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A B S T R A C T

The wet domain in a microporous layer (MPL) in a polymer electrolyte fuel cell (PEFC) was visualized in order to
clarify water accumulation in the MPL. The performance of PEFC is affected by accumulation of liquid water in
the cathode gas diffusion layer (GDL). The liquid water hinders oxygen transport to the catalyst layer, resulting
in increased mass-transport loss. Although MPLs suppress water accumulation in the GDL, this mechanism has
not yet been fully clarified. The present study used synchrotron X-ray micro computed tomography (CT) to
visualize water accumulation in the MPL. The experiment was conducted while supplying water vapor to the
MPL side of the GDL. The MPL was visualized to be wetted heterogeneously, and liquid water movement from
the MPL to the GDL substrate was visualized. These observations were supported by plotting the volume fraction
of either the wet domain of the MPL or the water cluster as a function of through-plane distance.

1. Introduction

In polymer electrolyte fuel cells (PEFCs), the cathode gas diffusion
layer (GDL) helps to transport oxygen and produced water. The GDL is
usually composed of a substrate and a microporous layer (MPL). The
substrate is commonly a carbon paper or carbon textile treated with a
hydrophobic agent such as polytetrafluoroethylene (PTFE). The MPL is
commonly a mixture of carbon black and PTFE. When a PEFC is op-
erated, oxygen in the flow channels diffuses through the pores of the
GDL to reach the cathode catalyst layer (CL), where the oxygen re-
duction reaction (ORR) takes place. Water vapor produced by ORR
travels through the cathode GDL to the flow channels. The vapor con-
denses into liquid in the GDL when the PEFC is operated at low tem-
perature or at high current densities. The liquid water inhibits oxygen
transport, resulting in a decrease in cell potential, which is referred to
as flooding. Flooding is considered to be one of the major factors that
limits the performance of PEFCs [1]. Design and development of the
GDL is essential in order to avoid flooding. The MPL suppresses flooding
[2–5]. As Omrani and Shabani mentioned recently [6], numerous stu-
dies have tried to optimize MPLs by modifying their structural prop-
erties. For example, Gostick et al. [2] suggested that introducing large
holes for water passage to the MPL is effective for the suppression of

flooding. This concept was investigated and verified by Lu et al. [6],
Sasabe et al. [7], Haußmann et al. [8], and Nagai et al. [9].

In order to realize the design of the GDL, the mechanisms involved
in liquid water accumulation in the PEFC, such as vapor condensation
and water drainage, should be clarified. Either experimental visuali-
zation of water behavior or mathematical modeling is informative.
Many efforts have been made to visualize the liquid transport phe-
nomena in PEFCs. As Bazylak summarized in their review [10], the
liquid water in the gas channel, the GDL, or the membrane has been
visualized using optical microscopy, neutron imaging and X-ray
radiography. In addition, X-ray computed tomography (CT) has been
used to visualize the water distribution in the GDL [8,9,11–14].
Mathematical modeling has also been developed in order to understand
the effect of water accumulation on the performance of the PEFCs. As
Liu et al. reviewed [32], approaches based on the continuum method
and pore-scale simulation have been reported. Comparison between
numerical results and experimentally visualized results is expected to
provide detailed GDL insight into the nature of water transport through
the PEFC. For example, Agaesse et al. [11] compared water invasion
simulations inside the GDL based on a pore network model with X-ray
tomographic images of water distributions obtained by an ex-situ water
invasion experiment. The results showed good agreement between
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experimental and simulated microscopic water distributions. Recently,
Cetinbas et al. [15] developed a dynamic model for pore-scale simu-
lation of liquid water transport in the pores of the GDL, as measured by
X-ray CT, and compared the results to the results of X-ray CT experi-
ments reported by Zenyuk et al. [12] on the ex-situ water drainage
process in the GDL. The numerical result was shown to closely match
the liquid water saturation distributions obtained by the ex-situ
method. The research by Agaesse et al. [11] and Cetinbas et al. [15]
used the GDL, which did not have an MPL. Pore-scale simulation of
water behavior in the MPL has been reported [5,15–20]. Experimen-
tally, visualization of water behavior in the MPL is demanded.

