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Abstract

Analysis and Evaluation for the Gas Diffusion
Layer Application of Titanium Metal Foam in
Polymer Electrolyte Membrane Fuel Cell

Minhyoung Kim
Department of Chemical & Biological Engineering
The Graduate School
Seoul National University
Most conventional polymer electrolyte membrane fuel cell (PEMFC)
systems employ gas diffusion layers (GDLs) made of carbon materials.
This carbon based GDLs are corroded at the reverse voltage of 1.45 V,
which is caused by the local hydrogen starvation under the on/off
condition of PEMFC system. In this study, for developing a novel
PEMFC system with high stability, the titanium foam fabricated via
freeze-casting process was applied as GDL and its effect on the
PEMFC system was analyzed. To investigate the electrochemical
durability of the membrane electrode assembly (MEA), an accelerated
corrosion test was conducted for 72 hours under the same condition
i

with real PEMFC operation. Then, to evaluate the feasibility of
titanium foam GDL, the performance of MEA with the titanium foam
GDL on its anode side was measured and compared with the ordinary
one. After the accelerated corrosion test, while the conventional
carbon GDL showed considerable decrease in thickness and weight,
titanium foam remained nearly same. However, the MEA with the
titanium foam GDL showed lower performance in the high current
density region. This result was due to the small porosity and
hydrophilic pore surface, which had a bad effect on the mass transfer
in PEMFC system. Therefore, the performance can be improved by
increasing porosity with adjustment during the manufacturing process
and by conducting the hydrophobic treatment. After the improvement,
titanium foam can be an alternative GDL with high stability replacing
the carbon based GDL.

Keywords: polymer electrolyte membrane fuel cell, titanium foam,
gas diffusion layer, durability, corrosion
Student Number: 2011-24094
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Chapter 1. Introduction
1.1 Fuel cell
Fuel cells are electrochemical devices which convert the chemical
energy of fuel into electrical energy. Compared to the combustion
engines, which generate electricity by three steps (first heat, then
mechanical energy, and finally electricity), fuel cells produce
electricity directly from chemical energy. So, they are far more
efficient than combustion engines. Moreover, fuel cells do not emit
any undesirable products such as NOx, SOx, and particulate. Because
of this, fuel cells are considered as one of the most promising future
energy devices [1].
As shown in Table 1.1, fuel cells can be classified into several types
by their electrolyte. They all operate at different temperature and it
depends on which electrolyte they use.
(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)
Among these, PEMFC is most attractive for many applications
because of its low operating temperature and high power density [1].

１

Table 1.1 Type of fuel cell.

２

1.2 Polymer Electrolyte Membrane Fuel Cells (PEMFCs)
PEMFCs adopt a thin polymer membrane, which can conduct the
proton, as their electrolyte. Hydrogen gas is commonly used as a fuel
for PEMFC and the electrochemical reaction of general H2-O2
PEMFC is as the following:

(Anode)
(Cathode)

(Overall)

H2 → 2H+ + 2e-

E0 = 0.000 V

O2 + 2H+ +2e- → H2O

H2 +

O2 → H2O

E0 = 1.229 V

Ecell = 1.229 V

The structure of H2-O2 PEMFC is shown in Figure 1.1. In a H2-O2
PEMFC, H2 and O2 are flowed into anode and cathode, respectively.
Then, hydrogen oxidation reaction (HOR) occurs at the anode side
and involved protons and electrons move to the cathode through the
polymer membrane and the outer circuit, respectively. At cathode side,
oxygen reduction reaction (ORR) occurs and water is produced. A
theoretical voltage and energy efficiency for this overall reaction are
1.229 V and 83 %, respectively.

３

In real PEMFC operation, however, the output potential ( ) is
decreased due to the several types of overpotentials and expressed by
the following equation:

Where

= thermodynamic reversible voltage
,

= activation overpotentials related to the charge
transport

= ohmic overpotential related to the ionic and electric conduction

,

= mass transfer overpotential related to the mass
transport

As shown in Figure 1.2, each overpotentials contribute to the shape
and

of the fuel cell polarization curve.
high potential region, and
curve,

and

mostly affect at

is most apparent at middle part of

are dominant at low potential region [1].

