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Abstract 

 

Water management in cathode catalyst layer (CCL) plays an important role in the PEM fuel cell 

operation. A novel anti-flooding CCL is developed with the addition of oxygen permeable and 

hydrophobic dimethyl silicone oil (DSO) into the catalyst layer (CL) to improve the water 

balance and oxygen transport within the cathode.  With the addition of 0.5 mg/cm2 DSO in the 

CCL, the ability of water management has been enhanced greatly compared to that with a normal 

cathode.  Electrochemical impedance spectroscopy has been employed to characterize the 

electrochemical behavior of the single fuel cell. The results show that the increased 

hydrophobicity of the CCL by DSO modification effectively expels water out of the voids of 

CCL and facilitates the water back diffusion so as to reduce the resistance of the membrane.  In 

addition, DSO in the CCL enhances oxygen accessibility to the CCL, thus improving the 

performance of the PEM fuel cell significantly.  

 

Keywords: polymer electrolyte fuel cell; cathode catalyst layer; water management; flooding; 

hydrophobicity; dimethyl silicone oil 
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1 Introduction 

 

One of the critical issues associated with the high-power PEMFCs is in water management, 

which needs a delicate water balance scheme between the membrane hydration and cathode 

flooding.  On one hand, water is essential for ionomer membrane to facilitate proton 

conductibility [1, 2].  On the other hand, if excessive water fills the pores of the catalyst layer 

(CL) and gas diffusion layer (GDL), the electrode reaction becomes mass-transport-limiting, 

which leads to rapid cell voltage drop and immediate cell performance degradation.  In view of 

the fact that water is produced by the oxygen reduction reaction within the CCL and transports 

from anode to cathode through electro-osmotic drag, proper flooding prevention in the cathode 

design and operation is vital in ensuring the high performance and prolonged life span of PEM 

fuel cells.  During the operation, the properties of CCL and GDL significantly affect the balance 

of water in the PEM fuel cell.  Sinha et al. investigated the profound influence of the underlying 

structure and surface wettability on liquid water transport and interfacial dynamics in the fuel 

cell GDL at the pore-level [3] . The micro-porous layer (MPL), placed between CL and GDL, 

can provide support for catalyst ink from dropping into GDL, minimize the electric contact 

resistance and provide wicking of liquid water into GDL to reduce mass transport limitation [4-

11]. 

 

Although the importance of GDL in preventing flooding has been extensively studied, the role of 

the CCL in fuel cell water balance has never been investigated in depth, either experimentally or 

numerically.  Most cell and stack model treat CCL as infinitesimally thin interface without 

structural resolution when dealing with the flooding problem because of the complexity of CCL 

[12].  The structure-based model revealed that CCL is the critical fuel cell component in view of 

excessive flooding that could give rise to limiting current behavior.  The CCL can act as 

watershed in fuel cell to regulate the balance between the liquid water and vapor.  Jiao and Zhou 

numerically showed that the different wettability in both CCL and GDL could affect liquid water 

flow patterns significantly, thus influencing the performance of the cell [13].  Magnetic particles 

were deposited in the CL of a cathode and magnetized to improve the performance of a PEM 

fuel cell in the current limited region by decreasing the saturation level of liquid water [14].  
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It was analyzed that implementing cathode modified by oxygen permeable but water immiscible 

perfluorocarbons would divert the water flow from CCL to PEM [15,16].  The objective of this 

study is placed on experimentally developing a novel anti-flooding cathode with the addition of 

oxygen permeable and hydrophobic dimethyl silicone oil (DSO) into the CCL to improve the 

water management and oxygen transport within the cathode.  The anti-flooding property of the 

novel cathode is so effective that no MPL is needed in the cathode.  A high performance PEM 

fuel cell with improved stability has been demonstrated successfully at room temperature with 

the novel anti-flooding cathode. 

