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bstract

Feasibility and the design parameter effect are examined for micromachined metallic thin film gas diffusion layer (GDL) for polymer electrolyte
uel cells (PEFCs). Titanium thin film is used at present due to its endurance to the cell operation. Cell operation characteristics under various

umidification and cell temperature behavior are examined to show the importance of water management. Impact of design parameters such as
hrough-hole diameter, through-hole patterning and the thin film thickness have been investigated to show the parameter dependence as well as the
ossible high performance with design optimization. The GDL is expected to be used for rigorous modeling of overpotential factors.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolyte fuel cell (PEFC) has been gaining enor-
ous attentions due to its possible applications in automobile,

tationary and mobile power sources. For instance, Japanese
inistry of Economy, Trade and Industry (METI) is taking

n initiative of fuel cells and hydrogen-based energy research,
evelopment and introduction package where the launch of FCV
eet and stationary power sources with co-generation system
re expected. As the development proceeds, more and more
ttentions are paid to the basic science of fuel cells, such as
he degradation issues.

The authors have been conducting fundamental investiga-
ions associated with the electrochemical reaction and transport
henomena in a PEFC single cell. Fundamental catalytic reac-
ion on Pt and Pt-3d transition metal alloy catalysts and the mech-
nism of high reactivity in alloy catalysts have been investigated
y means of ab initio molecular analysis and X-ray absorption
pectroscopy as well as basic electrochemical characterization
1,2]. Also, the molecular and ionic transport characteristics in

he polymer electrolyte membrane and the possible high trans-
ort property with ordered molecular structure have been studied
ith classical molecular dynamics calculations [3]. At the cell-
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evel, the thermal and water content field in the MEA have been
isualized by using thermography and infrared optical absorp-
ion technique [4,5], and a rigorous numerical calculation that
onsiders the conjugate nature of electrochemical reaction and
ransport phenomena has been conducted in order to understand
he complex behavior of cell operation [6]. Based on these under-
tandings, various cell level studies have been conducted, such
s the catalyst degradation mechanism [7].

There have been through these efforts, importance of a priori
odeling of the diffusion resistance in the gas diffusion layer

GDL) and the resulting concentration overpotential has gained
ig attention due to the difficulty of modeling regular GDLs
ith extremely complex pore structure. There have been many
orks proposed associated with the overpotential at the GDL

8,9]. Previous models, however, either model the concentration
verpotential by using the limiting current density that is defined
o be the current density at zero cell voltage to predict the i–V
haracteristics [10], or to use a fitting parameter to describe the
iffusion resistance through the GDL in CFD-based analysis
11]. These approaches are very useful when a PEFC cell or a
tack needs modeling of its operation characteristics once the
tting parameters are determined from experiment. However,

he extremely complex structure of regular GDLs, such as car-

on paper or carbon cloth, prevents a development of a priori
odeling of concentration overpotential through the concentra-

ion profile prediction by means of diffusion analysis. Lattice
oltzmann method is recently applied to model the complicated
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Nomenclature

i current density (A m−2)
ilimit limiting current density (A m−2)
Tcell cell temperature (◦C)
t thickness of Ti GDLs (m)
V voltage (V)

Greek letter
φ diameter of through-holes in Ti GDLs (m)
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examined in the following experiment, the number of through-
holes, N, are prepared so that the porosity of the GDL in a single
gas channel region (width: W = 1 mm, length: L = 10 mm) has
same value of porosity that is defined as the volume of through-
a anode
c cathode

henomena in GDLs for simplified structure [12], and the appli-
ability is still limited. For instance, by using a PEFC cell with a
ovel GDL that allows a priori modeling, one can separately cal-
ulate the overpotentials in order to more rigorously investigate
he cell-level phenomena.

In this study, we propose a novel GDL that has highly ordered
orous structure prepared by using the micromachining tech-
ique, which helps a priori modeling of concentration overpo-
ential at GDLs. Metallic thin films with on the order of 10−6

o 10−5 m thickness are micromachined in order to equip with
olumnar vertical micro through-holes in thickness direction.
he simple GDL structure allows mass transfer based model-

ng of concentration overpotential, which helps to rigorously
nalyze the other overpotential factors. Also, by replacing the
arbon-based GDLs with metallic thin films, the thickness and
lectrical resistivity are both reduced on the order of magnitudes
o suggest the possibility of high performance GDLs.

The objective of this work is to exhibit the feasibility and the
esign parameter impact of this micromachined metallic thin
lm as a GDL on a single cell PEFC operation. Operation per-
ormance with various design parameter GDLs is examined from
–V curves (polarization curves.)

. Experimental set-up

.1. GDL sample fabrication

The thin film GDLs are fabricated by using regular microma-
hining technique. Fig. 1 shows the process flow of fabricating
Ti GDL sample:

1) A titanium thin film is diced so that it fits the size of the test
cell shown in Fig. 4.

2) Aluminum is deposited on the titanium thin film by an RF
magnetron sputtering machine (SANYU, SVC-700RF II).
The aluminum layer is used as a sacrificial layer for the RIE

etching of titanium.

