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a b s t r a c t

A visualization technique is employed to measure the time of breakthrough for GDL samples with differ-
ent characteristics. It is shown that the time of breakthrough is reversely proportional to the hydrophobic
content of the GDL sample. The effects of the GDL thickness and injection flow rate on the time of break-
through are also studied. The results show that the capillary pressure of a thin porous medium is not
vailable online 6 March 2011
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independent from the time of breakthrough. Thus, it is not legitimate to calculate the saturation of the
medium by multiplication of the flow rate and time of breakthrough. These findings help better under-
standing of flooding phenomena, which may lead to the development of more effective GDLs for PEM
fuel cell.

© 2011 Elsevier B.V. All rights reserved.

ime of breakthrough
aturation

. Introduction

The agglomeration of liquid water on the interface of the cata-
yst layer (CL) and the gas diffusion layer (GDL) limits the efficiency
f the proton exchange membrane (PEM) fuel cells. Several stud-
es have been conducted to address the flooding phenomenon both
umerically and experimentally [1–5]. The experimental studies
f flooding have been conducted through in situ and ex situ mea-
urement. In situ measurements mostly consider the effects of GDL
haracteristics on the total efficiency of the cell [5–7]; while the ex
itu visualization techniques examine liquid water motion inside
he GDL to understand the details of phenomena underlying flood-
ng [2].

The determination of the capillary pressure and saturation char-
cteristics of the GDL is crucial in evaluating its performance in
ransferring the liquid water produced on the catalyst layer to
he flow channel [8–15]. Benziger et al. [16] measured the break-
hrough pressure of different GDL samples using a column of liquid
ater. They determined the level of saturation by weighting the

amples after breakthrough occurred. Loss of water content dur-
ng disassembling of the GDL sample in each experiment, made the

ethod inaccurate. Büchi et al. [17] employed X-ray tomography to

btain three-dimensional images of liquid water injected into the
DL samples. The size of the samples in X-ray tomography needs

o be small; thus, the saturation profiles obtained with this method
as unreasonably high. In a series of experiment, Gostick et al. [18]
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obtained the capillary pressure versus saturation curves for GDL
samples with and without microporous layers (MPL). Their results
obtained at the point of water breakthrough, which occurs when a
sample-spanning cluster of water formed across the GDL, showed
that the GDL saturation drastically decreases from 25% to 5% in
the presence of MPL [18]. The time Following their previous work,
Gostick et al. [19] employed a new approach based on injection of
water through GDL using a syringe pump and obtained the varia-
tion of water saturation as a function of the capillary pressure at
the breakthrough point for treated and untreated GDLs. Assuming
that the system has no bubbles and the GDL sample is not flexible,
they found the saturation based on the flow rate provided by the
syringe pump and the time elapsed from the start of the experi-
ment. Although similar experiments have been conducted by other
researchers [2,20,21], none of those cases reports water saturation
at breakthrough.

In this paper, we employed the fluorescence microscopy to mea-
sure the time required for water to penetrate and travel through the
thickness of the GDL. We used Toray carbon papers with different
thicknesses (110 �m and 280 �m). For each thickness, GDLs with
two types of PTFE loadings (0% and 40 wt.%) were selected. Also, to
investigate the effect of the flow rate on the time of breakthrough,
the experiments were conducted for three different flow rates: a
lower flow rate (5.55 × 10−12 m3 s−1 which is half of the flow rate
corresponding to the current density at the flooding condition), the
nominal flow rate associated with the flooding (1.11 × 10−11 m3 s−1
for a disk sample with the diameter of 3 mm), and a significantly
higher flow rate (i.e., 1.11 × 10−11 m3 s−1). The results obtained for
GDLs with different wettability characteristics show that the cap-
illary pressure of the porous system is not independent from the
time of breakthrough. Thus, evaluating the saturation of the sys-
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Fig. 1. Schematic of the: (a) ex

em by multiplication of the flow rate provided by the pump and
he time of the breakthrough as proposed by [19] is not accurate.

. Experimental

In this paper, fluorescence microscopy is employed to visualize

ater flow inside the GDL and to measure the time of breakthrough.

he details of this technique can be found in [2,22]. Fig. 1 illustrates
he arrangement of the experimental setup. The fluorescence solu-
ion is pumped into the GDL sample via a specially designed device
alled injection tube made of Teflon. The hydrophobicity of the
ental setup, (b) injection tube.

injection tube prevents any unwanted leakage in the gap between
the GDL sample and the surface of the tube. The tube is composed of
a 3 mm diameter vertical hole and four horizontal holes with diam-
eter of 300 �m drilled through the tube. Four micro-needles were
inserted into the horizontal holes. The arrangement of the needles
facilitates the accurate measurement of the flow rate of the solu-

tion just before entering the GDL as well as the exact start time of
the experiment. In essence, the first needle is to provide voltage to
the solution passing through the channel. All three other needles
are attached to the voltage sensors. Knowing the distance length
between the needles and the time sequence of the signals provided
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been shown before based on the level of saturation [13,15].
The time of breakthrough has also been measured accurately

by the signal sent from the needle attached to the lower surface of
the GDL. Three replicates of the experiment are carried out for each
Fig. 2. Breakthrough of water for

y the sensors, the flow rate is estimated. The GDL sample is placed
n the top surface of the injection channel and a Teflon cylinder
overs the sample. A cap is finally screwed over the cylinder to
rovide enough pressure on the GDL sample.

