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Abstract 
 

Effects of Catalyst Surface Structure on 
Electrochemical Property and Catalytic 

Activity in Fuel Cell  
 

Namgee Jung 

School of Chemical & Biological Engineering 

Seoul National University 
 

Proton exchange membrane fuel cell (PEMFC) has been intensively studied 

since it has a large potential as the electrochemical energy conversion device 

for the future. It is much more efficient than a combustion engine because it 

can directly convert the chemical energy to the electricity without any 

mechanical process. However, there are still lots of unsolved problems for the 

commercialization. Those problems are complicatedly connected with 

material development, device fabrication process, operation conditions, and 

fuel reforming and storage, but the most important part in PEMFC is the 

membrane electrode assembly (MEA), in which the electricity is produced 

through the electrochemical reactions. Especially, one of the main key for the 

enhanced performance of PEMFC is a cathode electrode of the MEA. In 

PEMFC, two large overpotential losses are occurred in the cathode. One is 

related to the charge transfer resistance for the sluggish oxygen reduction 

reaction (ORR) in a low current density region. To decrease the charge 

transfer resistance, the developments of metal nanoparticles have been 

conducted through PtM (M = Fe, Co, Ni) alloying, core-shell structure, and 

shape control. The other one is induced by the mass transfer resistance due to 



ii 

 

water flooding in a high current density region in the MEA cathode. Water 

produced by the ORR in the cathode is accumulated on carbon support and 

between catalyst agglomerates, which results in blocking the oxygen transfer 

to the catalyst surface in the MEA cathode. To improve the water management 

in the MEA cathode, the insertion of hydrophobic particle or pore forming 

agent into the cathode catalyst layer has been performed. However, these two 

overpotentials still mainly affect the PEMFC performance degradation despite 

the efforts. 

It is considered that the catalyst surfaces (metal nanoparticle and carbon 

support) are the critical factors to solve the problems since both the ORR on 

nanoparticle and water accumulation on carbon support are directly related to 

the material surface property. Firstly, to develop the cathode catalyst with high 

ORR activity, a carbon-supported PtNi alloy (PtNi/C) catalyst was 

synthesized, and the surface structural effects were investigated thorough 

various surface modifications of PtNi/C in this thesis. The surface Ni atoms 

were leached out from as-prepared PtNi/C by the acid treatment, and de-

alloyed PtNi/C was fabricated. In addition, the acid-treated PtNi/C was then 

heated to make the de-alloyed PtNi/C with a smooth surface structure. 

Furthermore, Pt atoms were additionally deposited on the acid-treated PtNi/C 

and acid/heat-treated PtNi/C, respectively, and the effects of the surface 

structure of substrate materials on additional Pt overlayers were identified. 

The change of surface structures was mainly studied by the CO oxidation 

current measurement. In addition, the effect of surface modifications on Pt 

electronic structure was confirmed by the X-ray absorption near-edge 

structure (XANES) spectroscopy and potential of zero total charge (PZTC) 

measurements. The degree of formation of (111) and (100) facets was 

different according to the surface modification process, and it caused the 

different Pt electronic structures and electrochemical surface properties in the 

catalysts. Therefore, the binding energy between Pt and oxygenated species 
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was changed by the surface structure modifications, which resulted in distinct 

differences of the ORR activities of the catalysts. 

Secondly, to enhance the water transport in the MEA cathode, the carbon 

surface in carbon-supported Pt (Pt/C) catalyst was selectively functionalized 

using a thermally responsive poly(N-isopropylacrylamide) (PNIPAM). In 

general, a carbon support has a hydrophilic property since the functional 

groups on carbon surface are needed to load metal nanoparticles on the 

surfaces, and the hydrophilic carbon surface is also required to be well mixed 

with other components, which are Nafion ionomer, water, and alcohol solvent, 

in the catalyst ink when the MEA fabricated. However, after the MEA 

fabrication, a hydrophobic property of the carbon is necessary to prevent from 

the water accumulation on the carbon surface at ~70 °C in the PEMFC 

operation. To solve these requirements for the carbon surface properties, 

PNIPAM-functionalized Pt/C (Pt/C-PNIPAM) was fabricated, and the 

functionalization process hardly affected Pt surface. The selective carbon 

functionalization was identified by X-ray photoelectron spectroscopy (XPS) 

and cyclic voltammetry (CV). The thermal responsibility was confirmed by 

the contact angle (CA) hysteresis measurement between 20 and 70 °C. 

Through the selective carbon surface modification, Pt/C-PNIPAM was well 

dispersed in the catalyst ink without any problem when the catalyst ink 

prepared, and the PEMFC performance was increased due to the enhanced 

water transport at 70 °C in the PEMFC operation. In addition, the relation 

between the modified carbon surface and water was understood by a simple 

theoretical modeling. 

These surface modifications of fuel cell catalysts (metal nanoparticle and 

carbon support) could give significant changes of the electrochemical 

property and catalytic activity in PEMFC. In addition, the strategies for 

advanced material designs in the electrochemical energy conversion devices 

could be obtained by understanding various catalyst surface structures. 
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Chapter 1. Introduction 

 

1.1. Fuel cell basics 

 

1.1.1. Fuel cells as electrochemical energy conversion device 

 

 Fuel cell is an electrochemical device that converts chemical energy of fuel 

into electricity without any mechanical process, meaning no moving parts. 

Since fuel cell produces the electricity directly from chemical energy, it is far 

more efficient than combustion engine. In addition, fuel cell emits no 

undesirable products such as NOx, SOx, and particulates [1]. 

 As the electrochemical energy conversion device, fuel cell is similar to 

battery because it has the anode and cathode electrodes and electrolyte, and 

generates electricity through electrochemical reactions. However, while 

battery should be recharged for a long time after it is fully discharged, fuel 

cell can produce the electricity continuously as long as fuel is supplied into 

the electrode. In addition, various fuels such as H2, natural gas, and liquid 

alcohol can be used in the different type of fuel cells according to the 

applications [2]. Due to the advantages, fuel cell is intensively studied as an 

alternative energy device to replace the gasoline engine for the future. 

 As shown in Table 1.1, fuel cells are classified according to the types of 

electrolyte. The mobile ions and operating temperatures are different due to 

the characteristic of electrolytes.  

 



 

2 

 

(1) Proton exchange membrane fuel cell (PEMFC) 

(2) Phosphoric acid fuel cell (PAFC) 

(3) Alkaline fuel cell (AFC) 

(4) Molten carbonate fuel cell (MCFC) 

(5) Solid oxide fuel cell (SOFC) 

 

As the operating temperature is high, low price catalysts such as Ni can be 

used because the activation energy of reactants becomes decreased. In 

addition, many types of fuel can be available, for examples, natural gas and 

CO gas, since the effect of Pt poisoning by CO is reduced in high temperature. 

However, in fuel cells operated below 200 °C, precious Pt catalyst is needed 

to obtain a high catalytic activity. As shown in Fig. 1.1, MCFC and SOFC are 

generally utilized for the power plant since high temperature is required, but 

PEMFC is developed for vehicle engine and mobile applications due to low 

operating temperature and rapid response ability. 
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Table 1.1 Types of fuel cells. 
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Fig. 1.1 Application fields of fuel cells. 
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1.1.2. Proton exchange membrane fuel cell (PEMFC) 

 

 PEMFC shows a lot of applications which are portable power, vehicle engine, 

and residential power generation (RPG) because it can cover various electric 

power and working voltages as shown in Fig. 1.1. H2 is typically used as a 

fuel in PEMFC due to its low activation energy and rapid reaction rate for the 

hydrogen oxidation reaction (HOR). However, direct methanol fuel cell 

(DMFC) using liquid methanol as a fuel, one of the PEMFC, is mainly 

applied to the portable devices due to its low power density. In PEMFC using 

H2, involved electrochemical reactions are the HOR and oxygen reduction 

reaction (ORR) in the anode and cathode, respectively (Fig. 1.2). A theoretical 

voltage and efficiency are 1.229 V and 83 %, respectively. As shown in Fig. 

1.3, H2 and O2 are flowed into the PEMFC, and the electrons and water are 

produced. 

 A membrane electrode assembly (MEA) in PEMFC is the most important 

component in PEMFC system due to the part producing electricity. As shown 

in Fig. 1.4, it is composed of the anode and cathode catalyst layers, polymer 

membrane, and two gas diffusion layers (GDL). Highly dispersed 

noanoparticles on carbon support is properly distributed in the anode and 

cathode catalyst layers. The polymer membrane should be thin enough to help 

protons flow easily from the anode to cathode, and the GDL has high porosity 

and electron conductivity for the fast gas diffusion and electron transfer, 

respectively. As shown in Fig. 1.5, the highly porous and nano-structured 

catalyst layers are fabricated to maximize the reaction surface area (tri-phase 
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boundary) where catalytically active particles, electrolyte phase, and gas pores 

intersect [1, 3]. 

