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Abstract

The behavior of water in the gas diffusion layers of a polymer electrolyte membrane fuel cell (PEMFC) was investigated analytically. To
understand the water transportation phenomena systematically, the gas diffusion layers were divided into two parts. One is the gas diffusio
medium (GDM) and the other is micro-layer (ML). In this work, the GDM with different PTFE contents was intensively investigated
under various single cell operation conditions. |-V performance curves of single cells were compared and analyzed with respect to wate
transportation in the GDM. The increased PTFE contents disturb the ejection of liquid-phase water from the electrodes to the flow channel
via the GDM, especially at higher relative humidity conditions. |-V performance curves in this work can also be interpreted as an evidence
that capillary force in the GDM is not the main driving force for the water transportation. Other forces, for example shear force of fluid
and water evaporation etc. are more dominant driving forces, at least with in the GDM itself. This is because of the relatively larger pore
diameter of the GDM compared to that of electrodes and ML. When a ML was used in the GDM, the |-V performance of fuel cell became
more stabilized as well as enhanced. In regard to water management, the ML might have important roles as buffer zone which prever
serious drying and flooding of the electrode. So, when the entire gas diffusion part is designed, the capillary-force-driven water movemen
and the shear-force- or vaporization-driven water transportation should be considered carefully for both the ML and the GDM structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction it's difficult to supply air in a fully hydrated condition ex-
cept in some specialized cases. Therefore, the cathode side
In the polymer electrolyte membrane fuel cell (PEMFC) of an ordinary PEMFC is generally in a relatively dry con-
system, which uses Nafi8hmembrane as electrolyte, wa- dition during operation. This means that water-related re-
ter plays a critical role in proton conduction. Though more search should be focused on effective water management
water in the membrane is desirable in the aspect of protonunder relatively dry cell operating conditions.
conduction, excess water can be condensed to liquid-phase Gas diffusion layers should have properties such as good
water in the electrode and in the gas diffusion layer. This electric conductivity, water and gas transportation, corrosion
liquid water can dramatically decrease the fuel cell perfor- resistance, etc. Until now, there have been many attempts
mance by hindering gas diffusion as well as by covering the to increase fuel cell performance by developing, or modify-
active sites of eletrocatalysts. So, in order to get stable anding, the gas diffusion layer (GDL). In this work GDL means
good fuel cell performance the water contents in the PEMFC gas diffusion medium (GDM) with micro-layer (MLJL-5].
system should be precisely controlled. Carbon paper or carbon cloth have been used most widely
In the PEMFC system, hydrogen and air are usually sup- as GDM material§1-7], and sometimes expanded or sin-
plied in relatively humid conditions to the cells. The humid tered metals have also been u$8H Most reports showed
reactants can supply the desired water and reduce the exenhanced fuel cell performance after a unique treatment pro-
treme evaporation of water in the anode and cathode side,cess on the GDL. In such cases, it was difficult to distinguish
respectively. But when considering total system efficiency, which factors affected the final fuel cell performance most.
Actually, most reports concluded that the results came from
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on the GDL[9,11,12] In this work, the driving forces of  Table 1

water and gas transportation in the GDM were treated Sep_Porosity of prepared gas diffusion media with various PTFE contents
arately. Among them, capillary force, shear force and evap- Gbm PTFE contents (wt.%) Porosity (%)
oration were considered the main driving forces.

X CP190-0 0 77.73063141
On the cathode side of the GDL of a PEMFC, most of the ¢pjg9.5 5.84958217 77.09158907
product water moves in the direction of the flow channel by cp190-15 17.1855542 75.29935718
gas-phase diffusion or liquid-phase transport. When humid CP190-25 27.1939328 71.67463804
air is provided to the cathode, the generated water vapor isCP190-35 34.7490347 69.45141562
difficult to diffuse out of the GDL. As a result, partial or CP190-45 49.321267 62.85032565
complete water condensation occurs. So, the GDL is gener-CP250-0 0 72.10033076
ally treated with PTFE to render it hydophobic and to reduce ggggg:i) 11'72222234 gig%igs
water saturation and to help water transport. This means that-p,c 55 27 925341 64.82743197
the management of liquid-phase water is important to get cp250-35 28.0172414 65.12519958
good fuel cell performance. CP250-45 44.3237371 55.61163074