A membrane electrode assembly (MEA) is the most important part
of the PEMFC, because most of the characteristics of the PEMFC are
determined by its MEA. Figure 1.3 is the SEM image of its
components. In MEA, a polymer membrane is located at the middle of
it. And the catalyst layers, which commonly consist of the mixture of
Pt/C catalyst and ionomer, are coated on the each side of the
４

membrane. Finally, two gas diffusion layers (GDL) cover the catalyst
layers. Many researchers in this field have been studied to replace
these components of MEA with the cheaper and more durable
materials in order to commercialize PEMFCs whose major obstacle is
the low cost effectiveness and the bad stability.

５

Figure 1.1 Illustration of PEMFC structure.

６

Figure 1.2 Potential losses in fuel cell polarization curve.

７

Figure 1.3 SEM image of the membrane electrode assembly (MEA).

８

1.3 Gas diffusion layer in PEMFC
Gas diffusion layers (GDL) are the outermost part of electrode
layers and one of their basic roles is protecting the catalyst layer from
the direct contact with gas flow channels. Through GDL, as shown in
figure 1.4, H2 and O2 diffuse into the catalyst layer and product water
is vented out from the catalyst layer. And GDL acts as an electron
pathway between the catalyst layer and the current collector (gas flow
channel). Therefore, GDL should be porous enough to facilitate good
gas and water permeation, and its material should have high electric
conductivity. Moreover, GDL should have high mechanical strength
and high electrochemical corrosion resistance to ensure the high
stability of PEMFC [2].
The widely used GDL is made of carbon materials and composed of
two layers, as you can see in Figure 1.3. The first layer, called as gas
diffusion backing (GDB), is composed of hydrophobic treated carbonfiber paper. The other layer, referred to macroporous layer (MPL), is
formed by mixing submicron sized particles of graphite with a
hydrophobic polymeric binder. Most PEMFCs now employ this
carbon-based GDL due to its good electric conductivity and high
porosity [1].

９

However, several papers have reported that carbon-based GDL is
corroded under the on/off condition of PEMFC [3-4]. This corrosion
happens by reverse-current decay mechanism which is related to the
local hydrogen starvation [5]. Before the startup of the fuel cell system,
both anode and cathode electrodes are filled with air due to the
leakage from outside air and/or due to the crossover through the
membrane. During the startup, hydrogen is introduced to the anode
side and the only part of the anode is filled with hydrogen at first. This
causes a high interfacial potential difference between the hydrogenoccupied region and the hydrogen-absent region. Then, this high
interfacial potential results in the carbon corrosion at the cathode side.
Although it occurs mainly on the catalyst layer due to the Pt catalyst,
the carbon corrosion is also observed at the GDL and this degrades the
fuel cell performance [4].

1.4 Porous metal materials for GDL
Porous metal material (PMM) has been regarded as one of the most
promising functional materials in many fields such as energy,
environment, metallurgy, chemical and medical industry, etc [6]. The
PMM is still attracting great attentions not only due to its material
property (good electrical and thermal conductivity, plasticity and
１０

weldability, etc.) but also due to its controllability of porosity and pore
distribution. Especially, with the rapid growth of fuel cell technology,
many applications of the PMM for fuel cells have been explored [6].
For the GDL application, several types of PMM, such as metal foam,
metal mesh and perforated metal plate, have been examined [6-24].
For the application in direct methanol fuel cell (DMFC), metal
substrate made of stainless steel mesh [8], titanium mesh [9-14],
nickel mesh [15], or nickel-chromium alloy foam [16] have been
employed as a liquid fuel diffusion medium or an oxidant diffusion
medium. In PEMFC, Perforated metal plate with micro-machining
process was used as GDL [17-18]. And titanium substrates have been
applied as a bifunctional oxygen electrode in unitized regenerative
fuel cell (URFC) [19-22].
When a porous metal material is used as GDL in PEMFC, there are
several factors to be considered. The first one is that most of the metal
materials suffer from corrosion problem in the acid environment of the
PEMFC. In this reason, as shown in Table 1.2, only metals with high
corrosion resistance (stainless steel, titanium, etc.) have been focused
for the GDL applications. The other factor to be considered is that the
PMM should have an open porous structure. If the pore structure of