In PEMFC operation, the cell potential (E) is decreased by the overpotential 

in the anode, cathode, and electrolyte. Therefore, E can be expressed by the 

following equation: 

 

E = E0 – ηact,a – ηact,c – ηohm – ηmt,a – ηmt,c        (1-1) 

 

Where, E0 is the thermodynamic reversible potential, ηact,a and ηact,c are the 

activation overpotentials related to the charge transfer in the anode and 

cathode, respectively. ηohm is the ohmic overpotential in the cell. ηmt,a and 

ηmt,c are the mass transfer overpotentials in the anode and cathode, 

respectively. Among the all overpotentials in PEMFC, it has been known that 

ηact,c by the slow ORR and ηmt,c by water flooding in the cathode are the main 

reasons for potential losses during the PEMFC operation. In Fig. 1.6, the 

polarization curve of PEMFC shows two large potential losses in the low and 

high potential regions, which are induced due to the charge transfer resistance 

of the ORR and mass transfer resistance of O2, respectively [2]. 
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Fig. 1.2 Anode and cathode reactions in PEMFC. 
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Fig. 1.3 Principle of PEMFC operation. 
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Fig. 1.4 Components of membrane electrode assembly (MEA). 
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Fig. 1.5 Schematic diagram of tri-phase boundary in fuel cell. 
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Fig. 1.6 Potential losses in fuel cell polarization curve. 
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1.2. Development of fuel cell catalysts 

 

1.2.1. Fuel cell catalysts 

 

Catalyst is the core material in fuel cell because the electrochemical 

reactions are occurred on the catalyst surface. It is composed of metal 

nanoparticle and support material as shown in Fig. 1.7. For the several 

decades, they have been developed to enhance the catalytic activity and active 

surface area. In the studies for high catalytic activity, various researches have 

been performed about particle size effect, ligand and strain effect by alloying, 

core-shell structure, shape control of nanoparticle, and so on [4-15]. 

Especially, to understand the basic characteristics of catalysts, the 

fundamental studies have been intensively conducted by utilization of the 

metal slabs with low index facets such as (111), (100), and (110) [16-21]. 

These efforts facilitated the application of highly active catalysts to PEMFC 

by reduction of overpotential of the ORR. 

On the other hand, the support materials have been fabricated mainly to 

increase the surface area of the catalyst by uniformly loading metal 

nanoparticles on the support. Lots of carbon materials have been developed 

for the support material since they had high electron conductivity and many 

nano and micro pores [22-28]. In addition, nanoparticles could be easily 

loaded on the carbon support through the simple carbon surface modification 

such as an acid treatment. Highly distributed fuel cell catalyst using carbon 

supports such as vulcan, black pearl, carbon nanotube (CNT), carbon naofiber 
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(CNF), and various meso-porous carbons were applied to the fuel cell 

fabrication. Using the carbon support became a break-through in the 

development of fuel cell catalysts. Metal oxides as a support material have 

been also studied to maximize the strong metal-support interaction (SMSI) 

and to improve the catalytic activity [29, 30]. However, despite the SMSI, 

loading metal nanoparticles on metal oxide was very difficult. 

Therefore, metal nanoparticle and support material of catalysts are the most 

important things for the fuel cell application. As mentioned in the section 

1.1.2, the problems of the large charge transfer resistance of the ORR and 

mass transfer resistance of O2 can be solved by reasonable design of 

nanoparticle and support material. 
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Fig. 1.7 Components of PEMFC catalyst. 
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1.2.2. Oxygen reduction reaction (ORR) in PEMFC cathode 

 

In PEMFC, the cathode reaction is the ORR, in which molecular oxygen 

adsorbs to the catalyst surface and is reduced to water through four-electron 

pathway [31]. However, the ORR involving four electrons is more complex 

than the HOR due to the strong O-O bond, the formation of highly stable Pt-O 

or Pt-OH species, and the hydrogen peroxide (H2O2) generation. 

In the PEMFC operation, the open circuit voltage (OCV) is lower than the 

theoretical reversible voltage (1.229 V), which is induced by extremely low 

cathodic exchange current density (i0). The overall ORR in an acid electrolyte 

is shown as follows: 

 

O2 + 4H+ + 4 e- → 2H2O    (E0)298K = 1.229 V    (1-2) 

 

The ORR is irreversible reaction even on Pt surface since it is conducted at 

high potential region under severe corrosive environment. It is known that 

various intermediates such as O, OH, and OOH adsorb on Pt surface in the 

ORR, which means that the mixed potential is occurred by the anodic current 

generation through the surface oxide formation (Pt-O and Pt-OOH). High 

surface coverage of adsorbed OH results in a decrease in the active sites for 

the O2 adsorption and following reduction to water. 

 It is well known that the OH adsorption on Pt surface can be decreased by 

fabrication of PtM (M = Fe, Co, Ni) alloy catalysts [32-39]. Pt has 

intrinsically high binding energy between Pt surface and oxygen of the 
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oxygenated species such as O2, O, OH, and OOH because d-band center of 

surface Pt is upward to the Fermi-level compared to that of the PtM alloy 

catalyst. As shown in Fig. 1.8, when PtM alloy is formed, the electron transfer 

is occurred from the transition metal such as Fe, Co, and Ni to Pt, which 

results in the band width broadening and downshift of Pt d-band center 

relative to the Fermi-level [35, 40]. It can be confirmed by measuring Pt 4f 

core level (CL) shift through the X-ray photoelectron spectroscopy (XPS). 

The downshift of Pt 4f CL induces the downshift of d-band center of Pt in the 

same direction in PtM alloy. 

 Recently, “Pt-skeleton” and “Pt-skin” structure fabricated from PtM alloy 

catalyst has been studied to improve the ORR activity more [41-43]. For 

instance, “Pt-skeleton” structure was formed by leaching out Ni on PtNi alloy 

surface through the chemical acid treatment, and “Pt-skin” structure was made 

by annealing the surface Pt of “Pt-skeleton” structure through the heat 

treatment [41]. The PtNi catalyst with “Pt-skin” structure showed much 

higher ORR activity than that with “Pt-skeleton” structure. It was attributed to 

preferential formation of highly active (111) surface and less NiO phase on 

“Pt-skin” structure compared to “Pt-skeleton” structure. However, the 

contribution between ligand and strain effects by Ni sublayer under Pt 

overlayers was not clearly distinguished. The ligand effects have been well 

known by the experimental results related to the transition metal alloying. The 

difference of electronegativity between Pt and the second metal solute causes 

the charge transfer, which results in the Pt electronic structure changes [44]. 

However, the surface strain effect was only calculated from the estimation of 
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lattice parameter difference between Pt overlayer and Ni sublayer. The surface 

strain effects are needed to be intensively studied to distinguish an exact 

contribution of the strain effects from that of the ligand effects. 
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Fig. 1.8 d-band center and 4f core-level downshift by PtNi alloying. 
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1.2.3. Water management in PEMFC cathode 

 

 The water management in the MEA is one of the most important factors as 

well as the sluggish ORR since PEMFC always involves the production and 

transport of water in the MEA. As shown in Fig. 1.9, especially, the tri-phase 

boundary can be blocked by water produced by the ORR in the cathode, 

thereby resulting in water flooding [45, 46]. If water is not well removed from 

the catalyst layer, it severely inhibits the oxygen transport to catalyst surfaces 

in the cathode catalyst layer. In the polarization curve of PEMFC, the mass 

transfer overpotential increases rapidly with the increase of current density, 

and consequently it becomes the main reason for voltage loss during the 

PEMFC operation [46]. 

In recent decades, many researchers have developed various technologies to 

reduce water flooding in the cathode catalyst layer [47-52]. The technologies 

can be mainly categorized into two typical methods. The first involved the 

introduction of hydrophobic polymer particles into the cathode catalyst layer 

[47-49]. For instance, polytetraflouroethylene (PTFE) particles were mixed 

with carbon-supported metal catalysts in the catalyst ink preparation, and the 

catalyst layer with PTFE particles was formed [49, 52], or inserted PTFE 

particles were dissolved and adhered to the catalyst surface through an 

additional hot press procedure during the MEA fabrication [47, 48]. The 

second was related to pore formers such as carbonate [50, 51]. In this 

procedure, large gas pores to improve the oxygen and water transport could be 

formed by removing the inserted pore forming agent into the cathode catalyst 



 

20 

 

layer. 

Despite the potential of these methods, several issues are yet to be overcome. 

First, when hydrophobic polymers adhere to the catalyst surfaces by a hot 

press procedure, they may be randomly distributed onto the surface. As a 

result, the metal catalyst surface, where the electrochemical reaction occurs, 

may be blocked along with carbon supports, which results in a fatal decrease 

in the electrochemical active surface (EAS) of catalysts [49]. In addition, the 

insertion of hydrophobic polymer particles or a pore forming agent into the 

catalyst layer makes the catalyst layer thickness increase to a certain extent, 

and thus the oxygen transport may become harder when the same catalyst 

loading is used in the MEA [49, 50]. 

Meanwhile, the related studies have been rarely concentrated on a carbon 

support for the improvement of the water transport in the MEA. Most of fuel 

cell catalysts have the carbon support with high surface area to disperse metal 

nanoparticles on the carbon surfaces. The use of carbon support in fuel cell 

catalysts gave a break-through, which facilitated low noble metal loading. 

