were homogeneously 

dispersed on the carbon support. Their Pt nanoparticle size distributions were analayzed; the 

results are shown in Figure 3-6 and Table 3. The mean particle size of Pt nanoparticles for 

catalyst 9, 10, and 13 was 2.6–3.4 nm, and the Pt loading amount was ~20–21 wt%. These 

values were nearly equivalent to those of the comparative catalysts. (Table 2 in chapter 2).  

Figure 3-5. TEM images of the Pt 

nanoparticle-supported carbon 

catalysts. Electrocatalysts are a) 9, 

b) 10, c) 13, d) 11, e) 12.  

Figure 3-6. Pt size distribution of the Pt nanoparticle-supported carbon catalysts. 

Electrocatalysts are a) 9, b) 10, c) 13.  
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 Table 3. Summary of the Pt/C catalysts used in this chapter.

Entry 
Species of 
ILs / additives 
used for catalysts 

Mean 
particle 
size (nm)  

Pt loading 
amount 
(wt%) 

ECSA  Mass activity 
Δ E1/2

a 

(mV)  Initial  
(m2 g-1)  

After 15,000 
cycles (m2 g-1)  

Surface retention 
rate (%)  

 Initial 
(A g-1)  

After 15,000 
cycles (A g-1)  

Catalytic activity 
retention rate (%)  

9 
[DEMA][HSO4] 
/[PhNH3][HSO4]  

2.7 

(0.6)b  
20.4 40.4  39.4  97.5  

 
341.9  465.4  136.1  - 17  

10 
[DEMA][HSO4] 
/ 3MT  

2.6 

(0.5)b  
21.1 41.9  36.0  86.0  

 
199.4  250.6  125.7  - 8  

13 
[N1,1,1,3][Tf2N] 
/ diphenylamine   

3.4 

(1.0)b  
20.2 40.6  29.7  73.3  

 
138.1  214.6  155.4  - 23  

3c – / – 
2.6 

(0.8)b  
26.2  51.3  15.5  30.2  

 
273.7  173.6  63.4  41  

 aΔE1/2 is the shift in the half wave potential between before and after durability test in Figure 3-11 and Figure 2-5. b The values show the standard deviation. 
c3 TEC10V30E. 

3
9
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By contrast, the morphology of catalyst 11 and 12 clearly differed from those of other 

catalysts, as thermopolymerization and/or thermal decomposition of the pyrrole and EDOT 

readily proceeded in [DEMA][HSO4] during the heating step in the electrocatalyst preparation 

process. For this reason, 11 and 12 showed no catalytic activity. Therefore, detailed 

electrochemical expetiments were carried out using the other three catalysts, 9, 10 and 13. 

Figure 3-7 indicates the cyclic voltammograms recorded for the three catalysts in a N2-saturated 

0.1 M HClO4 aqueous solution during electrochemical cleaning. As a comparison, results for 

the 2 and 7 are also given in Figure 3-4b and Figure 3-7d respectively. The voltammogram 

recorded for 2 and 7 showed only growth of waves related to Pt, whereas the appearance and 

growth of other redox waves for 9, 10, and 13 were seen at 0.5–0.9 V in other voltammograms 

Figure 3-7.  Cyclic voltammograms recorded at the different catalysts in a N2-saturated 

0.1 M HClO4 aqueous solution during the electrochemical cleaning process. The catalysts 

were: a) 9, b) 10, c) 13, and d) 7. The scan rate was 50 mV s–1. 
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(Figure 3-7a,b,c) similar to that for 1 shown in Figure 3-4a, suggesting electrochemical 

polymerization of the additives proceed in the catalyst layers. The growth of redox waves was 

smallest in the voltammogram of 10, probably owing to the low solubility of 3MT in 

[DEMA][HSO4].  

Cyclic voltammograms obtained for 9, 10, and 13 in a N2-saturated 0.1 M HClO4 before and 

after the durability test (15,000 cycles), simulating actual fuel cell operation, are shown in 

Figure 3-8. Those for 1, 2, 3, and 7 are also shown in Figure 2-2 of chapter 2 for comparison. 

In all the voltammograms, hydrogen adsorption/desorption and platinum oxidation/reduction 

redox waves were observed at 0.10–0.35 and 0.80–1.20 V, respectively, as observed in the 

Figure 3-8.  Cyclic voltammograms recorded in a N2-saturated 0.1 M HClO4 aqueous 

solution before (―) and after (- - -) durability test in N2-saturated 0.1 M HClO4. 

Electrocatalysts are a) 9, b) 10, c) 13. 
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common Pt catalysts.[11-22,59-70] The ECSAs estimated from charge consumed by hydrogen 

desorption in the voltammograms before the durability test are given in Table 3. Catalysts 9, 

10, and 13 showed initial ECSAs of 40–42 m2 g–1, similar to the values obtained for the 

electropolymerizable additive-free 2 and 7 (Table 2 in chapter 2), but slightly smaller than that 

of 3, probably owing to a trace of the residual IL on the Pt nanoparticles meagerly preventing 

the adsorption of H atoms.[93,94] Figure 3-9 shows the variation in the ECSA and the surface 

retention rate for the ECSA on the catalyst 9, 10, 13, and 3 shown in Table 3, as a function of 

potential cycling number, which provides important insights into the durability of the catalysts. 