In this work, to get optimum GDL design parameters,
the GDM and ML were investigated separately in order 10 yisyintions as well as mean pore diameter were measured

know which driving forces (capillary, shear or evaporation) ¢, he GDM samples. The measured mean pore diameters
are more dominant for controlling water transport in the 4 permeability can be seenfifg. 1

GDM and ML. With different amounts of PTFE coated on
the GDM, the I—'V performance of. fuel cells was ev_aluated 2.3. Fabrication of membrane electrode assembly

at various relative humidity conditions. By analyzing the

physicochemical characteristics and the patterns of the -V g4¢ore fabricating the electrode layer on the electrode,

curve in fuel cell performance, the dominant driving forces \afion 112 (Du Pont) membrane was pretreated wisti

of water tran_sportation were suggested for the GDM and the and HSQy solutions step-by-step to remove the remaining
ML, respectively. organic and inorganic contaminarits3]. Forty weight per-
cent of Pt/C electrocatalyst (Johnson Matthey) and 5wt.%
Nafion solution (Du Pont) were used to make electrodes
for both anode and cathode. The prepared membrane elec-
trode assembly (MEA) had platinum loadings of 0.3 and

2. Experimental

2.1. Preparation of gas diffusion media

20 30
TGP-H-060 and TGP-H-090 carbon papers (Torary) S 1sf 1os
which have different thicknesses of 190 and g50, respec- & 16 ]
tively, were used for GDM. As received carbon papers were mf) 14 o 1% S
cut out and washed in acetone to remove dust or undesirable £ 12 o~ {2 g
things. Later, the washed papers were dried at°Cl€or > 10 \D 12 =
2 h. Sixty weight percent of PTFE emulsion (Du Pont) was = 8 102
diluted to make 5-45wt.% aqueous solutions. The dried & © E
carbon papers were dipped entirely in the different PTFE % 4 1ee
solutions for 30s and dried again at room temperature for % 2 N N e L 16
5h. After then, the samples were heat-treated in four tem- %5 0 5 10 15 20 25 30 35 40 45 50
perature steps (80, 110, 290 and 369 in air. The amount () PTFE Contents[wt %]
of PTFE and the calculated porosity of treated samples are 20 30
shown inTable 1 In Table 1 the description CP190-0 is < Br 1o
for the Owt.% PTFE containing-TGP-H-060 carbon paper, & 6 16 —
and other GDMs are designed in an equivalent fashion. 5 i‘z‘ ¥ e §
o e 5 10f oo E
2.2. Permeability measurement of prepared gas diffusion 2 el g o a [
media 2 %
o 4 a
Air permeability of GDM with different amounts of PTFE % 2 I I I
was measured with Automated Perm Porometer 6.0 (ASTM 2 o IS

D 737-75, D737-96, F 316-86, F778 and B.S. 3321, 6410; D e T

Porous Materials Instruments). The diameter of samples and ) ontentsfwt 9]

the wetting fluid used were 21.5 mm and Prowick 16.0, re- Fig. 1. Effect of PTFE contents on the air permeability and pore diameter
spectively. With this apparatus air permeability, pore-size of GDM. (a):CP190 GDM, and (b): CP250 GDM.
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0.4 mg Pt/crA for anode and cathode, respectively. The ac- Table 2 N _ , _ , .
Operation conditions of single cells with varying relative humidity

tive area of MEA was 50 ch
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Cell temperature Air humidifier Relative

2.4. Evaluation by single cell ©) temperature“C) humidity (%)
60 45 48
Water behavior in the prepared GDMs was analyzed by Zg 1;2
single cell evaluation of a PEMFC. All kinds of GDMs were 75 193
tested with the same MEA to minimize the performance 85 290
differences between MEAs. To gain confidence in the data, 4 55 50
the MEA was tested twice with one reference GDL before 75 123
and after testing the prepared GDMs. The current densities 85 185
at 0.6V were 668 and 692 mA/énior the case of before g 45 20
and after, respectively. The data had good consistency dur- 65 53
85 122

ing whole experimental period, showing slightly increased

current density of about 3.6%.

