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In situ 3D computed tomography imaging with statistical analysis
successfully revealed the water accumulation and drainage char-
acteristics in the stacked gas diffusion layers (GDLs) and membrane
electrode assembly (MEA) of a polymer electrolyte fuel cell. Effi-
cient water drainage at the interface between the cathode GDL and
MEA was confirmed upon supplying oxygen to the cathode.

The management and drainage control of liquid water in
polymer electrolyte fuel cells (PEFCs), which have stacked
structures comprising a membrane electrode assembly (MEA)
with a cathode catalyst layer, electrolyte, and an anode catalyst
layer, gas diffusion layers (GDLs), and gas/fluid channels are
essential for achieving stable and high volumetric power
density." The protons and electrons formed from the hydrogen
fuel at the anode are transferred to the cathode, where they react
with oxygen to generate water through the oxygen reduction
reaction (ORR). The operation of a PEFC requires high humidity
to maintain the proton conductivity of the polymer electrolyte
membrane (PEM) in the MEA,>™* and humidified gases are thus
supplied to both the anode and cathode. However, the resulting
accumulation of water affects the electrochemical performance
and drainage properties by impeding mass transport in the GDLs
and gas/fluid channels, and the formation of liquid water can
cause significant power loss and ultimately flooding of the PEFC.”

Simulations and material design to control hydration and
water drainage inside PEFCs have been widely investigated in
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the field of fluid engineering,®™® but the multiple sites of water
accumulation under PEFC working conditions made it difficult
to characterize the spatiotemporal distribution of liquid water
inside PEFCs comprising several components, such as gas/fluid
channels, microporous-containing GDLs, and catalyst layers
(CLs) of the MEA. Various attempts have been made to visualize
water accumulation and transport in PEFCs using optical and
spectroscopic techniques."®™* For instance, optical microscopy
revealed the percolation, growth, and desorption of water dro-
plets on the GDL surface and inside the gas/fluid channels."**?
Samples with small through holes in the GDL and MEA CL
enabled observation of the hydration and mass transport within
the internal structures.'®® However, it remains difficult to
visualize the internal structures and water distributions at each
layer of GDLs and MEA composed of organic compounds. In this
regard, high-transmission probes such as neutrons'>?*® and
X-rays** ™ hold promise for the in situ and non-destructive ima-
ging of liquid water accumulation in each component of PEFCs.

X-ray radiography/computed tomography (CT) techniques
have been successfully applied to the 2D/3D imaging of liquid
water in PEFCs.?*2® Previous expertized works revealed the
different distribution of liquid water to the support materials of
catalyst layers,”” the growth of liquid water droplets and the
removal of water plugs in the fluid channel of operating
PEFC,”® the requirement of a microporous layer to decrease
the liquid water at the interface of MEA CL and GDL, and so
forth.?® In addition, high-speed 4D neutron CT allowed quanti-
tative analysis of the water distribution in a PEFC during
operation, albeit with limited spatial resolution (the MEA and
GDLs were observed as a single layer).>® In other pioneering
works, Biichi, Eller, and co-workers accomplished subsecond
X-ray CT imaging by developing a bespoke PEFC for rapid rotary
CT scanning.’™*> A small capillary-like PEFC was used to
monitor the transient behavior of water evolution and drainage
in the GDLs toward the gas/fluid channels. However, the cell
had a cylindrical shape of millimeter size, which is dissimilar to
the structures of practically available PEFCs.
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Here, we report on the use of in situ CT imaging using hard
X-rays for 3D quantitative imaging of the water distributions in
the layered structures of a standard PEFC during operation.
X-Ray imaging at 9 keV in a voxel resolution of 0.65 pm afforded
sufficient contrast of the PEFC components, and the difference
images calculated from the CT images recorded under wet and
dry operating conditions successfully enabled 3D visualization
of the water distributions in the PEFC under different operating
conditions. The statistical analysis of the in situ CT images in
each of the PEFC components for the first time elucidated
physical-chemical trends, which supposed the interference of
the electrochemical water production and drainage properties.

The in situ X-ray CT imaging was conducted at the BL36XU
station of SPring-8 (Fig. S1(a), ESI1).>* A commercially available
MEA composed of a cathode catalyst layer, electrolyte, and an
anode catalyst layer was used in an in situ XAFS cell (MEA size:
30 mm x 30 mm, Fig. S1(c), ESIt) to fabricate a PEFC custo-
mized for in situ CT measurements with an acceptable X-ray
projection angle (6) of £80°. The PEFC containing the MEA was
heated at 353 K and conditioned by 150 I-V cycles (Supplemen-
tary Methods and Fig. S1(b and c), ESIt). The electrochemical
performance of the conditioned MEA was similar to that
reported in our previous study (Fig. $2, ESIT).>> To calculate
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3D images of the water in the PEFC, we first performed
measurements in the absence of conspicuous water accumula-
tion (dry conditions: N, flow with a relative humidity (RH) of
64%) and recorded the CT data. Next, the PEFC was operated
under wet conditions at 0.4 V. After the cell current had been
steady for at least 15 min, both the inlet and outlet gas valves of
the PEFC were closed to quench the reactions inside the MEA.
After confirming that the cell current had fallen to zero due to
the cessation of the fuel supply, limited-angle rotary CT scans
were conducted with 6 = £80° (Fig. S3, ESIt), which is applic-
able for the 3D imaging of flat objects.* The CT measurements
were performed for 32 s and the CT data sets exhibiting
negligible changes in the water distribution during the mea-
surements were used in the subsequent analysis.