１１

PMM is closed cell type, the reactant and product in PEMFC cannot
go through it. Then it cannot work as a GDL.
In this study, titanium foam made via freeze-casting method was
applied to GDL for PEMFC. Titanium has extremely high
electrochemical stability due to its passivation layer, which covers the
surface very tightly. Furthermore, the resultant microstructure using
the freeze-casting method tends to have elongated, aligned open pores
as shown in Figure 1.5 [25], and this pores were expected to act as gas
channel for the GDL. The electrochemical stability of this titanium
foam GDL was investigated with accelerated corrosion test. Then, the
feasibility of titanium foam GDL was also evaluated with several
electrochemical tests.

１２

Figure 1.4 Role of a gas diffusion layer (GDL) in MEA.

１３

Table 1.2 Materials and approaches for various metal GDLs.

１４

Figure 1.5 General process of freeze-casting method

１５

Chapter 2. Experimental
2.1 Fabrication of titanium metal foam
Titanium foam in this study was fabricated by freeze-casting process
as shown in Figure 1.5. Titanium powder (Ti, Alfa Aesar, MA)
composed of 325 mesh-sized particles was used for the experiment.
First, 0.28 g of polyvinyl alcohol (PVA, MW 89,000-98,000, purity ~
99%, Sigma-Aldrich Co., MO) was dissolved in 10 ml of distilled
water to prepare freeze-cast slurry. 11.25 g of titanium powder was
then added into the prepared solution to complete the mixture of slurry.
The slurry was then poured directly into the cylindrical polymer mold,
which located on the copper chiller rod. And this copper chiller rod
was standing in stainless steel vessel filled with liquid nitrogen. The
freezing rate was -10°C /min. and the frozen green-body was
lyophilized to remove ice via sublimation by freeze dryer at -90 °C
and at 5 x 10-3 torr for ~20 hours (freeze dryer, Operon, OPR-FDU7003). The lyophilized green-body was then sintered in a vacuum
furnace through a two-step heat-treatment process: at 300 °C for 3
hours and then at 1100 °C for 7 hours. The sample was finally cut into
square thin foils for electrochemical tests.

１６

2.2 Characterization of titanium metal foam
Titanium foam samples were characterized by several properties
such

as

morphology,

porosity,

hydrophilicity

and

electrical

conductivity. First, the cross-sectional morphology was analyzed with
a field emission electron microscopy (FESEM, Carl Zeiss). And the
porosity and pore size distribution measurement was carried out using
mercury

intrusion

porosimetry

(MIP,

AutoPore

IV

9510,

Micromeritics). Hydrophilicity of the samples was checked by contact
angle test (DSA100, Kruss). The through-plane resistance was
confirmed by the home-made resistivity measuring equipment which
is described in Figure 2.1. 2-point measurement method was used and
1cm2-samples were sandwiched between the circular jigs with goldplated contact under pressure of 6.4 MPa.

2.3 Preparation of single cell
2.3.1 Membrane pretreatment
In this study, the pretreated Nafion 212 membrane (Dupont) was
used as polymer electrolyte membrane [26]. The bare membrane was
immersed in 2.5 % H2O2 solution at 80 °C for 1 hour to remove the
organic contaminant. And then it was immersed in 80 °C de-ionized
water for 1 hour. For protonation, the membrane was immersed in 0.5
１７

M H2SO4 solution at 80 °C for 1 hour, and then rinsed in de-ionized
water for purification.

2.3.2 MEA Preparation
For the single cell test, 1.21-cm2-active-area and 5-cm2-active-area
MEAs with platinum loading of 0.2 mg cm-2 for the anode and
cathode were fabricated with a direct spraying method. The anode and
cathode catalyst inks were prepared by mixing water, 5 wt.% Nafion
ionomer solution (Aldrich) and isopropyl alcohol (IPA) with 40 wt.%
carbon-supported Pt (Pt/C) catalyst (Johnson Matthey). Then, the
prepared catalyst inks were sprayed onto the anode and cathode sides
of the pretreated Nafion 212 membrane. These prepared catalyst
coated membrane (CCM) were sandwiched between two GDLs. At
here, titanium foam was applied for the anode GDL and SGL 35BC
carbon paper for the cathode GDL. For the accelerated GDL corrosion
test, 1-cm2-active-area MEAs were prepared with the same procedure.
The only difference with the former procedure is that the titanium
foam GDL was applied for the cathode side for the accelerated
corrosion test because the corrosion occurs at cathode side.

