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The relationship between cell performance and the hydrophobic properties of a catalytic layer
containing hydrophobic particles in a gas diffusion electrode for a polymer electrolyte membrane fuel
cell was investigated. The hydrophobic particles, prepared from carbon black and
polytetrafluoroethylene dispersion, were added to a catalytic layer to form a gas diffusion network by
enhancing the hydrophobic property of the catalytic layer. The cell performance increased as the
catalytic layer became more hydrophobic. A more hydrophobic catalytic layer reduced blockage of the
gas diffusion path that water, reaction product, caused. Water was produced by the electrochemical
reaction of the reactant gases at the catalytic layer. The hydrophobic property of the catalytic layer was
more important at the high current density region compared with the low current density region. A
three-layered electrode system with a test layer and catalytic layer were used to investigate the flux of
humidified gas through the catalytic layer. The hydrophobic nature of the test layer determined by the
amount of hydrophobic particles in the catalytic layer influenced the gas flux and changed the cell
performance.
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1. INTRODUCTION

Fuel cells are clean power sources that can contribute to the solution of many current
environmental problems through their high energy conversion efficiencies and low CO emission
compared with conventional internal combustion power generation. Several types of fuel cells have
been developed, including polymer electrolyte membrane fuel cells (PEMFC) and direct alcohol fuel
cells operating at ambient temperatures. Fuel cells have become the power sources for electric vehicles
(EV) and portable devices. To obtain high cell performance with a reduced Pt loading in the electrode,
many researchers have proposed various preparation methods for gas diffusion electrodes (GDESs),
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catalyst layers (CLs) and catalysts [1-10]. Yano et al. has developed a nano-capsule method using
various types of carbon black to enhance the efficiency of Pt loading, mass activity (MA), cyclability
and start-stop durability to facilitate high Pt utilization (Up) [11-19]. Also, Taylor et al. reported that
using electrochemical catalyzation (ECC) techniques, GDEs for PEMFC application were prepared
[20,21]. They prepared electrodes containing 0.05 mg-Pt/cm?, in which the platinum catalyst was in
regions of the electrode that were in ionic contact with the polymer electrolyte and electronic contact
with the carbon support.

High Up; and high MA for catalysts are important in terms of cost-efficiency and cell
performance. GDEs need to have high MA and high Up, through the uniformly supplied reactant gases
and elimination of water molecules that were formed on the CL. Many researchers for gas diffusion
layer (GDL) have also investigated improvement of cell performance by increasing gas permeability
and electrochemical surface area (ECSA) [22-28]. In particular, the effect of the microstructure and
hydrophobic properties of porous GDEs for low-temperature fuel cell operation, e.g. phosphoric acid
fuel cell (PAFC), alkaline fuel cell (AFC) and PEMFC have been reported [10, 29-36]. Wilson and
Gottesfeld reported that although polytetrafluoroethylene (PTFE) was effective as a binder and could
increase the diffusibility of gas to impart hydrophobic properties to the gas diffusion region of the
electrode, PTFE did not impact catalytic activity [7]. Sakai et al. observed that the oxygen
permeability through the hydrated polymer electrolyte was higher than through PTFE particles [37].
Uchida et al. investigated the effect of a perfluorosulfonate ionomer and a PTFE-loaded carbon in the
CL in PEMFCs using electrochemical techniques and a mercury pore sizer [38]. Uchida et al. observed
that the quantity of PTFE in the electrode greatly influenced the performance of PEMFC at high
current densities due to its gas diffusion capability.

In this paper, the effect of hydrophobic materials and humidified gas flux in PEMFC electrodes
were investigated. Hydrophobic particles, HFP, were prepared by mixing PTFE and carbon black.
Water management in PEMFC electrodes is an important factor in cell operation. The GDL and the CL
of PEMFC electrodes must have adequate hydrophobic properties to remove water produced by the
electrochemical reaction. The hydrophobic properties of an electrode can be properly controlled by the
amount of HFP present.