 

2 Experimental 

 

Both anode and cathode are consisted of a wet proofed carbon paper as the backing layer and a 

CL.  Commercial TGP-H-090 carbon papers were impregnated with 15% PTFE to make it 

hydrophobic.  DSO (Shin-Etsu, Japan) was emulsified into a mixture of water and isopropanol 

by a highly intensive ultrasonic machine (Vcx 750, Sonics, USA) with appropriate loading. Then, 

the catalyst ink was prepared by ultrasonically dispersing carbon-supported 50 wt.%  Pt (Johnson 

Matthey) catalyst and Nafion solution into the emulsion.  The ink was directly spread onto the 

PTFE-impregnated carbon paper by using a knife-blade.  The optimal DSO loading was found to 

be 0.5 mg/cm2 in this study. To better understand the effect of DSO on cathodic water 

management, no MPL was fabricated. The loading of Pt in the CL with and without DSO was 

0.35 mg/cm2 with a Nafion loading of 0.56 mg/cm2.  A pair of the anode and cathode was hot 

pressed on both sides of commercial Nafion 112 membrane (EW1100, DuPont) for 2 min at 135 

C with a pressure of 50 kg/cm2 to make the membrane-electrode-assembly (MEA).   

 

A single cell, with approximately 4 cm2 geometric electrode area and serpentine flow field, was 

used in the evaluation of the anti-flooding cathode performance.  The steady-state polarization 

and electrochemical impedance spectra (EIS) were measured using Solartron Electrochemical 

Interface (1255B) in conjunction with a Solartron Frequency Response Analyzer (1287). 

Impedance spectra were recorded at frequencies range between 0.01 Hz and 10 kHz. Wet 

hydrogen (humidified at 22oC) and dry air/O2 were fed into the anode and cathode, respectively, 

under conditioned at a stoichiometry of 2.1 calculated at 1 A/cm2. All testing was carried out at 
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room temperature of around 22°C and atmosphere pressure.   

 

3 Results and discussion 

 

The effect of DSO on the cathode flooding and polarization behaviors is compared in Fig. 1.  For 

the first sweep of testing, the CLs and the membrane were under dry condition which would lead 

to sluggish reaction in the kinetic regime as shown in the polarization curves (Fig. 1a).  During 

the first sweeping, the fuel cell with normal cathode showed a limiting current density of 850 

mA/cm2, which significantly dropped to ~320 mA/cm2 after further polarization at a constant 

potential of 0.4 V for 3 hrs.  As a contrast, under the same operating conditions, the fuel cell with 

DSO loaded cathode did not show limiting currents when the current densities approached to 

1000 mA/cm2 for both the first sweep and after 3 hrs polarization.  Fig. 1b summarizes and 

compares the maximum power densities of the fuel cell with normal cathode and DSO loaded 

cathode. Similar maximum power densities of 269 mW/cm2 and 255 mW/cm2 were obtained for 

the fuel cell with normal cathode and DSO loaded cathode for the first sweep, respectively. 

However, after 3 hrs polarization, the maximum power density dropped to 144 mW/cm2 for the 

fuel cell with normal cathode, whereas it increased to 356 mW/cm2 for the fuel cell with DSO 

loaded cathode. The performance deterioration of the fuel cell with normal cathode was 

attributed to the diminished oxygen supply caused by the cathode flooding.  The retention of 

bulk liquid water in the normal cathode could easily prevent the oxygen transport from entering 

the CCL, leading to a lower limiting current density [17].  The DSO increases the hydrophobicity 

of the surface of the CCL which is believed to help expel water from the voids of CCL and 

facilitates the hydration of PEM.  Moreover, both fuel cells were found to have similar kinetic 

regimes (e.g. in the region where current density is less than 100 mA/cm2), indicating that the 

addition of DSO in the cathode did not change the oxygen reduction behavior in the cathode. 