Water accumulation in the MPL has been investigated by operando
X-ray radiography and operando neutron radiography [4,6,8,21–31].
The provided results are the one-dimensional average saturation in the
X-ray incidence direction. However, three-dimensional information is
preferable because the water accumulates in a three-dimensionally
consistent pore network in the MPL. Although operando X-ray CT ex-
periments can provide three-dimensional information [8,9,11–14], as
reported by Eller [13], the region of the MPL near the CL has been
blurry due to the strong X-ray absorption by Pt loaded in the CL. This
blur can be avoided for the ex-situ visualization of water injected into
the GDL. However, injecting water into the pores of the MPL is difficult
because the water injection requires high pressure in water. For ex-
ample, assuming that the contact angle of water in pores of the MPL is
114°, which is the value of the PTFE, pressures of 119 kPa and 1188 kPa
are required to inject water into the pores of diameters of 1 μm and
0.1 μm, respectively. These pressures are too high to conduct the ex-
periment. An ex-situ experimental method to visualize water behavior
in the MPL is, hence, needed.

In the present paper, a new ex-situ X-ray CT technique to explore
water accumulation in MPLs is reported. In the X-ray CT experiment,
water vapor diffused into the MPL side of the GDL formed liquid water
in MPL. Strong X-ray absorption of Pt in the CL is avoided in the present
study because only the GDL was used.

2. Experimental

Fig. 1(a) shows a custom apparatus, which was fabricated in order
to conduct the experiment in the synchrotron X-ray CT beamlines. This
apparatus can be used to visualize water behavior inside the MPL. The
Peltier module (2) was held on the rotation stage (1). The sample stage
(3) was held on the Peltier module, both of which were covered with a
heat insulating material (4). Nitrogen-containing saturated water vapor
at 68 °C was supplied to the MPL side of the GDL at 5 ml/min from the
inlet pipe (5). The inlet pipe and the resin pipe (6) were heated to 68 °C
by the heater (7). The sample was surrounded by a Kapton film (8) in
order to diffuse the vapor to the space above the MPL. The area around
the GDL is shown in detail in Fig. 1(b). The sample was cut to have a
diameter of 5 mm and was then held by the PTFE washer (9) in order to
ensure that the substrate contacts the sample stage. The surface tem-
perature of the sample stage was 7 °C when the Peltier module was

operated. Numerical results showed that the average temperature of the
sample was 7 °C, as explained in the Supporting information. X-ray CT
experiments were carried out at the TOYOTA Beamline (BL33XU) at the
SPring-8 facility. The field of view, the pixel size, and the X-ray energy
was 6.5 mm × 6.5 mm, 3.25 μm, and 14 keV, respectively. The sample
was first scanned under the dry condition, and then water vapor was
supplied. The sample was scanned at 6, 12, 18, and 24 min after vapor
supply had started. GDS3260 (AvCarb Material Solutions) was used as
the sample. This GDL is composed of a carbon-paper-based substrate
and an MPL.

Tomographic reconstruction was carried out using a software
package published by the Japan Synchrotron Radiation Research
Institute (JASRI) [32]. Fiji software [33] was used for segmentation
based on the procedure reported by Eller [31]. All solid phases were
segmented by a global lower threshold method. The threshold was
determined manually by analyzing the histogram of the dry images. In
order to segment liquid water in the wet data set, difference images
were obtained by subtracting the dry data set from the wet data set.
With obtained data set, liquid water was segmented by global lower
threshold. The threshold was determined by manually analyzing the
histogram of the difference images. Visualization and evaluation of
water accumulation in the GDL was performed using GeoDict®
(Math2Market GmbH) software [34].