2. EXPERIMENTAL

PTFE-loaded carbon black (an HFP) was prepared by mixing carbon black (Vulcan XC-72,
Cabot Co.), PTFE dispersion (60 %, DuPont Co.), and a surfactant (Triton X-100, Aldrich Co.) in
water. The mixed powder (denoted xHFP), which was composed x wt% PTFE and (100- x) wt%
carbon was dried at 60 °C for 12 h. Then, the mixture was heat-treated at 340 °C for 1 h in air to
complete the preparation of xHFP and remove the surfactant. Heat-treated xHFP was homogeneously
pulverized by a mechanical mill.

The surface area and pore size distribution of HFP were measured by a BET (Brunauer-
Emmett-Teller) analyzer (ASAP 2020, Micromeritics). The contact angles of HFP and CL containing
HFP were measured by a contact angle analyzer (Phoenix, Pico). HFP was pelletized to a size of 2 cm
diameter and 2 mm thickness at a pressure of 5 MPa for contact angle measurements.
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A Nafion 115 membrane (DuPont Co.) used as a polymer electrolyte was pretreated by heating
first in pure water, and second in a 5% H,0, solution at 70 — 80 °C for 1 h to remove organic
impurities. Then, this membrane was treated with 0.5 M H,SO4 at 70 — 80 °C for 1 h. The membrane
was finally washed in boiling pure water to remove H,SO,.

The GDE was prepared as follows: The catalyst ink was prepared by mixing catalyst powder
(10% Pt/C, DeNora), HFP, Nafion solution (5% solution, DE521, DuPont) and solvent (mixture of
water and isopropyl alcohol). The mixed catalyst ink was painted on a wet-proofed carbon cloth
(ELAT, NuVant) until the desired amount of Pt was loaded. The coated carbon cloth was then dried at
60 °C in air to remove the solvent in the catalyst ink. The resulting GDE was hot-pressed with
pretreated Nafion 115 at a pressure of 1500 psi and a temperature of 100 °C for 2 min to sandwich the
membrane electrode assembly (MEA). Three-layered electrode systems with a test layer and CL were
prepared to measure the gas flux versus the content of HFP. Three-layered electrodes consist of a
GDL, test layer and CL. A test layer was prepared by painting the mixture of carbon, HFP and Nafion
solution on GDL, which is similar to the CL without the Pt catalyst, and then CL was coated on the test
layer. This three-layered electrode serving as the cathode was hot-pressed with a Nafion 115
membrane and a normal GDE as anode to make the MEA. This test layer is similar to the micro porous
layer (MPL) on the GDL, but it is different in that it contains a polymer electrolyte in layer.

Single cell is assembled with MEA, gaskets, a Au-coated copper plate current collector and two
graphite plates with ribbed channels for the distribution of reactant gas behind the porous GDE. The
MEA is located between two graphite plates like a sandwich. A copper plate as a current collector was
located behind the graphite plate. The active size of the graphite plate was 4 cm?. The test station for
the single cell performance measurement was composed of a temperature controller, humidification
chamber, flowmeter, back pressure regulator and electronic loader (Daegil Electronics, EP-1200).
Humidified hydrogen (H,) and oxygen (O,) gas was supplied to the anode and cathode, respectively.
The utilization of reactant gases was 50 % for H, and O,. These gases were humidified at 100 %
relative humidity (RH) by bubbling through a humidification chamber filled with water. For the
electrochemical performance measurement, cells were maintained at 80 °C. H, and O, gases were
supplied at 90 °C and 85 °C, respectively. The pressure of all supplied gases was 1 atm.

Before the test, MEA activation was carried out because the polymer electrolyte membrane was
in a dry state when the cell was assembled. For MEA activation, the cell was operated at a constant
current density of 500 mA/cm? for 12 h. After activation, cell performance measurements were
conducted using these same conditions. The current-voltage (I-V) curves were recorded under steady-
state operation condition after waiting 5 min. During the test of the three-layered electrode system, the
gas flux (mole/cm?h) through the test layer was calculated from the current density.