GDM which had the same amount of PTFE was applied cell and the humidifiers. The tube temperatures between the
both to the anode and the cathode at the same time. The ashumidifier and the cell were controlled to the same temper-
sembled single cells were tested at various relative humidity ature during evaluations. The detailed test conditions and
by changing the combinations of temperature between therelative humidity are shown ifiable 2

1.0 & 1.0
0.9 —=B—H, 65°C; Air 46°C 0.0 —m—H, 65°C; Air 45°C
0.8 —8—H, 65°C; Air 55°C 0.8 —e8—H, 65°C; Air 55°C
= 07 —A—H,66°C; Air 65°C = 07 —A—H, 65°C; Air 65°C
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Fig. 2. |-V performance of single cells with PTFE treated CP250 GDMs at various relative humidity conditions of cathode.BDelC; anode
humidifier = 65°C (slightly flooding anode condition). (a): CP250-0, (b): CP250-5, (c): CP250-15, (d): CP250-25, (e): CP250-35, and (f): CP250-45.
Legend means the temperature of the humidifier.
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All tests were conducted at atmospheric pressure and fuel 1.0
utilization were controlled to 70 and 40% for hydrogen and 0.9* —m—H, 65°C; Air 45°C
air, respectively. 0.8 —®—H, 65°C; Air 55°C
> 07 . SN —A—H, 65°C; Air 65°C
% 0.6 —w—H, 65°C; Air 75°C
3. Results and discussion S 05 \ '%\L
S o4 s
The hydrophobicity, mean pore diameter and porosity T 03 vA
of the GDM were changed with the contents of PTFE. o g'i
Table 1shows the result of PTFE coating for the GDMs '

0.0
which have different thickness. The porosity of CP190 0 100 200 300 400 500 600 700 800 900 1000
GDM was decreased from 77.7 to 62.8% when nearly

. . Current Density[mA/cm?]
50% PTFE was coated. Irig. 1, the permeability and the

,.\
2

mean pore diameter were compared for the PTFE-coated 1-0*

CP190 and CP250 GDM. Besides untreated GDMs, all 0.9 —8—H, 65°C; Air 45°C
samples showed a decrease of permeability and pore diam- __ 0.8 K - —@—H, 65°C; Air 55°C
eter with PTFE contents. This is because the coated PTFE =, %7 “‘{\ —A—H, 65°C; Air 65°C
filled the pores without increasing GDM thickness. Despite % 8'2 NV H,65C; AIr7sc
their similar mean pore diameter, CP190-0 and CP250-0 3 \3%4

revealed much smaller air permeability as compared with > 0:3 }, -

CP190-5 and CP250-5. This result means that even at the 8 0.2

low RH condition, the air flux can be hindered remark- 01

ably by a hydrophilic surface of the carbon fiber. It can 0.0

also be expected that a hydrophobic coating on the GDM 0 100 200 300 400 500 600 700 800 900 1000
can facilitate water and air transportation by increasing ®) Current Density[mA/cmz]