 

Fig. 2 shows the impedance spectra measured at different potentials for both PEMFCs made of 

cathode with and without DSO after 3 hrs polarization.  At high potential of 0.8 V (e.g. under 

low overpotential condition, Fig. 2a), both Nyquist plots presented a complete depressed 

semicircle, which is the kinetic loop.  Although the diameter for these two loops were almost the 

same, the starting point for the cell with DSO loaded cathode was shifted to the left side, which 
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means its ohmic resistance of the membrane is less than that of the fuel cell with normal cathode.  

This phenomenon could be explained by the increased back diffusion of product water to the 

membrane caused by the more hydrophobic CCL in the DSO loaded cathode.  The rate of water 

transport from cathode to anode by back-diffusion plays an important role in PEM fuel cell 

performance, especially in room temperature, where saturation vapor pressure of water is 

extremely low.  At intermediate potential, the produced water gradually turned the membrane 

into saturation condition.  As can be seen in Fig. 2b, there was almost no difference in the ohmic 

resistance between the two PEMFCs with and without DSO loaded cathode.  But the arc for the 

fuel cell without DSO cathode began to distort at such potential due to excessive water in the 

cathode [18,19].  When the fuel cell was operated at a low potential of 0.4 V, the mass transport 

resistance of the fuel cell with normal cathode was around three times larger than that of the fuel 

cell with DSO loaded cathode.   

 

The stability of the PEMFC with DSO loaded cathode was evaluated at output potential of 0.4 V 

at which the fuel cell reached its maximum power density with dry air as the oxidant. As shown 

in Fig. 3, it was surprising that even at room temperature the PEMFC with DSO loaded cathode 

could stably operate at 0.4 V with output current density of around 800 mA/cm2 for more than 20 

hours. Polarization behaviors of the PEMFCs with and without DSO loaded cathode were also 

investigated using oxygen as the oxidant at room temperature (Fig. 4). A significant 

improvement in the limiting current density was found for the fuel cell with DSO loaded cathode. 

The limiting current densities for the two fuel cells with and without DSO loaded cathode were 

2000 mA/cm2 and 1200 mA/cm2, respectively. The maximum power density of the fuel cell with 

DSO cathode achieved 708 mW/cm2, which was much higher than 400 mW/cm2 of the fuel cell 

with normal cathode.   

 

4. Conclusions  

 

A novel anti-flooding cathode with addition of DSO in the cathode catalyst layer (CCL) was 

fabricated and evaluated in dry air and O2. The PEMFC with the novel cathode exhibited much 

higher performance compared to that with the normal cathode. More specifically, PEMFC 

without DSO loaded cathode only reached the maximum power density of 144 mW/cm2 and 400 
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mW/cm2 in humidified hydrogen/dry air and humidified hydrogen/dry O2 system, respectively. 

However, under the same conditions, PEMFC with DSO loaded cathode reached the maximum 

power density of 356 mW/cm2 and 708 mW/cm2 respectively. The impedance results indicated 

that the substantial improvement in fuel cell performance with the DSO loaded cathode could be 

attributed to the increased hydrophobicity of the cathode catalyst layer which helps to expel 

water out of the voids in catalyst layer.   
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Captions of Figures: 

 

Fig.1 Polarization V-I curves for the first sweep of testing and after polarization at a constant 

potential of 0.4 V for 3 hours of the fuel cells with normal cathode and DSO loaded cathode (a), 

corresponding maximum power densities (b) in humidified hydrogen and dry air at room 

temperature and atmosphere pressure. 

 

Fig .2.  Impedance spectra obtained at various voltages of 0.8 V (a), 0.6V (b), and 0.4V (c) for 

the fuel cells with normal cathode and DSO loaded cathode. 

 

Fig. 3. Continuous performance at a constant voltage of 0.4 V of the fuel cell with DSO loaded 

cathode in humidified hydrogen and dry air at room temperature and atmosphere pressure. 

 

Fig. 4. Polarization V-I curves and power densities of the PEMFCs with normal cathode and  

DSO loaded cathode in humidified hydrogen and dry oxygen at room temperature and 

atmosphere pressure.   
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