3) Photoresist coating by using spin-coater and pre-baked.
4) Photolithographic patterning of the photoresist and

post-baked.
F
h

Fig. 1. Micromachining process flow of Ti GDL fabrication.

5) The aluminum layer is wet-etched.
6) The photoresist is removed.
7) The titanium thin film is etched by using RIE (SAMCO,

RIE-101L) to create micro through-holes.
8) The aluminum layer is removed by using wet etching.

By using the process, Ti thin film GDLs with micro through-
oles are fabricated, and Fig. 2 shows a top view of a typical
i GDL sample image with 25-�m diameter through-holes.
lthough the GDL samples with various through-hole diam-

ter, φ, and the titanium thin film thickness, t, are prepared and
ig. 2. SEM image of a Ti GDL top view with 25-�m diameter micro through-
oles.
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Table 1
Relation between the through-hole diameter and the number of through-holes in a gas channel region

Through-hole
diameter (�m)

Number of through-holes in
span-wise direction in a gas channel
region

Number of through-holes in flow-wise
direction in a gas channel region

Number of through-holes in a gas
channel region

10 65 665 43225
25 26 266 6916
50 13 133 1729
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ig. 3. Micro through-hole fabrication patterns. Only in the gas channel region
ib regions.

oles (=Ntπφ2/4) divided by the volume of the GDL (=tWL).
gas diffusion layer is attached to a separator that has (1) gas

hannels where the supply gas and generated H2O flow (termed
s “gas channel region” of a GDL in this manuscript) and (2) so
alled ribs where the electrical current is collected from/to the
DL to give it to/from the external load (“rib region”). Table 1

hows the number of through-holes in a gas channel region for
arious through-hole diameters, and the porosity is 0.339 in all
ases.

In order to examine the effect of transport characteristics
t the rib region, we have prepared two different patterns of
hrough-hole fabrication as shown in Fig. 3. In Pattern 1 in Fig. 3,
nly the gas channel region (1 mm × 10 mm, five channels) has
hrough holes, while the Pattern 2 has through-holes both in the
as channel and the rib regions.

.2. Test cell
Fig. 4(a) shows the test section of the experimental set-up.
he cell consists of GDLs, separators that have gas channels
n the GDL sides and a catalyst coated membrane (CCM) in

fl
a
v
t

Fig. 4. A schematic of experimental set-up: (a) a sc
rough holes in Pattern 1, while Pattern 2 has in both gas channel and separator

etween the GDLs. As well as Ti GDLs previously described,
ommercially available carbon paper GDL (Japan Goretex,
ABEL) with a thickness of about 300 �m is used as a reference
ase. Fig. 4(b) shows a schematic of a separator that describes the
as channel geometry. Separators have gas channels as shown
n the figure, and the square area surrounded by the dotted line
orresponds to the catalyst coated are (10 mm × 10 mm) of the
CM. Commercially available CCM (Japan Goretex, PRIMEA)

s used in the experiment.
Hydrogen and oxygen are introduced to the cell as shown in

ig. 4(a) and supplied to the catalyst layers on the membrane
hrough the GDLs. Flow rate and the humidity of the gasses are
ontrolled by using mass flow controllers and humidifiers. The
ell temperature is defined to be the temperature without cell
peration and is controlled by changing the temperature of a
hamber in which the cell is placed. A parameter set of a typical
peration condition is as follows unless otherwise specified: H2

ow rate: 20 ml min−1, O2 flow rate: 20 ml min−1, cell temper-
ture: 20 ◦C and no humidification. Cell voltage is measured at
arious current density values to examine the characteristics of
he Ti GDLs.

hematic of test cell, (b) separator schematic.
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. Results and discussions

.1. Effect of operation parameters

Fig. 5(a)–(c) shows the i–V characteristics of the cell with
i GDLs. In these experiments, titanium thin film GDLs with

hrough-hole Pattern 1 is employed. Thickness of Ti thin film
s 5 �m, both anode- and cathode-side GDLs have through-
ole diameter of 50 �m and the flow rate of H2 and O2 are
0 ml min−1. Effect of humidification is examined at both 100%
H (relative humidity) and without humidification cases under
arious cell temperatures.

Fig. 5(a) shows the i–V curve at cell temperature of 40 ◦C, and
he results show that the cell performance degrades at 100% RH.
his is due to the condensation and the resulting water flooding

n GDLs due to the relatively low cell temperature. With higher
H humidification, the condensation and flooding more likely to
ccur than the case without humidification. This trend can also
e understood from the fact that the i–V curve drops at relatively
igh current density where the more H2O generation is expected
nd therefore the concentration overpotential is more significant.

Fig. 5(b) shows the i–V curve at relatively high cell temper-
ture, Tcell = 60 ◦C. In this case, the cell performance improves
ith increasing humidification, contrary to Tcell = 40 ◦C case.
y rising the cell temperature, more evaporation of H2O from

he membrane to the gas channel through the GDL is expected,

nd the GDL flooding due to the humidification is less likely
o take place. Other behavior to be noted is the increase of the
imiting current density, ilimit, where the cell voltage becomes
ero. This is due to the decrease of membrane ohmic resistance

m
c
t
A

Fig. 5. i–V curve of Ti thin film GDL. Effect of cell temperature and h
Sources 158 (2006) 1240–1245 1243

nd concentration resistance. Change of the gradient of the i–V
urve indicates the decrease of the membrane resistance.