the apparent contact angle of water from 1 to about°120

[9]. Fig. 3. Effect of GDM thickness on the |-V performance of single

Various |-V performances of fuel cells can be seen in (;ell = 60°C; anode humidifiee= 65°C (slightly flooding anode condi-
Fig. 2 When the different PTFE-loaded CP250 GDMs :;?;)Hésziaitf?izr190—5, and (b): CP250-5. Legend means the temperature of
were used as diffusion layer, single cells showed much
different patterns of performance with prevailing relative
humidity conditions. On the whole, as the relative humidity water, but the exiting water can increase the resistance to air
increased the degree of flooding also increased result-diffusion.
ing in a decrease of |-V performance, especially in the Water behavior in the GDM can be analyzed more clearly
high current density regime. Deactivation caused by wa- in Fig. 4. For the CP250 GDMs, I-V performances were
ter flooding clearly appeared in the highly PTFE-loaded compared at the more carefully controlled relative humid-
GDM, CP250-45. In regard to -V performance and wa- ity conditions. The detailed conditions are in thable 2
ter removal, it looks like PTFE coating had no positive This figure shows that, at the low PTFE-loaded GDMs, the
effect. And this result says that the water produced at the performance curves build up groups for the similar relative
electrode can be prone to condense into liquid at the cata-humidity. But as the contents of PTFE increased there were
lyst/GDM interface or in the GDMFig. 2 also shows that  no more groups, and better performances could be obtained
water condensation may occur more easily and that lig- in relatively dry conditions. This figure also shows that
uid water is difficult to remove in the higher PTFE-loaded water in high PTFE-coated GDM is more difficult to be
GDM. This can be explained by a capillary condensation removed just by using capillary force. As a result, the water
phenomenon. Water can be condensed at a lower saturatioproduced became the main cause of performance deactiva-
pressure at the smaller pore diameter than that of largertion by flooding. When all the |-V performances were put
pore size. And it can be inferred that, at least in this kind of together, the best performance could be obtained at about
GDM structures, without a ML, the dominant driving force  100% relative humidity conditions.
for water removal is not the capillary force but shear or  This phenomenon can be explained by the concept of
evaporation. breakthrough pressure in capillary pores. The breakthrough

Fig. 3shows the effect of GDM thickness on water trans- pressure can be understood to be the minimum pressure to
port and fuel cell performance. The thicker GDMs were less eject water from the porfl0]. As summarized imable 3
sensitive to the change of relative humidity, but the perfor- since the pore size or the contact angle decreased it needed
mance at the high current density was certainly inferior to more pressure to expel water from the pores. The calcu-
that of the thinner GDMs. This can be explained because lated numbers ifTable 3conduct well with the graphs of
the larger volume of the GDM might help to capture more Fig. 4.
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Fig. 4. Effect of relative humidity on the |-V performance of single cells with PTFE treated CP250 GDMs. (a): CP250-0, (b): CP250-5, (c): CP250-35,
and (d): CP250-45. Legend C, H, and A is for the temperature of the cell, anode, and cathode, respectively.

In Fig. 5, the roles of ML in the GDL are clearly shown.

. . .y - " 1.0
At the various relative humidity conditions, a single cell, 0.9 — W H, 65°C; Air 45°C
which used the GDL containing a ML, showed a dramat- 08 —@— H, 65°C; Air 55°C
ically stable performance as well as an enhanced |-V per- S o7 — —A—H, 65°C; Air 65°C
formance. The performance enhancement may be mainly & o6 " '%aﬁ —V—H, 65°C; Air 75°C
due to the increased electrical conductivity. When the ML S 05 -‘\‘Y %
was applied even at a relative humidity of about 190% there S 04 1
was no severe flooding, unlike the GDM-only diffusion = 3'2 1
layers. It is clear that the ML is an essential factor to get © o1
0.0
Table 3 0 100 200 300 400 500 600 700 800 900 1000
Breakthrough pressure ¢4osb/d,) of prepared gas diffusion media @ Current Density[mA/cmZ]
GDM Contact Pore diameter Breakthrough 1.0
angleé (°) (mM) pressure (kPa) 0.9
CP190-0 1 25.93325 11.24809139 0.8
CP190-5 120 26.17635 5.572663874 > o7 'i?s‘\
CP190-15 120 27.43126667 5.317727459 o 06 \Fﬁﬁ%&
CP190-25 120 25.0455 5.824279811 8 05 L= WA
CP190-35 120 24.0162 6.073900117 E 0.4 —®—H,85°C; Air45°C
[l —@—H,65°C; Air 55°C
CP190-45 120 20.79376667 7015179228 R | el
CP250-0 1 22.08555 13.20771119 O 02n 200 A
CP250-5 120 22.49166667 6.485602075 0.1 TF :* 651 < Ax" 75f
- 0.0
g§§§8 ;g i;g ;éégigggg; ggégg;;gi; 0 100 200 300 400 500 600 700 800 900 100011001200
CP250-35 120 20.771 7.022868422 (b) Current Density[mA/cmz]
CP250-45 120 15.53603333 9.389269247
GDM (ML) 120 91787 15.89244664 Fig. 5. Effect of ML on the |-V performance of PEMFC. (a): CP190-15,

(b): GDM with ML. Legend means the temperature of the humidifier.
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