3. Results and discussion

Fig. 2(a) shows a cross-sectional image of the dry sample. In
Fig. 2(a), the sample stage and substrate are shown in white. The MPL is
shown in gray. Pores in the substrate and the air above the MPL are
shown in black. The pore size of the MPL is observed to be on the order
of sub-micrometers, as shown in Fig. S1. Note that the spatial resolution
of X-ray CT in the present study is not sufficient to identify pores of MPL
(See Fig. S2). Fig. 2(b) shows the same area as Fig. 2(a) and is obtained
6 min after the water vapor supply had started. The existence of liquid
water can be confirmed by comparing Fig. 2(a) and (b). For example,
two pores in the substrate are indicated by yellow arrows in Fig. 2(a).
The brightness of the indicated area increased in Fig. 2(b). This means
that water clusters exist in the indicated area. Water clusters are also
observed on the MPL, as indicated by the black arrows in Fig. 2(b).
Fig. 2(c) was obtained by subtracting the square region of the MPL in
Fig. 2(a) from Fig. 2(b). In Fig. 2(c), the black domain, which did not
change with the water vapor supply, is the dry domain. On the other
hand, the white domain, in which the brightness increases with the
water vapor supply, is the wet domain. As explained in the experi-
mental section, the wet domain of the MPL and the water cluster were
segmented using difference images between the dry and wet data sets.

Fig. 2(d) shows an example of a liquid water distribution in the GDL,
where the dry region and wet regions of the MPL are indicated as gray
and blue domains, respectively. Fig. 2(d) shows that the wet domain is
unevenly distributed in the MPL. This heterogeneous wettability has
not been reported in the literature and cannot be predicted based on
reported results. For example, the average saturation of the MPL under
the operating condition was estimated by operando X-ray radiography
in the range of 0%–50% [24]. However, the three-dimensional dis-
tribution of saturation cannot be obtained by operando X-ray radio-
graphy. In addition, modeling based on the continuous method assumes
homogeneous wettability for the MPL. Reported pore-scale simulation
does not assume a macroscopic distribution of pores or wettability,
which is considered to be a factor affecting wettability in the MPL.

Fig. 3 shows cropped three-dimensional images reconstructed from
CT images obtained at 0, 6, 12, 18, and 24 min after the water vapor
supply had started. Morphological change of wet domains is not ob-
served visually from 6 min to 24 min. This means that state of wetness
in the MPL reaches a steady state after 6 min. Both sides of the MPL
were wetter than the inside of the MPL. This is considered to be a result
of the through-plane gradient of humidity and temperature. The

Fig. 1. (a) Schematic diagram of water vapor introduction in the experimental
setup and the X-ray CT experiment, (b) Detailed description of the sample. 1:
Rotation stage, 2: Peltier module, 3: Sample stage, 4: Heat insulating material,
5: Inlet pipe, 6: Resin part, 7: Heater, 8: Kapton film, 9: PTFE washer.
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absolute humidity in the MPL decreases from the surface side to the
substrate side. This is because water vapor condenses on the outer
surface of the MPL. The temperature in the MPL decreases from the
surface side to the substrate side because the end side of the substrate is
cooled. This allows water vapor to condense at the substrate side in the
MPL. Similar through-plane saturation was obtained by operando X-ray
radiography when PEFC was operated at range of 0.5 A/cm2 and 2.0 A/
cm2 [25,26,31]. In this research, the rate of vapor supply corresponds
to 1.7 A/cm2. These similarities support the water behavior in the
present study as being similar to that in the PEFC during operation.

In Fig. 3, a water cluster was observed in the pores of the substrate
near the MPL at 6 min. This water cluster built up until 12 min and
connected to the sample stage at 18 min. The water cluster then de-
creased in size until 24 min. On the other hand, the water cluster on the
sample stage built up between 18 min and 24 min. This morphological
change of the water cluster suggests that liquid water formed in the
MPL drain to the substrate and then move to the surface on the stage.

The observation explained above will be discussed statistically in
terms of the temporal change of the water distribution in the next
paragraph. Before the discussion, in this paragraph, the structural
properties of the GDL in the through-plane direction are explained. The
upper part of Fig. 4 shows the volume fraction of the solid phase of the
MPL and the substrate. The apparent gradual increase in volume frac-
tion of the material of the MPL from 10 μm to 30 μm was caused by two
factors. The X-ray beam tilted slightly away from the in-plane direction
of the sample. The other factor is that the outer surface of the MPL is not
smooth. Therefore, the region between 10 and 30 μm is a transition
region between the space above the outer surface of the MPL and the
MPL. The region between 30 and 60 μm is the MPL. The region between
60 and 120 μm is the region in which the MPL materials penetrate into
the pores of the substrate. This type of region has been reported in the
literature as a water accumulation region, as determined by operando
radiography [23,25–30] and simulation [19]. The region between 120
and 230 μm is the substrate. The region beyond 230 μm, which is

Fig. 2. (a) Cross-sectional CT image of the sample performed under the dry condition. (b) Cross-sectional CT image performed at 6 min after the water vapor supply
had started, (c) Differential image obtained by subtracting the square domain of (a) from that of (b), (d) Segmented cross-sectional image.