However, to load nanoparticles on the carbon surfaces, carbon support should 

have hydrophilic functional groups on the surfaces. Accordingly, the acid 

treatment of carbon support is necessary to the carbon-supported catalyst 

synthesis. However, it can result in the water accumulation due to hydrophilic 

carbon surface in the PEMFC operation. Therefore, it is required to study the 

fundamental water flooding induced by the carbon support. To address the 

above problems, a simple method for efficient water management in the 

catalyst layer of PEMFC is potentially of great benefit. 
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Fig. 1.9 Water flooding in carbon surface and catalyst agglomerates. 
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Chapter 2. Experimental 

 

2.1. Surface modification of PtNi alloy catalyst 

 

2.1.1. Preparation of carbon-supported PtNi alloy catalyst 

 

Carbon-supported PtNi (PtNi/C) alloy nanoparticles were prepared via 

conventional sodium borohydride (NaBH4) reduction in anhydrous 

ethanol [1]. 0.15 g of carbon black (Vulcan XC-72R) was dispersed in 

anhydrous ethanol (150 mL), and the mixture solution was stirred at 500 

rpm for 1 h, followed by sonication for 1 hr. PtCl4 (0.0853 g), 

NiCl2·6H2O (0.0602 g), and sodium acetate (0.9143 g) were added to the 

ethanol solution containing dispersed carbon black. Stirring for 2 hr and 

sonication for 10 min of the solution were repeated two times. The 

amount of sodium acetate added to the mixture was adjusted so that the 

molar ratio of sodium acetate to total metal was 22. After stirring and 

sonication of the solution, 20 mL of anhydrous ethanol solution with 

NaBH4 was quickly introduced with vigorous stirring (750 rpm). The 

resultant solution was stirred for 4 h to complete the reduction of metal 

precursors, followed by filtration, washing, and drying in an oven at 

60 °C. As-prepared PtNi/C by above synthetic method is referred to as 

PtNi/C-ASP in this thesis. 

 

2.1.2. Surface structure modifications of PtNi alloy catalyst 



 

31 

 

 

To leach out the surface Ni on PtNi/C-ASP, PtNi/C-ASP was stirred at 

500 rpm for 2.5 hr in 0.5 M HClO4 solution (500 mL). After the acid 

treatment, the solution was washed by filtration with excessive D.I. water, 

and dried in an oven at 60 °C. This acid-treated PtNi/C is referred to as 

PtNi/C-acid. In addition, PtNi/C-acid was heated at 250 °C for 30 min in 

H2 atmosphere to smoothen the surface of PtNi/C-acid which might have 

corrugated surface structure. This heat-treated PtNi/C-acid is referred to 

as PtNi/C-acid/heat. 

Ultimately, to understand the effects of surface structure of core 

materials on Pt overlayer, Pt overlayers were additionally deposited on 

PtNi/C-acid and PtNi/C-acid/heat, respectively. They are referred to as 

Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat, respectively. L-ascorbic acid 

(0.15 g) was dispersed in anhydrous ethanol (200 mL) for 10 min by 

sonication. PtNi/C-acid (0.09 g) or PtNi/C-acid/heat (0.09 g) was 

introduced in the solution, and mixed by sonication for 10 min and 

stirring for 1 hr [2]. After PtCl4 (0.0173 g) as a precursor of Pt overlayer 

was dispersed in the solution, the solution was refluxed and stirred at 

80 °C for 2 hr. The solution was then washed by filtration with excessive 

D.I. water, and dried in an oven at 60 °C. 7 wt.% of Pt@PtNi/C-acid and 

Pt@PtNi/C-acid/heat were the numerical weight of additional Pt 

overlayer, respectively. 
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2.2. Surface modification of carbon support 

 

2.2.1. Selective functionalization of carbon-supported Pt 

catalyst 

 

40 wt.% carbon-supported Pt (Pt/C) (Johnson Matthey) was dispersed 

with amine-terminated poly(N-isopropylacrylamide) (PNIPAM) (Aldrich) 

of 0.04 mmol in a solvent of pH 1.6, which composed of isopropyl 

alcohol (IPA) (Aldrich) and HClO4 (Aldrich). After the solution was well 

mixed for 1 hr, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

(Fluka) of 0.04 mmol as a catalyst was quickly introduced into the 

vigorously stirred solution for the amide reaction between -COOH of the 

carbon surface and -NH2 of amine-terminated PNIPAM [3]. The solution 

was washed through the filtration by excessive D.I. water after the amide 

reaction finished by EDC for 3 hr. Finally, the filtered catalyst powder 

was dried at 60 °C. The carbon surface-modified Pt/C by PNIPAM is 

referred to as Pt/C-PNIPAM in this thesis. 

 

2.2.2. Membrane electrode assembly (MEA) fabrication 

 

The MEAs were prepared with and without PNIPAM in the cathode. A 

catalyst ink for the cathode catalyst layer with PNIPAM was fabricated 

by mixing Pt/C-PNIPAM, 5 wt.% Nafion ionomer solution (Aldrich) and 

IPA. Non-treated 40 wt.% Pt/C was used in an anode catalyst ink instead 
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of Pt/C-PNIPAM. In the MEA without PNIPAM, the anode and cathode 

catalyst inks identically had non-treated 40 wt.% Pt/C. The prepared 

catalyst inks were sprayed onto the anode and cathode parts of the Nafion 

212 membrane (Dupont). Nafion 212 membrane was used after the 

pretreatment in which the membranes were boiled in 3 % hydrogen 

peroxide solution, 0.5 M H2SO4, and D.I. water at 80 °C in order [4]. The 

Pt loadings were equally 0.2 mg cm-2 in the cathodes and anodes of the 

MEAs, respectively. The catalyst-coated membranes (CCMs) were 

sandwiched between the anode and cathode GDLs (SGL 35 BC) without 

hot press process as shown in Fig. 2.1. 
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Fig. 2.1 Components of unit cell. 
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2.3. Electrochemical characterization 
 

In the experiment related to the surface modifications of PtNi alloy 

catalysts, all electrochemical measurements were conducted in a standard 

three-compartment electrochemical cell using a glassy carbon electrode 

of the rotating disk electrode (RDE), Pt wire, and saturated calomel 

electrode (SCE) as working, counter, and reference electrodes, 

respectively. All measurements were recorded and reported versus 

reversible hydrogen electrode (RHE), and performed at 20 °C in 0.1 M 

HClO4. The catalyst ink slurry was prepared by mixing PtNi/C catalysts 

with 20 μL of DI water, 54.7 μL of 5 wt % Nafion solution as a binding 

material, and 630 μL of 2-propanol. Following mixing and 

ultrasonication, a drop of ink slurry was loaded onto a glassy carbon 

substrate (0.196 cm2, geometric surface area). The dried electrode was 

then transferred to the electrochemical cell. 

In the CO stripping current measurement, CO was adsorbed on prepared 

PtNi/C catalysts at 0.05 V during the introduction of 100 % CO gas for 

20 min [5]. The electrolyte was purged by Ar gas for 25 min after COad 

adsorbed on the catalyst surfaces, and COad was then oxidized by the 

potential sweep between 0.05 and 1.05 V with a scan rate of 20 mV s-1. 

Cyclic voltammogram was obtained by the potential sweep method 

between 0.05 and 1.05 V with a scan rate of 20 mV s-1 after purging the 

electrolyte by Ar gas for 20 min. The N2O reduction current was 

measured to identify the potential of zero total charge (PZTC) [6]. After 
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N2O gas was supplied into the electrolyte for 20 min, N2O was reduced 

by scanning the potential between 0.05 and 0.7 V with a scan rate of 20 

mV s-1 in continuously purging N2O gas. The rotating speed of RDE was 

1600 rpm in the N2O reduction. The ORR test was conducted to confirm 

the ORR activity of prepared samples. Before the ORR test, a blank CV 

was measured with rotating speed of 1600 rpm by 5 mV s-1 in the 

potential between 0.05 and 1.05 V. After O2 gas was purged for 30 min, 

the potential was scanned with rotating speed of 1600 rpm by 5 mV s-1 

from 0.05 to 1.05 V with purging O2 gas. The ORR curve was corrected 

by the anodic current of the blank CV. 

In the experiment about the surface modification of carbon support by 

PNIPAM, all the electrochemical characterizations were performed with 

the MEAs in the unit cells. The CV was obtained at 100 mV s-1 between 

0.05 and 1.0 V to compare the electrochemical active surfaces (EAS) of 

the prepared cathode catalyst layers [7]. Humidified H2 and N2 were 

supplied to the anode and cathode, respectively. For the unit cell 

performance test, humidified H2 (150 ml min-1) and air (800 ml min-1) 

were flowed into the anode and cathode, respectively, at 70 °C. 

Electrochemical impedance spectroscopy (EIS) (IM6, Zahner) of the unit 

cells was measured at 0.65 V with an amplitude of 10 mV. The 

measurement was conducted in a frequency range from 0.1 Hz to 10 kHz. 

The ZView program (Scribner Associates, Inc.) was utilized to fit the EIS 

data, and a simple equivalent circuit was applied as shown in Fig. 2.2. 
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Fig. 2.2 Equivalent circuit of PEMFC. (L: inductance of wire, Rs: series 

resistance, Rct: charge transfer resistance, CPE: constant phase element, 

W: Warburg impedance) 
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2.4. Physical and electronic structure measurements 
 

The particle distribution and size of the surface modified PtNi/C 

catalysts were investigated by high resolution-transmission electron 

microscope (HR-TEM) (JEOL 2010, at 200 kV). The element analyzer 

(EA) (EA1112, CE Instrument) was used to identify the weight percent of 

surface modified PtNi/C catalysts. Total metal loading was calculated by 

subtracting the weight of C, H, N in a sample. Inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) (Optima-4300 DV, 

Perkin-Elmer) was performed to the compositions of prepared PtNi/C 

catalysts. By X-ray diffraction (XRD) (Rigaku, D/MAX 2500) with Cu 

Kα radiation (40 kV, 200 mA), the diffraction patterns of PtNi/C catalysts 

were obtained in 2 theta ranges between 20 and 80 °. 