The 3D volumetric images on the left side of Fig. 1(a) show
the morphologies of the GDLs and the conditioned MEA CLs
under dry conditions (N, flow to the cathode with RH = 64%).
We compared the contrasts of the water signals obtained after
collecting CT data at 9, 12, and 25 keV and found that 9 keV
afforded the clearest images of the water inside the MEA. The
pixel resolution was 0.65 um in every sample dimension (XYZ),
which was sufficient for identifying the layered structures of the
MEA and GDLs. The corresponding 2D cross-sectional images
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Fig. 1 (a) (left) 3D images showing the morphologies of the PEFC layers reconstructed from the in situ X-ray CT data recorded at 9 keV. The PEFC was
operated in the absence of conspicuous water accumulation (dry conditions) by supplying N with a relative humidity (RH) of 64% to the cathode. (right)
Calculated 3D images of the water distributions on the MEA with GDLs, obtained by subtracting the image under dry conditions (RH = 64%) from the
corresponding image under wet conditions (RH = 90%). 2D cross-sectional images of the (b) sample morphology and (c) water distribution at the center
of each layer (cathode gas diffusion layer (GDL), Y = 50 um; cathode catalyst layer (CL), Y = 155 um; anode CL, Y = 308 um; and anode GDL, Y = 380 um).
Y = 0 um was defined as the depth of the cathode GDL surface. The PEFC was operated at 353 K at 0.4 V under the following cathode conditions: (1) N,
flow with RH = 90%, (2) N, flow with RH = 100%, and (3) 20% O,/N, flow with RH = 90%. For the results of additional batch experiments, see Fig. S5 (ESI¥).
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at the centers of the cathode GDL (Y = 50 pm), cathode CL (Y =
155 pm), anode CL (Y = 308 um), and anode GDL (Y = 380 pm)
are presented in Fig. 1(b). In this system, the GDLs were
composed of laminated carbon fibers, which form micron-
sized diffusion paths for the reaction gases and water, and this
morphology was clearly observed in the CT images. By contrast,
the CLs had a completely different morphology featuring
numerous crack structures formed during the initial MEA
preparation. These morphological differences were observed
in the PEFC lateral dimension (Y) and agreed with the struc-
tures of the component materials revealed by scanning electron
microscopy and our previous results,”® indicating that the
present CT imaging technique enabled successful visualization
of the 3D structures in the PEFC.

The X-ray absorbance of water in the PEFC, whose contrast
was estimated to be almost 6.7% of the average contrasts of the
PEFC components (the MEA and GDLs), was calculated using
the Beer-Lambert law for the CT data obtained from the same
position under dry and wet operating conditions (for the
details, see Supplementary Methods and Fig. S4, ESIf). A
custom-made analysis program with six-dimensional affine
transformation was employed to match the observed data by
translation (TxTyT,) and scaling (SxSySz), thus accounting for
the swelling of the MEA in the presence of moisture. We
confirmed that the intense signal contrast derived from the
PEFC, which was approximately 15 times greater than the water
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signal, was successfully eliminated and the values greater than
that at the outside of the sample in the residual signal was
identified and automatically detected as water, considering the
signal-to-noise ratio of the imaging data.

The residual signals were overlaid on the 3D images
(Fig. 1(a), right side) and 2D cross-sectional images (Fig. 1(c)
and Fig. S5, ESIt). The water distributions clearly varied between
the different layers of the GDLs and the MEA CLs. The GDLs
exhibited far greater condensation of water compared with the
MEA CLs, and water droplets were observed on the GDL surface
that may have percolated from the GDLs. The cathode CL
contained numerous cracks formed during the preparation
process, and the water signal intensity was high in these regions.
Fine spots corresponding to small water droplets were also
observed in the body of the CL (Fig. 1(c) and Fig. S5, ESIt). We
recorded in situ CT images at the same position under three sets
of cathode operating conditions: (1) under N, flow without O,
with RH = 90%, (2) under N, flow without O, with RH = 100%,
and (3) under 20% O,/N, flow with RH = 90%. Conditions (1) and
(2) using a flow of humidified N, provided images of the water
originating from the humidified gas, while condition (3) with the
inclusion of O, gave images of the water derived from both the
humidified gas and the ORR product.