Fig. 3. Three-dimensional images reconstructed from CT images performed at 0 min, 6 min, 12 min, 18 min, and 24 min after the water vapor supply had started.
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omitted in Fig. 4, is the sample stage.
The lower part of Fig. 4 shows the through-plane volume fraction,

which is calculated based on the total volume in the through-plane
direction, of the water cluster and the wet region of the MPL. The wet
region of the MPL exhibits two peaks. One peak is located at the outer
surface of the MPL, and the other peak is located at the MPL penetrating
region. The distribution of the wet region in the MPL did not change
with time. This agrees with the observation in Fig. 3. Fig. 4 shows that
either the water cluster on the MPL (10–30 μm) or the water cluster in
the MPL penetration region (60–120 μm) is increased in size and/or in
number with increasing supply time of water vapor. This suggests that
liquid water that formed in the MPL drained to both sides of the MPL.
This is supported by the fact that the volume fraction of the wet region
of the MPL was in a steady state. There is no evidence that water
condensation in the MPL stops under the steady state. Note that part of
the water vapor condensed directly on the MPL, in the pores of the
substrate, and on the sample stage. For example, in Fig. 4, the water
cluster at 6 min in the position beyond 210 μm was condensed on the
stage directly.

Finally, we discuss how this ex-situ visualization method is in-
formative for understanding water accumulation in MPLs. As shown in
Fig. 2(d), the MPL held water heterogeneously. This is considered as
having resulted from 1) the distribution of the pore size and con-
nectivity and 2) the distribution of the hydrophobicity. For example,
the reported numerical results suggest that the water cluster is stabi-
lized in larger pores [20,35]. The distribution of the hydrophobicity
may be related to the heterogeneous distribution of the PTFE in the
MPL, which was visualized by X-ray nano CT [36]. Fig. 4 suggests that
liquid water formed in the MPL was drained to the outer surface of the
MPL. This may correspond to water accumulation at the interface be-
tween the MPL and the CL. Water accumulation at the interface was
observed by operando X-ray radiography [21,22]. The advantage of the
ex-situ method is that water accumulation can be investigated in three
directions. For example, the effects of surface structure (ex. roughness
and cracks) on water accumulation can be investigated by the method
described in the present study. In addition, Fig. 4 suggests that liquid
water formed in the substrate side of the MPL was drained to the pores
of the substrate. This is expected to be helpful to investigate the effect of
large pores on water accumulation in the GDL. For example, Nagai et al.
suggested that the presence of large pores in the MPL facilitates the
merging of many liquid water pathways generated in the catalyst layer
and so forms stable primary pathways that readily connect water
clusters in the substrate [9]. This suggestion is expected to be verified

by the ex-situ method. As discussed above, the ex-situ method is ex-
pected to contribute to clarification of the water behavior in the MPL
and to the design of the MPL.

4. Conclusion

Water vapor condensation in the GDL was investigated by ex-situ X-
ray CT. The experiment was conducted while either cooling the sub-
strate side of the GDL with a Peltier module or supplying water vapor to
the MPL side of the GDL. Water vapor condensation demonstrated that
the MPL was wetted heterogeneously. The liquid water movement from
the MPL to the sample stage throughout the substrate was also de-
monstrated. The liquid water distribution in the through-plane direc-
tion indicated that liquid water formed in the MPL drained to both sides
of the MPL. The water distribution reached a steady state within the
first 6 min after water vapor supply had started. The combination of ex-
situ measurement in this research and the operando visualization ex-
periment is expected to contribute to the comprehensive understanding
of water accumulation in the MPL.
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