Pt LIII edge and Ni K edge X-ray absorption spectroscopy (XAS) was 

recorded at the Pohang Light Source (PLS) using the 10C beamline with 

a ring current of 120-170 mA at 2.5 GeV (Fig. 2.3). A Si(111) 

monochromator crystal was used with intensity detuned to 85% to 

eliminate high-order harmonics. Data were collected in fluorescence and 

transmission modes. Energy calibrations were performed for all 

measurements using either Pt foil or Ni foil placed in front of the third 

ion chamber. The University Washington data analysis program was the 

data analysis package used for X-ray absorption near-edge structure 

spectroscopy (XANES). The XANES spectra were first subjected to 

background removal by fitting pre-edge data to a Victoreen-type formula 
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over a range of 200-40 eV below the edge, followed by extrapolation 

over the energy range of interest and subtraction from the data. After 

removal of all background, second derivatives calculated from inflection 

points of data from the reference channel were used to correct the spectra 

for edge-shifts. Normalization was performed by the conventional 

procedures. The normalization value was chosen as the absorbance at the 

inflection point of one extended X-ray absorption fine structure (EXAFS) 

oscillation. The spectra were thus normalized by dividing each datum 

point by the normalization value. 

In the experiment of the surface modification of carbon support, field 

emission-scanning electron microscopy (FE-SEM) was conducted using a 

SUPRA 55VP (Carl Zeiss) to measure the thickness and structure of the 

cathode catalyst layers with and without PNIPAM. The cross-section of 

the samples was obtained by breaking them in a second or less after 

putting them into liquid nitrogen for several minutes. Atomic force 

microscopy (AFM) was carried out to identify the surface structure and 

roughness of Pt/C catalysts. X-ray photoelectron spectra (XPS) were 

obtained from an Al Kα source (ESCALAB 250 XPS spectrometer, VG 

Scientifics). Binding energies were calibrated with respect to C (1s) at 

285 eV. Experimental data were curve-fitted using XPSPEAK4.1 

software. Atomic ratios of Pt oxidation states were estimated from the 

area of the respective Lorentzian-Gaussian peaks. The advancing and 

receding contact angles were measured when a water droplet with total 

volume of about 20 μl was drawn in and out onto each cathode catalyst 
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layer with and without PNIPAM using a contact angle analyzer (KRUSS, 

DSA 100). It was conducted at 20 and 70 °C. 
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Fig. 2.3 Pohang light source (PLS) beam status. From the web page, 

http://pal.postech.ac.kr. 
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Chapter 3. Results and Discussion 

 

3.1. Effects of surface structure of core material on Pt 

overlayer 

 

3.1.1. Effects of surface structure of de-alloyed PtNi catalysts 

 

PtNi/C-ASP was synthesized by the impregnation method using NaBH4 

in anhydrous ethanol. To leach out Ni from the surface of PtNi/C-ASP, 

the acid treatment was then conducted on PtNi/C-ASP, and PtNi/C-acid 

with “Pt-skeleton”-like structure was fabricated. Continuously, PtNi/C-

acid was heated at H2 environment to make the “Pt-skin”-like structure. 

To analyze the metal composition and loading variation of the samples, 

ICP-AES and EA were performed, and the data were presented in Table 

3.1. By the ICP-AES, it was confirmed that the atomic ratio of Pt to Ni 

([Pt]/[Ni]) in PtNi/C-ASP and PtNi/C-acid were 1 and 3, respectively. It 

shows that the Ni was even much leached out from the surface on the 

PtNi/C-ASP rather than Pt. In addition, the metal loading in PtNi/C-acid 

was decreased by 3.6 wt.% by the acid treatment. The metal composition 

and loading of PtNi/C-acid/heat was not changed since PtNi/C-acid was 

only heated without any additional process. 

As shown in Fig. 3.1, PtNi nanoparticles were properly dispersed on 

carbon supports regardless of post-treatments such as de-alloying by acid 

solution and following heating process. In addition, the particle sizes of 
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PtNi/C-ASP and PtNi/C-acid were hardly changed compared to PtNi/C-

ASP when they were calculated by Scherrer equation in (220) peak of 

XRD in Table 3.1. It may be estimated that only surface atoms on PtNi/C-

acid were leached out, and overall particle size of PtNi/C-acid was kept 

with Pt-rich surface structure. On the other hand, the particle size of 

PtNi/C-acid/heat was slightly increased by ~0.2 nm because the heat 

could make the Pt atoms diffused despite relatively low temperature 

(250 °C). 

2 theta angles of PtNi/C-acid and PtNi/C-acid/heat were shifted toward 

lower than that of PtNi/C-ASP as shown in Fig. 3.2. It shows that Pt and 

Ni in PtNi alloy were de-alloyed when Ni atom was leached out by the 

acid treatment in PtNi/C-acid. However, both PtNi/C-acid and PtNi/C-

acid/heat had still higher angles than pure Pt due to the effects of Ni in 

the core parts. Additionally, the XRD pattern of PtNi/C-acid/heat had 

sharper peaks compared to other samples, which indicates the increased 

crystallinity after annealing [1]. These observations, in addition to the 

absence of the peak separation of Pt and Ni phases, show that the 

bimetallic catalyst preserved the alloy properties after the applied 

treatment. 

To intensively study the surface structure of the samples, the CO 

oxidation measurement was conducted in the acidic medium. As shown 

in Fig. 3.3, the CO oxidation peaks are typically distinguished by three 

peaks [2]. The pre-ignition peak at below 0.7 V is generated by defect 

sites on both (111) and (100) facets. The second peak between 0.7 and 0.8 
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V is related to (111) facet (former peak) and vicinal facet between (111) 

and (100) (latter peak). The single peak between 0.8 and 0.9 V is mainly 

attributed to (100) facet. As shown in Fig. 3.4a, PtNi/C-ASP showed only 

a broad CO stripping current peak between 0.7 and 0.9 V except the pre-

ignition peak below 0.7 V. The high current density of the pre-ignition 

peak indicates lots of irregular defect sites such as surface step/edge and 

kink were on the surface of PtNi/C-ASP because the PtNi alloy might be 

much quickly formed by a strong reducing agent, NaBH4. In addition, it 

was confirmed that the irregular surface structure did not have the long-

range facets such as (111) and (100) since the main peak of CO stripping 

current was not separated into two typical peaks at above 0.7 V. The 

maximum CO oxidation peak potential was appeared at ~0.75 V in the 

potential region of a near-(111) facet. Since (111) facet had the most 

stable surface energy, it was made as the sample prepared, but it seemed 

not to have an ordered structure. However, after the acid treatment, the 

main peak of the CO stripping current started to split to the both 

directions of low and high potentials with 0.75 V as the center in PtNi/C-

acid. Moreover, the pre-ignition peak of PtNi/C-acid was considerably 

reduced below 0.7 V. It is thought that the irregular defect atoms on (100) 

were firstly leached out, and near-(100) facet was appeared between 0.75 

and 0.85 V after the acid treatment because the pre-ignition peak was 

affected especially by (100) facet rather than (111) facet [3, 4]. However, 

(111) facet was not clearly distinguished from (100) facet. Continuously, 

after the heat treatment, the CO oxidation current peak of PtNi/C-



 

47 

 

acid/heat was more distinctly divided to two characteristic peaks of (111) 

and (100) by a decrease in the peak portion at 0.75 V related to the low 

coordination sites. These relatively ordered facets identified from the CO 

oxidation peaks correspond to the increase in crystallinity of PtNi/C-

acid/heat in the XRD peaks. In addition, the potentials at the maximum 

peaks were confirmed by the first derivative curves of the CO oxidation 

currents in Fig. 3.4b. The maximum CO oxidation peak related to (111) 

facet of PtNi/C-acid/heat was more negatively shifted compared to that of 

PtNi/C-acid. It seemed that the surface structure of PtNi/C-acid was 

reconstructed after the heat treatment. It was expected that these 

structural modifications of PtNi/C samples affected the d-band center of 

Pt and binding energy between Pt and oxygenated species. 

The electronic structures of Pt were investigated by the synchrotron 

XAS measurement. The XANES region of Pt LIII in the XAS can be used 

for assessing qualitative changes in the fractional d-band occupancies of 

Pt. It was thought that the coordination numbers of PtNi/C samples were 

not the same because different surface structures were confirmed from 

the CO stripping and XRD measurements. As shown in Fig. 3.5a, the 

white line absorption peaks of Pt LIII in PtNi/C samples were decreased in 

order; PtNi/C-ASP > PtNi/C-acid > PtNi/C-acid/heat. The reduction of 

the coordination numbers of PtNi/C-acid and PtNi/C-acid/heat was 

related to the surface modification through the surface de-alloying and 

reconstruction. As the lots of defect sites and surface oxides in PtNi/C-

ASP were decreased after the acid treatment, PtNi/C-acid had higher 
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coordination number than PtNi/C-ASP despite the existence of partially 

low coordinated surface Pt atoms. For the same reason, the white line 

absorption of PtNi/C-acid was also decreased compared to that of PtNi/C-

ASP in the XANES region of Ni K in Fig. 3.5b. PtNi/C-acid/heat could 

have more stable and ordered surface structure, which resulted in the 

lowest white line absorption peak at Pt LIII edge by smoothing the 

corrugated surface of PtNi/C-acid. On the other hand, in the XANES 

region of Ni K of PtNi/C-acid and PtNi/C-acid/heat, the order of the 

white line absorption peaks was reversed in Fig. 3.5b. It was attributed to 

an increase in Ni oxide and the electron transfer from Ni to Pt in the inner 

part of PtNi/C-acid/heat when the heat treatment was performed [5]. 