The same humidity dependence is more significantly
bserved from Fig. 5(c) at much higher cell temperature,
cell = 80 ◦C. The discrepancy between two humidification con-
itions increases in Fig. 5(c). Comparison of the i–V curve
radient with Tcell = 60 ◦C case indicates the increase of mem-
rane resistance at without humidification. It is expected from
he results that the evaporation of H2O from the membrane
ecomes more significant due to the high temperature, and that
he cell performance drastically decreases without humidifica-
ion. Comparison of the i–V curve gradient of Fig. 5(b) and (c) at
00% RH indicates the decrease of membrane resistance. The
imiting current density, however, is identical at both cases to
uggests that the concentration overpotential determines ilimit.

.2. Effect of design parameters

In order to examine the effect of GDL design parameters,
hrough-hole diameter of the cathode-side GDL, φc, through-
ole patterning and the GDL thickness, t, is varied and the
esulting i–V curve is presented in Figs. 6–8.

Fig. 6 shows the effect of the cathode-side through-hole diam-
ter, φc, of the Ti GDL. The anode-side through-hole diameter,
a, is 50 �m in all cases, and the GDL thickness is 5 �m at
oth sides. The figure clearly exhibits the increasing cell perfor-

ance with decreasing through-hole diameter. Change of the i–V

urve gradient indicates the decrease of the ohmic overpoten-
ial. This can be understood by considering the following effects:
lthough the surface area at which the catalyst coated area is

umidification. (a) Tcell = 40 ◦C, (b) Tcell = 60 ◦C, (c) Tcell = 80 ◦C.
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Fig. 6. i–V curve of Ti thin film GDL. Effect of cathode-side through-hole
diameter.
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ig. 7. i–V curve of Ti thin film GDL. Effect of through-hole region pattern.

irectly exposed to the gas channel through the through-holes,
πφ2

c , is the same regardless of the value of φc, and therefore
he expected surface area at which the catalytic reaction takes
lace is also the same value of Nπφ2

c , certain amount of sup-
lied gas may spread in between the GDL and the catalyst layer
rom the hole edge to increase the surface area where the elec-

rochemical reaction takes place, Aeff. Assuming a constant gas
preading length from the hole edge, dsp, and considering the
onstant value of Nπφ2

c as described in the sample fabrication
ection, decrease of through-hole diameter leads to the increase

Fig. 8. i–V curve of Ti thin film GDL. Effect of GDL thickness.
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f Aeff as

eff = Nπ(φc + ddp)2 = Nπφ2
c

(
1 + ddp

φc

)2

. (1)

Also, the electrical resistivity of the catalyst coated area can
e larger than that of the Ti film. Therefore, the increase of
hrough-hole diameter means the increase of the in-place elec-
rical resistance in the catalyst coated area through the increase
f electrical conduction length.

The results discussed in the preceding paragraph are the data
f Pattern 1 GDL where the through-holes only exist in the gas
hannel region, as shown in Fig. 3. The rib region is also expected
o work as an electrochemically active area in PEFCs since the
egular GDLs, such as carbon papers or carbon cloths, allow
he mass transport from/to the gas channel not only to the gas
hannel region but also to the rib region due to their complex
orous structure. Fig. 7 compares the cell performance of Ti
DLs with different patterns (Patterns 1 and 2) and that of com-
ercially available carbon paper GDL. Through-hole diameter

s 50 �m, and the Ti GDL thickness is 5 �m. Titanium GDL
f Pattern 2 shows significant increase of the cell performance
ompared with Pattern 1. The results indicate that the rib area
f the catalyst also contributes to the electrochemical reaction.
lso, further performance improvement of thin film GDL can
e expected since the design parameters are not yet optimized.

The performance improvement, however, cannot be observed
hen the GDL thickness of Pattern 2 is increased to 20 �m as

hown in Fig. 8. The result for t = 20 �m is close to the result
f Pattern 1 in Fig. 7. Although the GDL thickness is 4 times
arger, the potential drop across the GDL thickness of 20 �m at
urrent density of 200 mA cm−2 is only on the order of 10−8 V.
onsidering the identical trend with the data of Pattern 1 with
= 5 �m in Fig. 7, the poor performance may be attributed to
nability of gas supply to the rib region.

. Conclusions

Characteristics of highly ordered porous GDLs have been
nvestigated experimentally. Feasibility of applying the struc-
ure to be used as GDLs in PEFC is examined, and the effects
f various operation parameters have been investigated. Humid-
fication is found to improve the i–V characteristics at higher
peration temperature and to degrade at lower operation temper-
ture. When the porosity is kept constant, smaller through-hole
iameter and thinner titanium thickness is found to improve the
ell performance. The through-hole patterning is found to be
esigned carefully. Based on these experimental results, future
tudy is needed to develop a theoretical modeling of concentra-
ion overpotential at the GDL and to evaluate the overpotential
actors separately.
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