１８

2.3.3 Single cell fabrication
The prepared MEAs were assembled to single cell for the fuel cell
test. As shown in Figure 2.1, two Teflon gaskets were applied to each
side of MEA for preventing gas leakage and over-compression of the
GDLs. These MEAs and gaskets were sandwiched between two
graphite bipolar plates on which the serpentine gas flow channels were
engraved. And then Alumina end plates were used on both sides for
assembling the single cell module. For uniform pressure distribution
in the single cell, this single cell module was locked by eight pairs of
bolts and nuts with same torque of 70 kgf·cm.

１９

Figure 2.1 Through-plane resistivity measurement apparatus.

２０

Figure 2.2 Image of the single cell.

２１

2.4 Single cell test and analysis
2.4.1 Single cell polarization test
Polarization curves were measured by the current sweep method with
the Fuel Cell Test System (CNL Korea). The current sweep rate was
10 mA cm-2 s-1 and the current was reset to zero when the cell voltage
was dropped below 0.35 V. The cell temperature was maintained at
70 °C during the polarization test. Fully humidified H2 (99.9%) was
supplied to the anode, and fully humidified O2 (99.9%) or air (99.9%)
were supplied to the cathode. Flow rates of supplied H2, O2, and air
during the polarization test were 150, 200, and 800 ccm, respectively.

2.4.2 Electrochemical Analysis
EIS (Zahner-elektrik, IM6ex combined with PP240) was measured
for single cell analysis. The input DC voltages of the EIS
measurement system were 0.6 V, 0.7 V and 0.8 V with AC disturbance
of 10 mV-amplitudes. The frequency range of measurement was 100
kHz–100 mHz. During EIS measurement, fully humidified H2 was
supplied to the anode with 150 ccm of flow rate, and fully humidified
air was supplied to the cathode with 800 ccm of flow rate. Cell
temperature was maintained at 70 °C. The ZView software (Scribner
Associates Inc., v3.2c) was used to fit the EIS data.
２２

Single cell was purged with humidified N2 gas (99.9%) on both sides
for over 12 hours to remove the reactive gases before cyclic
voltammetry (CV) (Zahner-elektrik, IM6ex combined with PP240)
measurement. After N2 purging, humidified H2 was supplied to the
cathode side with 50 ccm of flow rate, and humidified N2 was
supplied to the anode side with 200 ccm of flow rate. The working
electrode was connected to anode side to measure CV of anode
catalyst layer (CL) and reference electrode was connected to cathode
side. Cell temperature was maintained during CV measurement at
30 °C. The voltage sweep range of CV was 0.05–1.20 V, and the scan
rate was 100 mV s-1. Number of CV cycle was 10, and the ECSA of
the anode CL was estimated by hydrogen desorption charge of CV.

2.4.3 Accelerated GDL corrosion test
To conduct the accelerated GDL corrosion test, an external voltage of
1.45 V (the same voltage of the reverse-current condition which is
mentioned in 1.3.) was imposed on the tested MEA with potentiostat
equipment (Zahner-elektrik, IM6ex combined with PP240) as shown
in Figure 2.2. All the experimental conditions in this test were same
with the real fuel cell operation conditions. Fully humidified H2 was
introduced to the anode side with 150 ccm, and fully humidified air to
２３

the cathode side with 800 ccm. The cell temperature was maintained
at 70°C. The test was performed for 72 hours and the weight and
thickness change of cathode GDLs were measured. The surface
morphology change of the GDLs was also analyzed with a field
emission scanning electron microscopy (FESEM, Carl Zeiss).

２４

Figure 2.2 Experimental apparatus of the accelerated GDL
corrosion test [4].