However, it was still ambiguous to explain the relation between the 

surface morphology and electronic structure changes since the X-ray 

transmitted not only the surface but also overall particles. Therefore, in 

order to identify the surface work functions of PtNi/C samples, the 

potential of zero charge (PZTC) was measured in an acidic medium. The 

high work function of a material is directly related to the high binding 

energy, and the high PZTC means high binding energy and downshift of 

d-band center of Pt relative to the Fermi-level [6, 7]. As shown in Fig. 3.6, 

PtNi/C-acid/heat showed the highest PZTC among prepared PtNi/C 

samples, and it is expected that the oxygenated species are weakly 

adsorbed on PtNi/C-acid/heat. Therefore, it was ensured that above 

results from XRD, CO oxidation current, and XANES corresponded to 

the PZTC data. 
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Based on above experimental results, CVs of PtNi/C-acid and PtNi/C-

acid/heat were measured in 0.1 M HClO4. As shown in Fig. 3.7, in the 

potential region of the Pt oxide formation, PtNi/C-acid/heat indicated 

lower Pt oxidation current than PtNi/C-acid. Additionally, in the cathodic 

sweep, the Pt reduction peak of PtNi/C-acid/heat was earlier appeared at 

higher potential [8]. It means that the binding energy between Pt and 

oxygenated species weakened in PtNi/C-acid/heat. Finally, as shown in 

Fig. 3.8, PtNi/C-acid/heat showed much higher ORR activity than 

PtNi/C-acid by the surface morphology and electronic structure changes. 
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Table 3.1 Physical properties of PtNi/C-ASP, PtNi/C-acid, and PtNi/C-

acid/heat obtained from ICP-AES, EA, and XRD. 

 

 

 

 

 

 

 

 



 

51 

 

 

Fig. 3.1 TEM images of (a) PtNi/C-ASP, (b) PtNi/C-acid, and (c) PtNi/C-

acid/heat. 
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Fig. 3.2 XRD patterns of PtNi/C-ASP, PtNi/C-acid, and PtNi/C-acid/heat. 
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Fig. 3.3 Schematic representation that summarizes the four CO 

oxidation current peaks and assigns them to specific surface domains 

and sites. 
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Fig. 3.4 (a) CO oxidation currents and (b) first derivative of CO 

oxidation currents of PtNi/C-ASP, PtNi/C-acid, and PtNi/C-acid/heat. 
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Fig. 3.5 XANES spectra of (a) Pt LIII edge and (b) Ni K edge for PtNi/C-

ASP, PtNi/C-acid, and PtNi/C-acid/heat. 
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Fig. 3.6 N2O reduction currents for PtNi/C-ASP, PtNi/C-acid, and 

PtNi/C-acid/heat. 
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Fig. 3.7 CVs of PtNi/C-acid and PtNi/C-acid heat in 0.1 M HClO4. 
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Fig. 3.8 ORR curves for PtNi/C-acid and PtNi/C-acid/heat in 0.1 M 

HClO4. 
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3.1.2. Effects of de-alloyed PtNi catalyst on Pt overlayer 

 

Many researchers have been studied the core-shell structure for the 

enhanced ORR activity in PEMFC. In general, they were mainly 

concentrated on the chemical compositions of core and shell materials as 

a core-shell design strategy. However, the surface structure of the core 

material was one of the most key factors to make the catalytic activity of 

the shell material changed. Recently, P. Strasser et al. elucidated that the 

Pt-rich shell in the de-alloyed core-shell catalyst exhibited the 

compressive strain, which resulted in the downshift of the electronic band 

structure of Pt and weakening the chemisorptions of oxygenated species 

[9]. It was attributed to the compressive lattice-strain of Pt sublayer by 

alloying the transition metal. So then, when Pt is overlayered on de-

alloyed core-shell, it is considered that the effect of the surface 

morphology becomes more critical rather than that of the chemical 

composition on catalytic activity. From this study, the surface structure-

induced strain effects of catalysts on the electrochemical property and 

catalytic activity in PEMFC were investigated. 

As shown in Fig. 3.9 and 3.10, Pt@PtNi/C-acid and Pt@PtNi/C-

acid/heat had similar particle size and distribution on the carbon support. 

The average particle size of Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat 

were 2.6 and 2.8 nm, respectively, which were calculated by Scherrer 

equation in (220) peak of XRD in Fig. 3.11 and Table 3.2. Different 

particle size of two samples was attributed to the different particle size of 



 

60 

 

core materials (PtNi/C-acid : 2.4 nm, PtNi/C-acid-heat : 2.6 nm). When 

Pt of 7 wt.% was additionally deposited on PtNi/C-acid and PtNi/C-

acid/heat, respectively, the thickness of Pt overlayer can be estimated by 

following equation [10, 11]: 

 

DPt@PtNi = DPtNi { 1 + [Pt] Vm,Pt / [PtNi] ( Vm,Pt θPt + Vm,Ni θNi ) }
1/3  

(3-1) 

 

Here, Vm is the molar volume; [ ] is the atomic ratio between Pt and 

PtNi; DPt@PtNi is the diameter of Pt@PtNi/C-acid or Pt@PtNi/C-acid/heat; 

DPtNi is the diameter of PtNi/C-acid or PtNi/C-acid/heat; and θ is the 

atomic fraction between Pt and Ni (here, θPt = 0.75 and θNi = 0.25 in 

PtNi/C-acid or PtNi/C-acid/heat due to Pt : Ni = 3 : 1 in Table 3.1). The 

experimental values of DPt@PtNi correspond closely to the theoretical 

values. Accordingly, the thickness of Pt overlayer on PtNi/C-acid and 

PtNi/C-acid/heat are ~0.2 nm, respectively. However, the atomic ratio of 

Pt : Ni was 5.8 : 1 from the ICP-AES in Table 3.2, while the calculated 

values of atomic ratio in two samples were Pt : Ni = 4.2 : 1, This error 

may be attributed to the analysis procedure, but it can be roughly 

accepted because the two samples had the same composition in the ICP-

AES. 

As mentioned in the former section, the CO oxidation peak of PtNi/C-

acid started to be slightly separated into near-(111) and (100) facets, and 

that of PtNi/C-acid/heat was divided further more. It resulted in the 
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change of the surface and electronic structure. Here, the Pt overlayer with 

thickness of 0.2 nm was additionally deposited on PtNi/C-acid and 

PtNi/C-acid/heat to study the strain effects induced from the surface 

structure of core materials. When Pt was overlayered on PtNi/C-acid/heat 

with the smooth surface, a long-range ordered (111) facet was fabricated 

on the surface. As shown in Fig. 3.12, the first CO oxidation peak, which 

was related to the (111) facet, of Pt@PtNi/C-acid/heat was appeared at 

below 0.75 V, and two peaks were distinctly indicated compared to 

PtNi/C-acid/heat. Most of low coordinated Pt atoms on PtNi/C-acid/heat 

were removed, and stable (111) facet with long-range was formed. In case 

of Pt@PtNi/C-acid, ordered (111) facet was more developed compared to 

PtNi/C-acid as a core material since Pt could be nucleated at unstable Pt 

atoms with low coordination number in the Pt overlayer synthesis. 

However, it seems that the long-range (111) facet of Pt@PtNi/C-acid 

could not be formed as that of smooth Pt@PtNi/C-acid/heat because Pt 

deposition was started from the corrugated surface of PtNi/C-acid. The 

first CO oxidation peak of Pt@PtNi/C-acid was appeared at 0.75 V, 

which was more positive potential compared to that of Pt@PtNi/C-

acid/heat (0.74 V). It can be clearly identified in Fig. 3.12b. It may be 

attributed to many vicinal facet between (111) and (100) in Pt@PtNi/C-

acid as shown in Fig. 3.3. It is considered that the short-range (111) facets 

were formed with relatively many boundaries between the (111) and 

(100) facets on Pt@PtNi/C-acid, which resulted in slightly positive shift 

of the CO oxidation peak at ~0.75 V. It was expected that this critical 
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structural difference between Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat 

could give a new insight about surface structure-induced strain effects. 

Huang et al. studied the surface atom contractions on (111) and (100) 

facets [12]. In molecular dynamics, the atoms on the vicinal facets 

between (111) and (100) have a large magnitude of contraction. Therefore, 

it was considered that Pt@PtNi/C-acid with many vicinal facets between 

(111) and (100) could be affected by the surface atom contraction much 

more than Pt@PtNi/C-acid/heat. In addition, Lee et al. hypothesized that 

the (111) and (100) terrace sizes greatly influence the ORR activity 

although they could not directly prove the hypothesis [13].  

The surface structure-induced compressive strain was also confirmed 

from the XANSE measurements. As shown in Fig. 3.13, Pt@PtNi/C-

acid/heat showed higher white line absorption peak than Pt@PtNi/C-acid 

in the region of Pt LIII XANES although it had well-ordered structure and 

high coordination number. In addition, in the region of Ni K XANES, 

Pt@PtNi/C-acid had lower white lie absorption peak compared to 

Pt@PtNi/C-acid/heat. If the charge transfer was occurred from Ni to Pt, 

the white line absorption of Ni K XANE in Pt@PtNi/C-acid might be 

increased. However, the tendency of Pt LIII and Ni K XANE was the 

same in two samples, which ensured the effect of the surface contraction 

in Pt@PtNi/C-acid. Therefore, the d-band center of Pt@PtNi/C-acid 

could be shifted down from the Fermi-level. In addition, the PZTC was 

measured to definitely confirm the structure-induced compressive strain 

on surface Pt. As shown in Fig. 3.14, Pt@PtNi/C-acid showed higher 
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PZTC and work function than Pt@PtNi/C-acid/heat, and the result 

corresponded to the downshift of d-band center of Pt. 