. Results and discussion

Fig. 2(a) and (b) presents the images obtained at the time
f breakthrough for two GDL samples with the same thickness
110 �m) but different PTFE loadings (0 wt.% and 40 wt.%). For the
ample with no loading, the vast majority of the area is invaded
y liquid water (Fig. 2(a)); whereas for the hydrophobic sample, a

imited portion of the surface is invaded by water (Fig. 2(b)). Liquid
ater follows the same pathways after the initial invasion and little
ew developments occur as time progresses. For the hydrophobic
DL, except for a handful number of pathways, the majority of the
DL is free of water which implies free passages for the reactant
as.

The images obtained from the florescence microscopy were used
o obtain a 3D representation of liquid water configuration inside
he GDL, especially at the time of breakthrough. The height of the

iquid is estimated using the modified correlation proposed by Lit-
ter et al. [2]:

= 110 × 10−6I

65535
les with different PTFE loadings.

in which z is the distance from the bottom surface, 110 × 10−6 is
the thickness of the sample and I is the intensity of the pixel. The
correlation is normalized by the maximum intensity achieved in
a 16-bit image data (216–1 = 65535). These 3D representations are
used to estimate the water content in each sample by integrating
the height of the surface on each pixel. This results presented in
Fig. 3 shows that the volume of the liquid in the sample with no
PTFE loading is larger than that in the hydrophobic sample as it has
Fig. 3. Cumulative water content versus t* (i.e., time normalized by the time of
breakthrough).
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Table 1
Time of breakthrough for the thin sample (TGP-H-30).

Sample type TGP-H-30 (110 �m)
% PTFE 0% 40%
Flow rate (m3 s−1) 5.55 × 10−12 1.11 × 10−11 1.11 × 10−10 5.55 × 10−12 1.11 × 10−11 1.11 × 10−10

Time of BT (s) 1109 1120 996 528 579 584 64 60 53 1049 1164 1187 564 592 655 63 61 57
Average (s) 1075 564 59 1133 604 60

Table 2
Time of breakthrough for the thick sample (TGP-H-90).

Sample type TGP-H-90 (280 �m)

× 10−1
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[19] J.T. Gostick, M.A. Ioannidis, M.D. Pritzker, M.W. Fowler, J. Electrochem. Soc. 157
(2010) 563.
% PTFE 0%
Flow rate (m3 s−1) 5.55 × 10−12 1.11 × 10−11 1.11
Time of BT (s) 1122 1203 1151 620 601 610 64
Average (s) 1159 610

ombination of the sample and flow rate. Tables 1 and 2 summarize
he time of breakthrough for the combinations. At the lowest and
ow flow rates (5.55 × 10−12 and 1.11 × 10−11 m3 s−1), the effect of
hickness is almost the same for both hydrophobic and hydrophilic
amples (7.8% and 11.5% for 5.55 × 10−12 m3 s−1, and 8.1% and 12.3%
or 1.11 × 10−11 m3 s−1). As the flow rate is increased by the factor of
0, the time of breakthrough increases for the thick GDL by 13.6% for
he hydrophilic and 15% for the hydrophobic samples. This increase
s larger than that obtained for the low flow rate cases mentioned
bove. Thus, it can be concluded that when the flow rate is high,
he thickness has a greater effect on the time of breakthrough.

The effect of hydrophobicity on the time of breakthrough is not
niform for different flow rates. For the thin sample, hydropho-
icity increases the time of breakthrough by 5.4% at the lowest
ow rate. For higher flow rate corresponding to the flooding condi-
ion (1.11 × 10−11 m3 s−1), the increase in the time of breakthrough
ecomes 7.1%. As the flow rate is increased by a factor of 10, the time
f breakthrough for the hydrophobic sample is only 1.7% higher
han that of hydrophilic sample. The same trend is also observed
or the thick sample, i.e., the time of breakthrough is higher for
he hydrophobic sample compared to the hydrophilic sample by
.9%, 11.1% and 2.9% as the flow rate increases. Thus, when the fuel
ell is working at the flooding condition, the percentage of PTFE
oading has significant effect on conducting liquid water as shown
efore [9,12,13,15]. The results also show that a simple multipli-
ation of the flow rate by the time of breakthrough as proposed in
19] will give incorrect estimation for saturation as its value for a
ydrophobic GDL will be larger than that of a hydrophilic sample.

. Conclusion

The fluorescence microscopy is employed to investigate the flow
f liquid water inside different GDL samples. The effect of PTFE
oading studied by analyzing the images captured during the pen-
tration of water inside GDLs with different hydrophobicity and
hicknesses. The images show that for the hydrophobic samples,
ore passages are left free of water and hence available to the
eactant gas to reach to the catalyst layer. In addition, the time of
reakthrough for different GDL samples were measured and com-
ared. It was shown that the increase in the thickness of the GDL
ould not necessarily increase the time of the breakthrough pro-

[
[

[

40%
0 5.55 × 10−12 1.11 × 10−11 1.11 × 10−10

69 1283 1291 1216 632 701 700 71 67 69
1263 678 69

portionally to the thickness. In contrast, treating the GDL with PTFE
significantly increases the time of breakthrough. For higher flow
rates, the effect of PTFE loading is negligible. It was also shown that
the sample with a higher hydrophobic content contains less water
than the sample with no loading at the time of breakthrough; while
the time of breakthrough for a more hydrophobic sample is larger
than that for a sample with no PTFE loading. Therefore, if the rela-
tionship proposed in [19] is used to calculate the saturation based
on multiplication of the time of breakthrough by the flow rate, the
saturation value for the hydrophobic sample will be larger than
that of a hydrophilic sample. Thus, it is concluded that the pro-
posed relationship is not valid especially for samples with different
wettability characteristics.
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