２５

Chapter 3. Results and discussion
3.1. Characterization of titanium metal foam
As shown in Figure 3.1, titanium foam sample has open porous
structure with randomly arranged sintered Ti particles, and its pore
size seems to be quite uniform. However, SGL 35BC has bi-layer
structure; the first layer is GDB composed of in-plane-arranged
carbon fibers and the other is MPL composed of small carbon particles.
Because some portion of MPL carbon particles penetrates into GDB,
the interface between the two layers is uncertain.
As shown in Figure 3.2, the pore size distribution of Ti foam was
almost same even at the different sampling area of green body, and its
dominant pore-size peak was about 10 μm. However, the pores of
SGL 35 BC ranged from tens of nanometer to a hundred of
micrometer as shown in Figure 3.3. It had two distinct pore-size peaks
at about 70 nm and about 50 μm. The former peak corresponds to the
pores of MPL and the latter one corresponds to the pores of GDB.
Additionally, the overall pore volume of Ti foam was smaller than
SGL 35 BC. The calculated porosity of Ti foam was 65.81 % and that
of SGL 35 BC was 78.41 %.

２６

Figure 3.4 shows the results of contact angle test for the surface of
each GDL. While the contact angle for SGL 35 BC surface was about
159°, the contact angle for Ti foam was almost zero. Actually, as soon
as the water droplet contacted to Ti foam surface, water was absorbed
into the pores. In this case, with reverse reasoning from the study
about the roughness effect on hydrophilic/hydrophobic property [27],
it is reliable to consider that the pore surface of Ti foam is hydrophilic
and that of SGL 35BC is hydrophobic. This suggestion accords with
the general knowledge that most metal surfaces are hydrophilic due to
their oxide layers. Lastly, the measured through plane resistance of
titanium foam was 12.22 mΩ and that of SGL 35BC was 14.10 mΩ.

２７

Figure 3.1 Cross-sectional SEM images for (a) titanium foam GDL
(b) SGL 35BC GDL.

２８

Figure 3.2 Pore size distributions in the bulk Ti foam with the
variation of sampling part of the green body.

２９

Figure 3.3 Pore size distributions in the Ti foam GDL and SGL 35
BC samples.

３０

Figure 3.4 Photographs of contact angles for (a) titanium foam
surface (b) SGL 35 BC surface.
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3.2 GDL corrosion under simulated PEMFC on/off conditions
3.2.1 Thickness and weight change measurements
To determine the extent of the corrosion under the simulated
conditions, the weight and thickness was measured before and after
the test. Since the initial weight and thickness of the Ti foam GDL and
SGL 35BC were significantly different from each other, the weight
and thickness measurements were divided by their respective original
values to provide the accurate comparison.
Figure 3.5 shows the change of relative weight and thickness of
each GDL before and after the 72-hour test. While the thickness of
SGL 35BC decreased about 6.7 % during the accelerated corrosion
test, titanium foam GDL remained almost same in thickness after the
test. This result was supported by the weight loss comparison. While
about 3 % of weight loss was observed in SGL 35BC, the weight of Ti
foam decreased only 0.4 % from its initial value.

3.2.2 Surface morphology change analysis
Because the electrochemical reactions always happen at the
interface between the electrolyte and the electrode, the GDL surface in
contact with catalyst layer would most suffer from the corrosion
during the accelerated corrosion test. In this reason, the surface

３２

morphology change of each GDL was analyzed to determine the effect
of corrosion.
As shown in Figure 3.6, the roughness of the SGL 35 BC surface
became coarser after the test. Compared to the fresh one, the corroded
SGL 35 BC has more and bigger dark spots which indicate surficial
pore of GDL. In the case of titanium foam GDL, the sharp edge
formed in the cutting process became more round shape. Except this,
there was no noticeable change of surface pore structure of Ti foam
GDL.

3.2.3 Corrosion resistance and durability of titanium foam GDL
According to the above analysis, the titanium foam GDL showed
great corrosion resistance under the PEMFC on/off condition while
conventional carbon GDL (SGL 35 BC) suffered from severe
corrosion under the same condition. Considering that the carbon GDL
corrosion leads to the performance degradation of PEMFC and the
weakened mechanical strength of MEA [3, 4], corrosion-resistant
property of titanium foam GDL implies that it has great long term
durability under the PEMFC operations.