In the CV in Fig. 3.15, the onset potential of Pt oxidation was positively 

shifted, and the Pt reduction peak was also anodically moved in 

Pt@PtNi/C-acid due to the decreased in the binding energy between Pt 

and oxygenated species. Consequently, by the surface structure-induced 

compressive strain, the half-wave potential of Pt@PtNi/C-acid was 

higher than that of Pt@PtNi/C-acid/heat in the ORR curves in Fig. 3.16. 

While surface Pt on Pt@PtNi/C-acid/heat had less compressive strain by 

the long range-ordered substrate surface, that on Pt@PtNi/C-acid could 

obtain more compressive strain due to the vicinal facets between (111) 

and (100) produced on the corrugated substrate material. It is well known 

that the highest ORR activity is shown on (111) facet rather than (100) 

facet in HClO4 [14]. However, it is considered that the range of (111) 

facet is also important due to the surface contraction on the low 

coordination sites between (111) and (100) of the nanoparticle. 

Consequently, the study about the Pt overlayer on substrate materials 

with different surface structure could help understanding the 

enhancement of the ORR activity by the surface structure-induced strain. 
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Table 3.2 Physical properties of Pt@PtNi/C-acid and Pt@PtNi/C-

acid/heat obtained from ICP-AES, EA, and XRD. 
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Fig. 3.9 TEM images of Pt@PtNi/C-acid with (a) low magnification and 

(b) high magnification. 
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Fig. 3.10 TEM images of Pt@PtNi/C-acid with (a) low magnification and 

(b) high magnification. 

 

 



 

67 

 

 

 

 

 

 

 

Fig. 3.11 XRD patterns of Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat. 
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Fig. 3.12 (a) CO oxidation currents and (b) first derivative of CO 

oxidation currents of Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat. 
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Fig. 3.13 XANES spectra of (a) Pt LIII edge and (b) Ni K edge for 

Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat. 
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Fig. 3.14 N2O reduction currents for Pt@PtNi/C-acid and Pt@PtNi/C-

acid/heat. 

 

 

 

 

 



 

71 

 

 

 

 

 

 

 

Fig. 3.15 CVs of Pt@PtNi/C-acid and Pt@PtNi/C-acid heat in 0.1 M 

HClO4. 
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Fig. 3.16 ORR curves for Pt@PtNi/C-acid and Pt@PtNi/C-acid/heat in 

0.1 M HClO4. 
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3.2. Effects of carbon surface modification 

 

3.2.1. Selective functionalization of carbon support 

 

To enhance the water transport in the MEA, a facile way of reducing 

water flooding in the cathode catalyst layer was proposed through the 

introduction of carbon-supported Pt (Pt/C) catalyst selectively 

functionalized by poly(N-isopropylacrylamide) (PNIPAM), which is able 

to reversibly switch between hydrophilic and hydrophobic property  

depending on the temperature [15]. With this method, one can achieve a 

hydrophobic catalyst layer without a decrease in the EAS and an increase 

in the catalyst layer thickness. It is meaningful to selectively 

functionalize the carbon surface in the existence of metal nanoparticle on 

the carbon support in PEMFC. 

This study has been motivated by the fact that the hydrophilicity needs 

to be switched at two steps: (i) particle dispersion at MEA preparation 

process and (ii) water management at PEMFC operation. Namely, the 

carbon support should have sufficiently high hydrophilic functional 

groups to uniformly disperse the catalyst of nanoparticles on the carbon 

surface when carbon supported Pt-based or other metal catalyst is 

synthesized [16, 17]. Therefore, the carbon support such as carbon black, 

carbon nanotube (CNT) and carbon nanofiber (CNF) is generally 

activated through the acid treatment so as to have the functional groups 

such as -COOH, -C=O and -C-O on the surface, and the hydrophilic 
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functional groups on carbon still remain after the catalyst synthesis. It is 

noted in this regard that a catalyst ink having a carbon support without 

such functional groups have shown bad dispersion [17, 18] and large 

catalyst agglomerates may be formed in a catalyst layer, which results in 

low Pt utilization in the MEA [19]. Therefore, the carbon surface needs to 

be hydrophilic to well disperse the catalyst ink at room temperature, 

which consists of catalyst, ionomer and solvent. In sharp contrast, from 

the water management point of view in the MEA, a hydrophobic carbon 

surface is required to prevent from flooding of the catalyst layer when 

operating PEMFC at ~70 ℃ since otherwise water can be accumulated 

on the carbon surface. In addition, oxygen gas can easily transport to the 

Pt through the hydrophobic channel on the carbon surface [20]. 

Accordingly, to meet such a wide variation of hydrophilicity from the 

catalyst synthesis to the PEMFC operation, the wetting property of the 

carbon surface should be tuned at each step. Two approaches are 

conceivable at this stage. First, the Pt surface should be intact throughout 

the carbon surface functionalization. Otherwise, a significant reduction in 

the active area of Pt nanoparticles would occur. Second, a material with 

temperature-directed switchable hydrophilicity is needed because a 

variable is only the temperature from room temperature (catalyst ink 

preparation) to ~70 ℃ (PEMFC operation). 

It is known that PNIPAM exhibits thermally responsive switching 

between hydrophilicity and hydrophobicity [21-26]. This phenomenon is 

explained by the competition between intermolecular and intermolecular 
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hydrogen bonding below and above the lower critical solution 

temperature (LCST) of ~32 ℃.  Owing to this excellent responsive 

behaviour, PNIPAM has been studied in broad research areas, such as 

tissue engineering, drug delivery, and micro/nano actuators after being 

tailored to respond to a specific stimulus. Herein, we utilize the 

switchable wetting of PNIPAM in PEMFC by selective functionalization 

in order to tackle the above challenge, i.e., spontaneous wetting transition 

from hydrophilic to hydrophobic without deteriorating the active area of 

the catalyst. Fig. 3.17 shows a schematic illustration for the synthesis of 

selectively-functionalized Pt/C (Pt/C-PNIPAM). Here, amine-terminated 

PNIPAM (NH2-PNIPAM) and functional groups (-COOH) on the carbon 

surface selectively formed the amide (-CONH) bond with the aid of 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) as a catalyst [27]. 

Subsequently, reactant residue was eliminated through the filtration by 

excessive D.I. water. This chemical synthetic mechanism can give 

selectivity for the functionalization of the carbon surface despite the 

existence of Pt nanoparticles.  

As shown in Fig. 3.18, The catalyst layer thickness with Pt/C-PNIPAM 

(4.9 mm) was similar to that with Pt/C (5.0 mm). Moreover, there is no 

isolated polymer particle in the catalyst layer with Pt/C-PNIPAM. It 

shows that PNIPAM did not agglomerate each other, and it may be 

located only on catalyst surfaces with well-dispersed. The catalysts were 

properly agglomerated each other in the catalyst layer of the MEAs as 

shown in Fig. 3.19. It means that Pt/C-PNIPAM was well mixed in the 
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catalyst ink since PNIPAM was hydrophilic at room temperature during 

the MEA preparation. Interestingly, the surface of Pt/C-PNIPAM seemed 

similar to that of non-treated Pt/C in the scanning electron microscope 

(SEM) images. To identify the surface structure of the catalysts, the 

surface roughness of Pt/C and Pt/C-PNIPAM was additionally measured 

by AFM. From the analysis, it was observed that the surface of Pt/C-

PNIPAM was rougher than the Pt/C surface, with the measured 

roughnesses being 9.44 nm and 15.00 nm for Pt/C and Pt/C-PNIPAM, 

respectively. It shows that PNIPAM can be well distributed among Pt 

nanoparticles on the carbon surface. 

 For the characterization of the amide formation, each catalyst surface 

was analyzed by XPS. The existence of N 1s peak at 400.5 eV of Pt/C-

PNIPAM shows that PNIPAM was definitely located on Pt/C, and the 

amide bond was formed between the carbon surface and PNIPAM [28, 

29]. (Fig. 3.20) In addition, it was confirmed that PNIPAM was 

selectively functionalized only on the carbon surfaces without affecting 

Pt surfaces. Fig. 3.21a indicates that Pt 4f core-level peaks of Pt/C and 

Pt/C-PNIPAM were hardly changed, and the ratio of Pt oxidation states 

of Pt/C-PNIPAM was analogous to that of Pt/C. (Fig. 3.22 and Table 3.3) 

Especially, cyclic voltammograms (CV) of the cathode catalyst layers 

with and without PNIPAM were also similar to each other, and the EAS 

of Pt/C-PNIPAM calculated from the Hupd regions was comparable to that 

of Pt/C as shown in Fig. 21b. Based on these observations, it was 

concluded that PNIPAM did not attach to Pt nanoparticles, and hardly 
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affected the electronic structure of Pt catalyst. Therefore, the synthetic 

method for carbon surface functionalization secured the selectivity. In 

addition, it was identified from XRD patterns in Fig. 3.23 that Pt 

crystalline of Pt/C-PNIPAM was not affected in catalyst preparation since 

the diffraction patterns of two samples were not changed. 
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Fig. 3.17 Schematic illustration of synthesis of selectively-functionalized 

Pt/C (Pt/C-PNIPAM). 
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Fig. 3.18 SEM images showing the catalyst layer thickness of (a) Pt/C 

(~4.9 mm) and (b) Pt/C-PNIPAM (~5.0 mm). 
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Fig. 3.19 AFM images showing the morphology of each surface: (a) Pt/C, 

(b) Pt/C-PNIPAM. Each inset shows corresponding SEM images. (Scale 

bar: 50 nm) 
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Fig. 3.20 XPS peaks of N1s for Pt/C and Pt/C-PNIPAM. 
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Fig. 3.21 (a) XPS peaks of Pt4f and (b) CVs for Pt/C and Pt/C-PNIPAM. 
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Fig. 3.22 Deconvolution for XPS peaks of Pt4f of (a) Pt/C and (b) Pt/C-

PNIPAM. 
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Table 3.3 Atomic ratio of Pt oxidation states of Pt/C and Pt/C-

PNIPAM.
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Fig. 3.23 XRD patterns for Pt/C and Pt/C-PNIPAM. 