3. RESULTS AND DISCUSSION

The humidified gases that pass through the GDL diffuse into the CL. If there is a gas diffusion
network in the CL, the humidified gas can diffuse more easily into the catalytic site through the CL.
Watanabe et al. proposed a new type electrode for phosphoric acid fuel cell that had hydrophilic Pt/C
as the electrolyte network and PTFE-loaded carbon black as gas-supplying network in CL [30].
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Watanabe’s group demonstrated the possibility of designing an ideal electrode structure enabling
100% utilization of the catalyst clusters without polarization losses caused by mass transport with a
high current density at the optimized structure. Also, they proposed a new concept for a high
performance PEMFC using new preparation method for the GDE [39]. The new GDE preparation
method included; (1) a new coating method for a homogeneous Nafion coating on the supported
electrocatalysts, (2) heat treatment of the Nafion-coated electrocatalysts to prevent Nafion elution, and
(3) a paste method for attaching the electrocatalyst particles to each other.
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Figure 1. I-V curves of cells with CL containing HFP with different PTFE content. Pt/C : carbon :
HFP =5 :24 : 1. PTFE content in HFP (O) 0%, (1) 20%, (A) 40%, (V) 50%. Pt loading 0.3
mg-Pt/cm®.

Fig. 1 shows the performance of a single cell with a CL containing HFP with different PTFE
contents at both sides of the anode and cathode. The ratio of Pt/C : carbon : HFP was 5 : 4 : 1. The
reason for the addition of more carbon was to maintain the ratio of Pt/C in the CL independent of the
change in HFP content later. The cell performance increased as the hydrophobic properties of HFP
increased (by increasing the PTFE content of HFP). The cell voltage difference at high current
densities was greater than at low current density, as shown in the inset of Fig. 1. These results mean
that the hydrophobic properties of the CL play a more important role at high current densities (the
mass transfer control region) than at low current densities (the activation control region). When a fuel
cell operates, water is produced in the CL by electrochemical reaction of the humidified reactant gases,
H, and O, on the Pt catalysts. This water prevents reactant gases from diffusing to the catalytic site,
especially the hydrophilic portion of the CL, by blocking the diffusion paths of the gases. Hence, the
cell performance decreases because mass transport is reduced.

Watanabe et al. investigated the microstructure of the CL and the performance of a PTFE-
bonded GDE for a phosphoric acid fuel cell having different PTFE contents using electrochemical
techniques and a mercury pore sizer [29]. The CL consisted of two distinctive pore distributions with a
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boundary of ~0.1 [Um. The smaller pore (primary pore) was assigned to the space in-between the
primary particles residing in their agglomerates and the larger pore (secondary pore) to the space in-
between the agglomerates. Uchida et al. measured the specific pore volume distribution of the
membrane electrode assembly with a polymer electrolyte and PTFE-C (PTFE-loaded carbon black)
[38]. Uchida’s group defined the pores with sizes 0.02 - 0.04 [Jm to be the primary pores and the pore
with sizes 0.04 - 1.0 [Jm to be the secondary pores in the PEFC electrode.

Table 1. Physical properties of HFP and carbon black.

BET Pore V0|ume (Cclg) ContaCt ContaCt
2 angle angle*

(m9)  Total >0.02um  <0.02um  (9) ©)

Carbon black (OHFP)  235.6 0.957 0.811 0.146 94 159

10 HFP 96.5 0.415 0.289 0.126 147 150

20 HFP 74.6 0.345 0.235 0.109 155 148

30 HFP 65.1 0.331 0.245 0.086 160 146

40 HFP 525 0.243 0.186 0.062 164 144

50 HFP 49.5 0.198 0.138 0.060 167 144

" Contact angle of catalyst layer with HFP (Pt/C : carbon : HFP =5: 4 : 1)

The pore-size distribution of HFP was measured by the BET method (Fig. 2).
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Figure 2. Pore size distributions of carbon black and HFP. (O) carbon black (MVulcan XC-72), (L)
10HFP, (A) 30HFP, (V) 50HFP.