３３

Figure 3.5 Relative thickness and weight change.

３４

Figure 3.6 Surface morphology of GDL before and after the test.

３５

3.2 Optimization of conditions for titanium foam GDL application
To apply the titanium foam as GDL, several preliminary tests were
conducted with changing some experimental conditions. The thickness
and size of titanium foam GDL were controlled by the adjustment of
the fabrication process, and the thickness of Teflon gasket was
controlled by using 220-μm one or 140-μm one. All the titanium foam
GDLs were applied at the anode side. At first, the titanium foam
sample size was 1.1 cm x 1.1 cm and its thickness was 206 μm as
shown in Table 3.1. The 220-μm-thick gasket was used considering
the thinning of gasket during the cell assembling. As shown in Figure
3.7, however, the sharp slope of its polarization curve indicates that
the contact between the titanium foam and the catalyst layer and
between the titanium foam and current collector was not enough. For
the better contact of titanium foam GDL, 140-μm-thick Teflon gaskets
were used and titanium foams were cut into 180-μm-thick slice for the
second and third GDL application tests. As shown in Figure 3.7, the
overall polarization curve for the second and third test fell more
slowly and showed better performance compared to that of the first
test. However, the ohmic overvoltage for these polarization curves
was still large. This is because 1.21-cm2-sized titanium foam GDL did
not match with the commercial bipolar plate whose channel covered 5
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cm2 as shown in Figure 3.8. With 1.21-cm2-sized titanium foam, the
contact area with bipolar plate, which is related to electron conducting
pathway, is limited to some portion of thin ribs. Moreover, gas
diffusion pathway is also limited to some portion of gas flow channels.
To increase the overall performance, therefore, the size up of titanium
foam GDL was required. Lastly, the titanium foam GDL, whose size
was 2.5 cm x 2.5 cm and whose thickness was 180 μm, was used for
the fourth test. As shown in Figure 3.7, the 6.25-cm2-sized titanium
foam GDL showed the better performance than the previous ones.
From here, therefore, further performance analysis and electrochemical tests were conducted with the 6.25-cm2-sized titanium foam
GDL.
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Table 3.1 Experimental conditions for Ti foam application.

３８

Figure 3.7 Polarization curves for various experimental conditions
of Ti foam GDL anode application; (a) air (b) oxygen for the
oxidant (cathode flow).

３９

Figure 3.8 Comparative flow channel coverage figures with (a)
1.21-cm2-sized titanium foam GDL (b) 6.25-cm2-sized titanium
foam GDL.
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3.3 The effects of titanium foam GDL application
As shown in Figure 3.9 (a) and (b), the MEA with titanium foam
GDL at anode side showed lower single cell performance than the
reference MEA. Because all the factors except the anode GDL were
identical, this result indicates that the application of titanium foam as
anode GDL had negative effects on the fuel cell performance. The
PEMFC performance in the low current region, however, was nearly
the same as that of reference. This implies that the effect on catalytic
activity from the titanium GDL application was relatively insignificant.
On the other hand, the titanium foam GDL definitely affected the fuel
cell performance in the high current region where the mass transfer
effect is dominant. Below the cell voltage of 0.7 V, the polarization
curve of the MEA with the titanium foam GDL started to fall from that
of reference. As shown in Figure 3.10, the bigger semi-circles for the
titanium foam GDL in the Nyquist plots of the electrochemical
impedance spectroscopy (EIS) data indicated that the overall
overvoltage of the titanium-foam-applied MEA was bigger than that
of reference. To separate the mass transfer resistance from the charge
transfer resistance, EIS data in Figure 3.10 was fitted with the general
equivalent circuit for PEMFC under the operating condition, which is
showed in Figure 3.11 (a). This circuit contains wire inductance (Lwire),
４１