The reconstructed 3D images were huge data sets containing
a large amount of information about the quantity and spatial
occupancy of the water in the MEA and GDLs (approximately 26
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Fig. 2

(a) 2D histograms of the liquid water density with respect to sample depth (Y) for the PEFC during operation. The color of the 2D map represents

the smoothed color density representation of the scatter plot based on the logarithmic kernel density estimation. (b) Rate of spatial occupancy of liquid
water retained in the stacking geometry of the MEA with GDLs inside the PEFC. The spatial occupancy rate was estimated as the percentage of voxels
where water was detected relative to the total voxels at each depth. The PEFC was operated under the following cathode conditions: (1) under N, flow
with RH = 90%, (2) under N, flow with RH = 100%, and (3) under 20% O,/N, flow with RH = 90%. For the results of additional batch experiments, see Fig.
S6 (ESIT).
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million in-plane voxels (XZ) and 859 voxels in the depth direc-
tion (Y)). We analyzed the trends of the water distributions with
respect to depth by using the statistical data obtained from the
3D imaging. The logarithmic kernel density estimation was
used to prepare 2D histograms, where the vertical axis shows
the frequency of voxels with a particular water density as a color
map and the horizontal axis shows the depth (Y) (Fig. 2(a) and
Fig. S6, ESIt). Depth profiles of the spatial occupancy of water
(%), which was defined as the percentage of voxels where water
was detected relative to all voxels in the image, were also
plotted (Fig. 2(b)). Y = 0 um was defined as the cathode GDL
surface and the boundaries of each layer were determined from
the CT images of the sample morphology.

The trends of the water density under the three sets of PEFC
operating conditions revealed areas of water trapped in the
PEFC membrane. Operation of the PEFC under condition (1)
(under N, flow with RH = 90% at 0.4 V) revealed a wide variation
of the water density in each layer (Fig. 2(a-1) and Fig. S6(a),
ESIt). Water was also observed in the negative depth range,
which was outside of the cathode GDL. Although the maximum
water density in this region (Y < —200 pm) was relatively high,
the spatial occupancy was rather limited (low frequency)
(Fig. 2(b-1)), indicating that the CT imaging technique detected
liquid water droplets drained from the GDL to the gas/fluid
channels.

The water density distributions exhibited similar volcano-
like shapes in the cathode GDL and anode GDL regions, suggest-
ing that water accumulation was especially prominent at the
centers of the GDLs, which may be attributable to the limited
water-repellent effect. The spatial occupancy in the GDLs was
approximately 30%, with the highest frequency in the set of
PEFC samples (Fig. 2(b-1)). In the cathode CL, there was a large
increase in the water density from the interface with the cathode
GDL (Y = 110-150 pm), which may have resulted from the
marked difference in porosities between the GDL and CL.*?

Upon increasing the RH of the cathode gas (condition (2),
under N, flow with RH = 100%), the shape of the 2D histogram
inside the MEA CLs and GDLs was almost identical to that
obtained under condition (1), but significant increases in the
water density at the gas/fluid channels were clearly observed
(Fig. 2(a-2), (b-2) and Fig. S6(b), ESIt). These results indicate
that the water-retention capacity of the MEA was already
saturated at RH = 90% and further increasing the RH of the
cathode gas to 100% caused liquid water to drain from the MEA
to the gas/fluid channels outside of the GDLs. The high water
density and low spatial occupancy (frequency) also suggested
the drainage of liquid water in this region.

Operation of the PEFC under the condition (3) (under 20%
0,/N, flow with RH = 90%) led to a different trend of the water
density, as shown in Fig. 2(a-3), (b-3) and Fig. S6(c) (ESI{). The
water density at the interface between the cathode CL and GDL
was greatly decreased, indicating the efficient drainage of the
generated water from the cathode CL. By contrast, the max-
imum water density at the cathode gas/fluid channels outside
of the cathode GDL was increased but the frequency was low.
These findings suggest that the electrochemically generated

15118 | Phys. Chem. Chem. Phys., 2024, 26, 15115-15119

View Article Online

PCCP

water derived from the ORR in the cathode CL came into
contact with the liquid water inside the cathode GDL and
drained to the outside of the GDL.**

Although the drainage process of the generated water can-
not be directly visualized by the current 3D imaging technique,
the observed differences between the three sets of operating
conditions at the cathode suggest that water produced by the
ORR may enhance water drainage by contacting liquid water
droplets in the GDLs. Mass transport simulations have been
applied to elucidate the transient movement of water,*® but
realistic large-scale simulations still have difficulties in repro-
ducing the characteristics of electrochemical operations and
the complex structures inside PEFCs.®” The current approach
based on 3D X-ray CT imaging and statistical analysis has
successfully clarified not only the differences in water distribu-
tions between each layer of the PEFC but also the significant
changes in water drainage under PEFC power generation con-
ditions for the first time.

Conclusions

In summary, we successfully visualized the 3D distribution of
water in a commercial MEA with GDLs under PEFC operating
conditions by in situ X-ray CT imaging. This technique provided
valuable statistical data regarding the sample morphology,
water density, and spatial occupancy of water in each layer of
the MEA and GDLs. Increasing the humidity of N, supplied to
the cathode did not markedly affect the amount and spatial
occupancy of water in the MEA and GDLs, whereas performing
the process under ORR conditions by supplying O, to the
cathode significantly altered the water distribution, especially
at the interface between the cathode CL and GDL. The
proposed X-ray CT imaging technique represents a useful
strategy for understanding water drainage in PEFCs under
actual working conditions.
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