 

 

 

 

 

 



 

86 

 

3.2.2. Thermal responsibility of modified carbon surface 

 

Thermal responsibility of PNIPAM on the carbon surface was verified 

by measuring advancing and receding contact angles (CAs) at ~20 ℃ 

(below LCST) and ~70 ℃ (above LCST) as shown in Fig. 3.24 and 

Table 3.4. Large and small values of CA hysteresis show the hydrophilic 

and hydrophobic surface properties, respectively. The catalyst layers with 

Pt/C had similar and high CA hysteresis (= θa-θr) at 20℃ and 70 ℃. It 

means that Pt/C may have strong water retention ability in the catalyst 

layer regardless of the PEMFC operating temperature. On the contrary, 

Pt/C-PNIPAM showed a CA hysteresis of ~5.2 at 70 ℃, suggesting that 

the catalyst layer with Pt/C-PNIPAM is very hydrophobic when operating 

a PEMFC at 70 ℃. It is noted in this regard that the CA hysteresis turned 

out to be the most critical factor to ensure optimal performance of 

PEMFC for the water management [30, 31]. 
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Fig. 3.24 Photographs of advancing and receding contact angles 

depending on temperature and surface material. 

 

 

 

 

 



 

88 

 

 

 

 

 

 

 

 

 

 

Table 3.4 Contact angle (static, advancing and receding) data depending 

on temperature and surface composing materials. Hysteresis in the 

adhesion energy was calculated based on the data. 
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3.2.3. Enhanced water transport in cathode of PEMFC 

 

As shown in Fig. 3.25, the MEA using Pt/C-PNIPAM as a cathode 

catalyst showed a distinctively higher unit cell performance than that 

using Pt/C at 70 ℃. Interestingly, PNIPAM on the carbon surface 

affected the fuel cell performance mainly in the high current region 

related to water flooding. This means that the MEA with Pt/C-PNIPAM 

may have a high power density in the high current region, since water 

flooding was reduced by hydrophobic property of PNIPAM-

functionalized carbon surface. The PEMFC performance in the low 

current region, however, was nearly the same as that of Pt/C since Pt 

catalyst of Pt/C-PNIPAM was not affected by the selective 

functionalization of the carbon support. Additionally, the semi- circles in 

the low frequency region of the electrochemical impedance spectroscopy 

(EIS) in Fig. 3.26 indicated that the mass transfer resistance of Pt/C-

PNIPAM was smaller to that of Pt/C. When the EIS data was fitted and 

calculated by the equivalent circuit in Fig. 2.2, the Warbug impedance of 

Pt/C-PNIPAM (0.055 Ohm cm2) was much smaller than that of Pt/C 

(0.085 Ohm cm2) although the current density Pt/C-PNIPAM was higher 

than that of Pt/C at 0.65 V. It means that the removal rate of water from 

Pt/C-PNIPAM was increased, and oxygen could rapidly access to the Pt 

catalyst through the hydrophobic carbon surface. 

To understand the enhanced water transport in the catalyst layer with 

Pt/C-PNIPAM, we propose here a simple theoretical model. We 
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hypothesize that the systematic pressure and adhesion force at the solid-

liquid interface would compete each other as the driving force (Fd) and 

the resistant force (Fr), respectively,  and thus might determine the 

extent of water transported through pores in the MEA. The MEA surfaces 

of Pt/C and Pt/C-PNIPAM are highly hydrophobic as can be seen from 

the CAs in Table 3.4. Hence, the pressure difference (ΔP) should 

overcome the Laplace pressure (ΔPL) to force water into pores [32]. The 

relation is expressed in a simple form, given by 

 

Fd ≥ ∆PL∙A = (2γw |cosθ|)/rp ∙(πrp
2) = πγw rp |cosθ|, (θ≥90)    (3-2)   

 

where γw is the surface tension of water, rp is the average radius of pore 

and θ is the CA of pore surface. 

When considering the counterbalancing term, water transport is 

inhibited by adhesion or retention of water on pore surface. The 

difference in the adhesion energy (ΔW) at the solid-liquid interface can 

be calculated by measuring the CA hysteresis [30, 33, 34]. Accordingly, 

the resistant force of water transport can be obtained as  

 

Fr = ∆W∙l = γw (cosθr - cosθa)∙(2πrp)              (3-3)   

 

where θr is the receding CA and θa is the advancing CA.  

To set up an index to determine efficient water transport, the ratio of Fd 

to Fr can be used, i.e., 
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Fd/Fr ≥ (|cosθ|)/(cosθr - cosθa)              (3-4)   

 

For the conditions used in our experiment, the ratios are 3.0 and 18.4 for 

Pt/C and Pt/C-PNIPAM, respectively, suggesting that the latter allows for 

a much higher driving force for water transport. It further indicates that 

Pt/C-PNIPAM could easily remove water from the carbon surface in the 

catalyst layer. A detailed kinetic model incorporating the role of three 

phase interactions is currently under investigation. 

In summary, Pt/C catalyst was selectively functionalized by thermally 

responsive PNIPAM to reversibly switch the wetting properties of the 

carbon surface from hydrophilic to hydrophobic. During the MEA 

fabrication and PEMFC operation, Pt/C-PNIPAM was able to change its 

surface property with respective to its operation temperature. Notably, the 

Pt catalyst was not affected by the surface functionalization; it was well 

mixed in the catalyst ink at room temperature, and showed consistent unit 

cell performance in the low current density region without affecting Pt 

catalyst in the PEMFC operation. In the high current density region, by 

contrast, hydrophobic property of Pt/C-PNIPAM caused the power 

density to increase significantly due to fast removal of water and rapid 

oxygen accessibility to the Pt surface in the catalyst layer. Consequently, 

it was confirmed that selective functionalization of the carbon support 

with thermally responsive polymer was successful for the water 

management in PEMFC. In addition, it is envisioned that the present 
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synthetic idea and experimental results may provide a new insight for 

various energy device applications using organic and inorganic composite 

materials and functional polymers. 
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Fig. 3.25 Unit cell performance of MEAs with Pt/C and Pt/C-PNIPAM. 
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Fig. 3.26 EIS of MEAs with Pt/C and Pt/C-PNIPAM. (Dot: raw data, 

Line: fitting data) 
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Chapter 4. Conclusions 

 

In PEMFC, the sluggish cathode reaction and water flooding considerably 

affects the charge transfer resistance for the ORR and mass transfer 

resistance related to water produced by the ORR, respectively, in the cathode. 

Large overpotnetials by these resistances are the main reason of the fuel cell 

performance degradation, and they are attributed definitely to the catalysts. 

O2 should be rapidly reduced to water on metal nanoparticles of the catalyst, 

but water produced by the ORR has to be removed from the catalyst surface. 

This situation makes difficult requirements for the cathode catalyst design in 

PEMFC. Nevertheless, the most important thing is that all kinds of 

electrochemical reaction including the ORR are occurred on the surface, and 

the water retention and removal also results from the surface property. 

Accordingly, the surface of metal nanoparticle and carbon support composed 

of fuel cell catalysts were modified via various methods to enhance the ORR 

activity and water transport, respectively, in the cathode of PEMFC. In 

addition, understanding the electrochemical and physical meaning was 

intensively pursued. 

The surface structure modification of PtNi/C-ASP was started through de-

alloying by the acid and heat treatment. This strategy to change the catalyst 

surface structure has been well known. Corrugated “Pt-skeleton” structure 

(PtNi/C-acid) was attributed to leaching out surface Ni atoms by the acid 

treatment, and the “Pt-skin” structure (PtNi/C-acid/heat) was fabricated due 

to smoothing the surface Pt atoms on “Pt-skeleton” structure by heating. 
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However, the rational explanation how the surface smoothing was conducted 

was not enough to understand the enhancement of the ORR activity in 

PtNi/C with “Pt-skin” structure. In this thesis, the surface smoothing process 

was electrochemically confirmed by CO stripping current measurements, 

and it was investigated that the surface structure on the catalyst affected the 

Pt electronic structure. PtNi/C-ASP showed very broad CO oxidation peak 

because it had a highly disordered surface structure. However, the CO 

oxidation peak of PtNi/C-acid was started to be gradually separated. In 

addition, two distinct CO oxidation peaks were formed in PtNi/C-acid/heat, 

and moved into the direction of peak potentials for the stable (100) and (111) 

facets. By the XANES and PZTC measurement, it was confirmed that 

PtNi/C-acid/heat had high coordination number and work function. 

Therefore, the downshift of d-band center of surface Pt in PtNi/C-acid/heat 

resulted in a decrease in the binding energy between Pt and oxygenated 

species and an increase in the ORR activity. 