constant phase element of anode electrode (CPEanode), charge transfer
resistance at anode side (Rct anode), ohmic resistance (Rohmic), constant
phase element of cathode electrode (CPEcathode), charge transfer
resistance at cathode side (Rct cathode) and Warburg element (ZWs : short
circuit terminus) that is related with mass transfer resistance. As
shown in Figure 3.10 (b), the Warburg parameter ZWs-R showed bigger
value when the titanium foam GDL was used at the anode side. These
results mean that the MEA with the titanium foam suffered from the
mass transfer problem, which is related to the hydrogen and water
flow through the titanium foam at the anode side. To confirm the
effect of titanium foam GDL application on the catalyst layer, cyclic
voltammogram of titanium-foam-GDL applied MEA was compared
with that of reference MEA. As shown in Figure 3.11, the hydrogen
desorption charge and double layer charging capacity for the MEA
with titanium foam GDL were bigger than that for the reference. And
the estimated electrochemical surface area (ECSA) for the titaniumfoam-GDL applied MEA was also bigger than that for the reference.
Because the catalyst layer for both samples was prepared by the same
spray-deposition method, the additional ECSA was caused by the
changed CV condition owing to the titanium foam GDL application.
Q.Wang et al. reported that there could be a significant interfacial
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diffusional transfer of surface intermediates, such as the adsorbed
hydrogen atoms, between the "Pt/water" and the "Pt/polymer
electrolyte membrane (PEM)" interfaces when the Pt powder matrix is
partly in contact with water and partly in contact with PEM. [28] And
this "Pt/water" interfaces can take an active part in the electrode
reaction. When the titanium foam GDL was used at the anode side,
water droplet in anode catalyst layer, which comes from the capillary
condensation of humidified inlet gas, could not be removed through
the titanium foam GDL. Then the residual water in anode catalyst
layer could make the “Pt/water” interface, which could be involved in
the electrode reaction. So, the ECSA of titanium foam GDL sample
was larger than that of reference. This means that the titanium foam
GDL is unfavorable for the water management in PEMFC.
The major reason for mass transfer problem, especially water
management problem, in Ti foam GDL is its porosity and pore size
distribution. At first, the titanium foam GDL does not have
microporous layer, which is effective for improvement of the water
management characteristics. Several investigations have demonstrated
that a MPL coated GDL significantly reduces flooding on the
electrode and enhances the fuel cell performance under high humidity
condition [29-31]. Compared to SGL35BC which has MPL, titanium
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foam GDL is relatively unfavorable for the water management.
Furthermore, the porosity of Ti foam GDL was much smaller than that
of SGL 35BC. When applied to PEMFC GDL, smaller pore volume of
Ti foam may cause the pressure drop of input gas. Then, it makes the
high concentration overvoltage and finally leads to the low
performance of single cell. Another possible reason for high
concentration loss in Ti foam GDL is the hydrophilic property of its
pore surface. When applied to GDL in PEMFC, the hydrophilic pore
surface of Ti foam is unfavorable for the removal of water which
comes from the humidified input gas. These residual water droplets in
Ti foam block the pore and finally cause the mass transfer problem in
single cell operation.

４４

Figure 3.9 Single cell performances of MEAs with Ti foam for
anode GDL; (a) air (b) oxygen for the oxidant (cathode flow).

４５

Figure 3.10 EIS of MEAs with Ti foam for anode GDL;
(a) 0.8 V (b) 0.7 V (c) 0.6 V.

４６

Figure 3.11 (a) Equivalent circuit of PEMFC under the faradaic
condition (b) resistive Warburg parameter (ZWs-R) by fitting the
EIS data.
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Figure 3.12 Comparative cyclic voltammograms for titanium
foam sample and reference.
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1.2

3.4 Titanium foam applicability for GDL in PEMFC
Titanium foam GDL used in this study showed a great corrosion
resistance under the simulated on/off condition of PEMFC and was
considered to be a good candidate for the novel GDL with improved
stability. When the titanium foam was used for GDL in real PEFMC
operation condition, however, several limitations were observed. At
first, compared to the conventional GDL, titanium foam GDL did not
have MPL and the porosity of titanium GDL was much smaller. This
made the titanium foam GDL unfavorable for mass transfer, especially
the water management. The second limitation was its hydrophilic pore
surface. The hydrophilic property of titanium foam impeded the water
removal and also raised the mass transfer problem. However, these
drawbacks can be overcome with following adjustments. The porosity
and pore size distribution are controllable by changing the condition
of manufacturing process [25], and the hydrophilic surface is able to
be converted to hydrophobic with coating by self-assembled monolayers (SAMs) of dodecyl phosphate (DDPO4) [32]. Because the
titanium foam was applied for GDL only at anode side in this study,
further study about the application on cathode side should be
performed. However, the titanium foam GDL definitely deserves to be
studied for the more durable PEMFC system.