Most pores had a size in the 0.02 - 0.1 [Jm range. The pore volume decreased considerably as
PTFE was loaded on the carbon. Because the particle size of carbon black (Vulcan XC-72) was 0.03
[Jm [40], pores in the range of 0.02 - 0.1 [Jm were made from space between agglomerates of carbon
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black particles. Watanabe [29] classified pores (> 0.02 [Im) and pores (< 0.02 [Jm) as macropores and
micropores, respectively. Table 1 shows the BET surface area, pore volume, and contact angle of
carbon black and HFP. Also, the surface area of HFP decreased considerably as the addition of PTFE
progressed. The macropore volume decreased considerably with increasing PTFE content, but the
micropore volume decreased slightly. This means that added PTFE particles block the macropores
made by agglomerates of carbon black particles.

The contact angle of a powder is an important factor related to its hydrophobic property.
Watanabe et al. measured the contact angle of 105% phosphoric acid at 190°C to examine the
hydrophobic properties of prepared particles [41]. Watanabe’s group observed that the contact angle of
a GDL showed similar values regardless of the PTFE content in the layer. But, in this study, the
contact angle of HFP for water at room temperature increased with increasing PTFE content. The
results of this study were different than Watanabe’s result because of the difference in solutions used.

It has been reported that a Nafion membrane is hydrated with liquid water within a few tens of
seconds [42], whereas it takes much longer for this membrane to completely equilibrate with the
aqueous vapor phase [43]. Zawodzinski et al. investigated contact angles measured on Nafion
membranes to obtain some information on the hydrophilic property of the ionomer surface [44]. The
water, which was supplied into the membrane and extracted out of the electrode, must diffuse through
the CL of the fuel cell electrode. Therefore, the hydrophobic property of the CL is important in the
polymer electrolyte membrane fuel cell. Table 1 shows the contact angle of CL on the PTFE content of
HFP (Pt/C : carbon : HFP =5 : 4 : 1). The contact angle of the CL decreased as the PTFE content of
HFP increased. Because the surface area of HFP decreased as the PTFE content increased, the amount
of the polymer electrolyte membrane on the surface of the electrode increased and the contact angle of
the CL decreased by slight hydration of its membrane.
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Figure 3. I-V curves of cell with CL containing different content of 40HFP. Pt/C : carbon : 40HFP =
(0)5:5:0,(d)5:4:1,(A)5:2:3,(¥)5:0:5. Pt loading 0.2 mg-Pt/cm?.
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40HFP in the CL showed the highest cell performance (Fig. 1). Fig. 3 shows the I-V curves
with various contents of 40HFP in the CL. Cell performance increased with increasing 40HFP contents
up to 30 %, then it decreased. The ratio of weight percent of PTFE to the total carbon amount at
maximum performance was ca. 17%. Arico et al. observed that the best electrode was one containing
PTFE for oxygen reduction on Nafion-coated dual-layered GDEs at 60 °C in 2.5 M H,SO, [45]. This
electrode showed that cell performance is influenced by the PTFE content in the CL.

The inset in Fig. 3 shows the variation of cell voltage at several current densities versus 40HFP
content in the CL. At high current densities, in the region of mass transport, the difference in cell
voltage was greater than at low current densities, the region of activation control. The results of this
work suggest that the hydrophobic property of 40HFP improved the cell performance by enhancing
gas diffusion. As shown in the schematic diagrams in Fig. 4 (a), the reactant gases may be limited to
reach the Pt catalysts because the water produced blocks the gas channels in the CL. On the other
hand, as shown in Fig. 4 (b), the reactant gases are able to more easily reach the Pt catalysts due to
water removal by HFP in the CL. These differences affect the cell performance by improving the mass
transfer of reactant gases, especially in the high current density region.

lonomer
/

Water molecule

Carbon cloth  Catalyst Electrolyte Carbon cloth  Catalyst Electrolyte
GDL layer membrane GDL layer membrane