Based on above results, the effect of surface structure in catalysts was 

intensively studied. Pt overlayers were additionally deposited on PtNi/C-acid 

and PtNi/C-acid/heat, which were Pt@PtNi/C-acid and PtNi/C-acid/heat, 

respectively. By different surface structures of PtNi/C-acid and PtNi/C-

acid/heat as substrate materials, the surface structure of additional surface Pt 

atoms was definitely affected. The CO oxidation current peaks in both 

pt@PtNi/C-acid and Pt@PtNi/C-acid/heat were more clearly separated, but 

the range of (111) facet formation was different according to the surface 

structure of substrate materials. Pt@PtNi/C-acid fabricated with corrugated 
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PtNi/C-acid had more short-range (111) facets with many boundaries 

between (111) and (100) facets while Pt@PtNi/C-acid/heat had long-range 

(111) facets. However, at the low coordination sites at the boundary, surface 

atom contraction (surface strain) was occurred in Pt@PtNi/C-acid. By the 

surface structure-induced strain, the white line absorption peaks of 

Pt@PtNi/C-acid were decreased in the XANES region, and Pt@PtNi/C-acid 

could have high work function. On the contrary, Pt@PtNi/C-acid/heat with 

too much stable long-range (111) facet did not obtain the surface strains due 

to high coordination number of the substrate material. Consequently, the 

study about the Pt overlayer on substrate materials with different surface 

structure could help understanding the enhancement of the ORR activity by 

the surface structure-induced strain. 

Finally, a new strategy to enhance the water transport on catalyst surface 

was proposed through the surface modification of carbon support in Pt/C 

catalyst. It is required to change the surface property of carbon since water 

produced by the ORR on fuel cell catalyst is accumulated on the surface of 

carbon support. Hydrophilic carbon is needed to load metal nanoparticles as 

catalysts on carbon support, and the hydrophilic property of carbon support 

is necessary because the carbon-supported catalyst should be well dispersed 

in the catalyst ink when the MEA fabricated. However, if the carbon support 

of Pt/C is hydrophobic, it can take advantages for the water transport on 

carbon surface in the PEMFC operation. Accordingly, the hydrophilicity of 

carbon needs to be switched at each step: particle dispersion at ~20 °C in the 

MEA preparation process and water management at ~70 °C in the PEMFC 
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operation. To meet the difficult requirements, the carbon with self-switchable 

hydrophilicity is definitely required, and the carbon surface modification 

should not affect the surface of Pt nanoparticles on the carbon support not to 

lose the catalytic activity. Therefore, a thermally responsive PNIPAM was 

selected as a surface tuning material on carbon. Additionally, for the 

selective funtionalization of carbon surface, amine- terminated NH2-

PNIPAM was used eventually for the amide reaction between NH2- and -

COOH on carbon surface. The selective functionalization of PNIPAM was 

proved by the XPS and CV measurement. The existence of N 1s core level 

peak in Pt/C-PNIPAM and no change of Pt 4f core level peaks and CVs in 

both Pt/C and Pt/C-PNIPAM clearly ensured the selective funtionalization. 

In addition, it was confirmed that the thermal responsibility of Pt/C-

PNIPAM could be verified by measuring advancing and receding contact 

angles. The catalyst layers with Pt/C had high contact angle hysteresis at 

20°C and 70 °C. It means that Pt/C may have strong water retention ability 

in the catalyst layer regardless of the PEMFC operating temperature. On the 

contrary, Pt/C-PNIPAM showed a small contact angle hysteresis at 70 °C, 

suggesting that the catalyst layer with Pt/C-PNIPAM is very hydrophobic 

when operating a PEMFC at 70 °C. It is worthwhile noting that the CA 

hysteresis turned out to be the most critical factor to ensure optimal 

performance of PEMFC for the water management. Therefore, the MEA 

with PNIPAM in the cathode catalyst layer was much higher fuel cell 

performance in the high current density region. In addition, the interfacial 

relation between the modified carbon and water was understood by a simple 
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theoretical model. 

These surface modifications of catalyst (metal nanoparticle and carbon 

support) could give significant changes of the electrochemical property and 

catalytic activity in PEMFC. The changes were also proved by various 

measurements. Consequently, it was concluded that understanding the 

surface structure of catalysts was necessarily required for advanced material 

designs in the electrochemical energy conversion devices. 



 

105 

 

국       

 

소 이   막 연료 지는 미래  학  에 지 변  

장  큰 잠재  가지고 있다. 소가 가지는 학에 지를 다

른 계 인 변  과  없이 직  생  도함 써 

에 지 변  한 이  효 이 83 %  일 인 내연 에 

해 월등히 높다. 그러나 소 이   막 연료 지를 상용  

하 지는 아직 해결해야 할 들이 많이 남아 있다. 그러한 미

해결 과 들  재료  소재 개 , 장  조 공 , 운  조건, 연

료 개질, 연료 장  등과 하여  복잡하게 얽  있다. 

그 에 도 소 이   막 연료 지에  가장 요한 요소는 

학  통해 를 생산해내는 막 극 합체이다. 특히, 

소 이   막 연료 지  능  증 시키  한 핵심 부분

 막 극 합체 내  원 극이라고 할  있다. 

소 이   막 연료 지에 는 가장 큰  가지 과 압 손

실이 모  원 극 부  나 다. 첫 번째 과 압 손실  낮  

 도 역에  매우 느린 산소 원 부  생하는 

하 달 항과  이 있다. 이러한 하 달 항  

이  해, PtM (M = Fe, Co, Ni) 합 , 코어-  구조, 입자 상 
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어 등 다양한 속 나노 입자 개 이 진행 고 있다.  번째 과

압 손실  높   도 역에  산소 원  통해 과량

 이 생하여 산소  근  해하는 원 극  상 

에 나타나게 다. 속 매 입자  면에  산소 원 

 생한 이 탄소 지지체  면에 축 이 고, 나아가 매

- 매 사이에 이 고여 극 내  상이 나타나게 다. 이

러한 원 극 내 효과 인  리를 해 소  가진 입자

를 극 내 삽입하거나 공 를 어 큰 공  만드는 연

구들이 진행 어 다. 그러나 많  노 에도 불구하고   가

지 과 압 손실  여 히 소 이   막 연료 지  능 

하에 상당한 부분  차지 하고 있다. 

속 나노 입자 에  산소 원 과 탄소 지지체에  

 축  는 모  소재  면 질과 직 인  가지  

에, 매 ( 속 나노 입자  탄소 지지체)  면 구조는 그 

들  해결하  한 핵심 요소가   있다. , 높  산소

원   한 원극 매 개  해, 탄소에 담지  

-니켈 합  매 (PtNi/C)를 합 하 고, 속 나노 입자  

다양한 면 개질  통해 그 구조  향에 한 연구를 진행하

다. 산처리를 통해 -니켈 합  면에 있는 니켈 원자를 녹

여 냄 써 de-alloying  도하 다. 그리고 이 게 만들어진 
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de-alloying  -니켈 합  다시 열처리 하여, 니켈 원자가 

녹아 나가면  생 었  굴곡진 매 입자 면  매끄럽게 하

다. 또한 산처리  -니켈 입자  산처리  열처리가 동

 -니켈 입자 에 다시    코어 질  면 

구조가   학  특   산소 원  에 미

는 향  살펴 보았다. 다양한 면 구조  변 는 주  일산 탄

소 산    통해 연구 었고, 그 변  면 구조  인

한  자 구조  향  X-ray absorption near-edge 

structure spectroscopy (XANES)  potential of zero total 

charge (PZTC)를 통해 인하 다. 매 면 개질 공 에 라 

(111)과 (100) 결 면   도가 다르게 나타났고, 그것  

 자 구조  학  특  변  시켰다. 라  

과 산소종 (oxygen species) 사이  결합 에 지  차이가 생

하게 어 산소 원  에 뚜 한 차이를 나타내게  

인하 다. 

질 달과    번째 과 압 손실  이  한 시도

는, 막 극 합체  원 극 내  이동  증 시키  해 

도에 하는 poly(N-isopropylacrylamide) (PNIPAM)  이용

하여 탄소 지지체 면  택  개질하는 법  택하 다. 

소 이   막 연료 지  매 지지체  탄소 입자는 그 
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면에 속 나노 입자를 담지하  해 는 여러 탄소 능 가 

필요하  에, 일   면  갖는 탄소를 사용하

게 다. 또한 막 극 합체 작  한 매 잉크 조 시, 탄

소에 담지  매가 나피  이 노 , , 알콜 용매  잘 합

어야 하  에  갖는 탄소 입자가 요구 다. 그러나 막

극 합체를 조한 후, 실  연료 지 구동 시 70 °C 도에  

탄소 입자 면에  축  피해야 하므   소  면

이 필요하게 는데 앞  언 한 매  매 잉크 조 과  

에 그 를 해결하  어 운 이 있었다. 이러한 탄소 지지체

 면 질에 한 를 해결하  해 도에 라 /소

이 변하는 PNIPAM  탄소 면에 택  결합시켰고, 

그 택  결합 과 이 산소 원 매  사용 는  나노 입자

에는 향  거  주지 않았다. 택  탄소 면 개질  X-ray 

photoelectron spectroscopy (XPS)   압법  통해 증명

하 고, 20 °C  70 °C에  울  각 이 상 (contact 

angle hysteresis)  통해 도에 른 /소  변

를 인하 다. 택  탄소 면  능  인해 상 에  매 

잉크 조 시 매  분산도에  가 없었 며, 70 °C에  

연료 지 구동 시 막 극 합체 내  이동 능  증  인해 

연료 지 능이 향상 었다. 또한 개질  탄소 면 질과  
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이동과  상  계를 이해하  해 간단한 이  모델  워 보

았다. 

결 ,  같  매 ( 속 나노 입자  탄소 지지체)  

면 구조  개질  통해 소 이   막 연료 지에  

학  질과 매  변 를 도할  있  인하 고, 또

한 매  여러 가지 면 구조에 한 이해를 탕  학

 에 지 변  장 에 용   있는 소재 개 에 한 새 운 

략  얻   있었다. 

 

 

 

주요어: 연료 지, 매, 탄소, 면 구조, 산소 원 ,  이동 
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