４９

Chapter 4. Conclusions
Titanium foam fabricated via freeze-casting process was applied for
the gas diffusion layer in polymer electrolyte membrane fuel cell and
the effect of its GDL application on MEA was analyzed. With the
accelerated GDL corrosion test, the high corrosion resistance of Ti
foam GDL was confirmed. While the conventional carbon GDL was
severely corroded after the 72-hour test (6.67 % decrease in thickness
and 3.03 % decrease in weight), Ti foam GDL remained almost same
(0.00 % decrease in thickness and 0.44 % decrease in weight). During
the single cell test, however, the performance of MEA using the Ti
foam for anode GDL showed lower performance in the high current
region, where the mass transfer loss is dominant. The major reason for
this is the impeded water removal during the operation due to the bare
structure without MPL, small porosity and hydrophilic pore surface of
Ti foam GDL. However, Ti foam GDL still deserves to be studied for
the further applications on the PEMFC system with high stability
because the mass transfer problems in Ti foam GDL can be overcome
with the adjustment of fabrication process and the hydrophobic
treatment.
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초

록

고분자 전해질 연료전지 장치에서는 주로 탄소 소재로 만들어진
기체 확산층이 사용되는데, 이 탄소 기반의 기체 확산층은 장치를
작동하기 시작할 때와 종료할 때 발생하는 약 1.45 V의 역전압
환경에서 부식을 일으킨다. 이에 본 연구에서는 보다 높은 내구성을
갖는 고분자 전해질 연료전지 장치를 개발하기 위해, 동결주조
방식으로

제조된

다공성

타이타늄

구조체를

고분자

전해질

연료전지의 기체 확산층으로 적용하고 이에 대한 다양한 분석을
실시하였다. 먼저 전기화학적 내구성에 대한 평가를 위해, 1.45 V의
역전압이 걸린 상태로 72시간을 지속하는 가속 부식 실험을 실제
연료전지 구동 조건 하에서 진행하였다. 그리고 실제 고분자 전해질
연료전지의 연료극 기체 확산층으로 다공성 타이타늄 구조체를
적용하여 그 성능을 측정함으로써, 기체 확산층으로의 적용 가능
여부를 확인하고자 하였다. 가속 부식 실험 후에 기존의 탄소 소재
기체 확산층은 부식으로 인하여 상당한 질량 및 두께 감소를 보인
반면에, 다공성 타이타늄 구조체는 부식의 영향이 거의 관찰되지
않았다. 반면 다공성 타이타늄 구조체를 실제 기체 확산층으로
적용하였을 때에는 높은 전류 밀도 영역에서 성능 감소가 발생하는
것을 확인할 수 있었다. 이는 다공성 타이타늄 구조체의 기존 기체
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확산층에 비해 낮은 기공률과 친수성을 갖는 기공 표면이 물질
전달에 있어 부정적인 영향을 미쳤기 때문이다. 그러나 타이타늄
구조체를 제조하는 공정 상의 변화를 통해 기공률을 늘리고, 소수성
표면 후처리를 거친다면 이와 같은 물질 전달 문제는 개선될 수
있을 것으로 보인다. 결과적으로, 다공성 타이타늄 구조체를 고분자
전해질

연료전지의

기체

확산층으로

적용하고

이를

분석하여,

연료전지 장치의 작동 시작 및 종료 시 발생하는 탄소 소재의 기체
확산층 부식 문제를 해결할 방안을 제시할 수 있었다.

주요어 : 고분자 전해질 연료전지, 다공성 타이타늄 구조체,
기체 확산층, 내구성, 부식
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