Figure 4. Schematic cross-sections of MEA with and without HFP (a) and 40HFP (b) in CL

Kenjo and Shim investigated the gas and electrolyte diffusivity using multilayered electrodes in
AFC [36,46]. In this work, the test layer in the three-layered electrode system, which had a similar
composition to the CL but no Pt catalyst, was used to indirectly measure gas flux through the layer
with different hydrophobic properties. Humidified reactant gases passing through the GDL must
penetrate through the test layer containing different amount of HFP to reach the CL. The diffusions of
humidified gases were changed by the hydrophobic properties of the test layer. Therefore, variation of
the humidified gas concentration and the water uptake of the polymer electrolyte membrane occurred
in the CL, and then the cell performance was affected.
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Figure 5. I-V curves of cells with three layered electrode containing different content of 40HFP
content in test layer. 40HFP content (O) no test layer, (1) 0%, (a) 10%, (V) 30%, (<) 50%. Pt
loading 0.38 mg-Pt/cm?.

Fig. 5 shows the performance of the cell with and without the test layer. Cell with the test layer
containing 10 % of 40HFP showed similar performance to that without the test layer. The rest of the
electrode showed low performance. The cell with the test layer containing 50 % of 40HFP showed the
lowest performance. The variation of porosity and hydrophobicity of the test layer determined by the
content of HFP changed the flux of reactant gases through the test layer and led to the change in cell
performance.
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Figure 6. Diffrence of specific mole diffusivity through test layer with different content of 40HFP.
Difference of specific mole diffusivity was calculated at 500mA/cm? comparing to cell without
test layer.
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The mole diffusivity of humidified gases can be determined from the polarization data of the
electrode using the three-layered electrode system [36,46]. Since the test layers do not have catalytic
activity, the humidified gas penetrating through these layers reacts in the CL.

Fig. 6 shows the difference of specific mole diffusivities for humidified gases that passed
through the test layer compared with electrodes without the test layer. The specific mole diffusivity
was calculated from the current density at 0.5 V, assuming that the reactant gas, which was diffused
into the CL through the test layer, fully reacted on the high loading Pt catalysts in the CL. The test
layer containing 10% of 40HFP showed the lowest mole diffusivity difference. In a fuel cell system
(Fig. 3), the CL containing 30 % of 40HFP showed the highest cell performance but, in the three-
layered electrode system, the cell with a test layer containing 10 % of 40HFP exhibited the highest
mole diffusivity. We think that, in fuel cell systems, water is produced by the electrochemical reaction
at the CL during cell operation. Some of the water produced diffuses into the electrolyte membrane via
a concentration gradient, and the rest moves out through the GDL [47,48]. We consider that there was
more water at the CL than at the test layer in the three-layered electrode system. If there is much water
in the layer, the hydrophobic property of the layer may be important in order to make a path for the
diffusion of gas. But, if there is little water, pore distribution is more important than the hydrophobic
property because water doesn’t block the path for gas in the layer. The difference of cell performance
between fuel cell system (Fig. 3) and the three-layered electrode system (Fig. 5) may be due to how
much water exists in the layer. Finally, the effect of HFP on the hydrophobic property of the CL was
simply calculated by using a three-layered electrode system and monitored by the changes in cell
performance.

4. CONCLUSIONS

By enhancing the hydrophobic property of CL, PTFE-loaded carbon black serving as the HFP
was added to the CL in order to form a gas diffusion network. Even though the surface area of HFP
decreased with the addition of PTFE, cells with a CL containing HFPs showed the highest
performance at 30% of the HFP, which was ca. 17% of PTFE relative to the total quantity of materials
in the CL. The mole diffusivity for humidified gases passing through the layer with HFPs was
measured by using a three-layered electrode system that changed according to the content of HFPs in
the layer. These results confirm that the diffusion of reactant gases through a CL can be enhanced by
the introduction of hydrophobic property, especially the addition of HFPs.
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