ECSAs of all the catalysts prepared in this study increased during the first several thousand 

cycles, because the residual IL was removed from catalysts,[59] and gradually decreased 

thereafter. High surface retention rates for ECSAs (over 73%) were obtained at 15,000 cycles, 

although that of 3 was almost 30%. During the durability test, carbon corrosion usually 

proceeds via the oxidation of functional groups on the carbon support,[6-13] but it is inhibited 

by the existence of a thin IL layer between the Pt nanoparticles and the carbon support.[59] 

Adding the electropolymerizable additives, especially [PhNH3][HSO4] and [DPA][HSO4], to 

the ILs seems to be an effective approach for further improvement. As depicted in Figure 3-10, 

Figure 3-9.  Variation in the a) ECSA and b) surface retention rate for the ECSA estimated 

from Figure 3-9a as a function of cycle number: ●) 9, ○) 10, ■) 13, and ▲) 3. 
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after the durability test, a large number of Pt nanoparticles aggregated but did not detach from 

the carbon support, compared with catalyst 3 shown in Figure 2-4 of Chapter 2, which was 

deteriorated by the carbon corrosion, causing the detachment of Pt nanoparticles.[6-13] This is 

in agreement with the trend of surface retention rate for the ECSA.  

The ORR performances before and after the durability test were examined by RDE-LSV 

(Figures 3-11). The ΔE1/2 estimated from the obtained RDE-LSV curves are shown in the 

Figure 3-11. Interestingly, the E1/2 values of the catalysts with electropolymerizable additives 

were positively shifted after the durability test, indicating that the catalytic activities were 

enhanced during the test. The mass activities before and after the durability test for all catalysts 

are displayed, together with their catalytic activity retention rate for the mass activity, in 

Figure 3-10.  TEM images of the Pt-nanoparticle-supported carbon electrocatalysts after 

the durability test (15,000 cycles): a) 9, b) 10, c) 13.   

20nm20nm

b)a)

c)

20nm
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Figure 3-12 and Table 3. All the electrocatalysts with electropolymerizable additives showed 

retention rates over 100 %, but rates for other electrocatalysts were unable to exceed even 90 %; 

for example, that of 3 was as small as 63 %. These results strongly suggest that the formation 

of a conductive polymer derived from electropolymerizable additives at the IL layer between 

Pt nanoparticles and the carbon support contributes to the enhancement of mass activity after 

the durability test, as well as the faborable surface retention rate estimated from the ECSA data. 

Figure 3-11.  Hydrodynamic voltammograms recorded in a O2-saturated 0.1 M HClO4 

aqueous solution of a) 9, b) 10, c) 13 electrodes before (―) and after (- - -) durability test 

in O2-saturated 0.1 M HClO4 at 1,600rpm.  
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3-4. Conclusions 

 It was revealed that poly(diphenylamine) is formed by electropolymerization during the 

potential cycling of the [DPA][HSO4]-coated ITO electrode in a N2-saturated 0.1 M HClO4 

aqueous solution. Similar behavior was also observed in case of the electrocatalyst prepared 

using [DPA][HSO4], suggesting that the increase in the mass activity observed at the 

electrocatalyst after the durability test was due to the formation of conductive 

poly(diphenylamine) at the IL layer between Pt nanoparticles and the carbon support. Similarly, 

addition of other electropolymerizable additives, [PhNH3][HSO4], 3MT, and diphenylamine, 

to the Pt nanoparticl-dispersed ILs enhanced the catalytic performance. This finding has 

important implications for designing novel functional ORR electrocatalysts. Further 

improvement of the electrocatalysts prepared by the approach established in this research will 

be achieved through more elaborate selection of electropolymerizable additives. 

 

Figure 3-12.  Comparison of mass activities of the four catalysts before (blue) and after 

(red) the durability test (15,000 cycles).  
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Summary 

 

In this thesis, the improvement of electrocatalytic performance by the effective utilizing the 

function of PMS were investigated. The effect of PMS on the electrocatalytic performance of 

Pt/C catalyst and the hypothesis for the mechanism of the electrocatalytic performance 

improvement by adding PMS were discussed in each chapter of this thesis. The main results 

and conclusions obtained in this study are summarized as follows:  

 

In chapter 1, the effect of PMS on electrocatalytic performance for the heated Pt/C catalyst 

was described. It was found that [DPA][HSO4] which showed high carbonaceous residue yield 

during carbonization greatly contributed to the enhanced specific activity of Pt/C catalyst 

because the efficiently carbonized [DPA][HSO4] by the heating at 1273 K reduced the charge-

transfer resistance between Pt nanoparticles and carbon support, and sufficient encapsulation 

of Pt nanoparticles supported on the carbon support enhanced a long-term stability of the heated 

Pt/C catalyst.  

 

In chapter 2, the effect of PMS on the electrocatalytic performance for the non-heated Pt/C 

catalyst was described. The non-heated Pt/C catalyst prepared using [DPA][HSO4] showed 

surprising behavior of remarkably higher mass activity than commercially available Pt/C 

catalyst and the increased mass activity after durability test. The hypothesis was proposed that 

this improvement behavior was caused by the reduced charge-transfer resistance between Pt 

nanoparticles and carbon support due to the conductive polymer, poly(diphenylamine), formed 

through electropolymerization of [DPA][HSO4]. 
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In Chapter 3, verification of the hypothesis to improve electrocatalytic performance by using 

[DPA][HSO4] proposed in chapter 2 was discussed. The formation of poly(diphenylamine) by 

the electropolymerizing [DPA][HSO4] was confirmed because the obtained [DPA][HSO4] 

through electropolymerization test showed similar electrochemical and electrochromic 

behaviors to poly(diphenylamine) formed by electropolymerization in acidic solution as 

previously reported. The Pt/C catalysts prepared by using [PhNH3][HSO4], 3MT, and 

diphenylamine as electropolymerizable additive also exhibited similar catalytic behavior to the 

case of [DPA][HSO4], and the above hypothesis was verified.  
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