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Abstract:

Polymer electrolyte membrane with catalyst layers is the most crucial component of proton
exchange membrane (PEM) water electrolyzers and fuel cells. Their water permeation and
swelling behavior significantly impact the proton transport and performance in energy conversion
devices. In this study, water permeations and swelling properties of Nafion membranes with
various platinum (Pt) nanolayers under different conditions are investigated. Visualization results
demonstrate the entire swelling process of Pt-coated Nafion membranes and reveal water transport
in Nafion and breakage of Pt nanolayer. With 17 nm Pt nanolayer coating, the water permeation
of Nafion membranes reduces from 40 to less than 20 pmol min-1 cm-2 at 80 oC and 70 kPa
differential pressure. The water permeation of Nafion membrane with 36 nm Pt coating is slightly
lower than that with 17 nm Pt coating, due to the higher transport resistance through the thicker Pt
nanolayer and smaller cracks on Pt nanolayers. Nevertheless, the water permeation of Nafion
membrane with Pt nanolayers is still in a good range for proton transport, demonstrating the
feasibility of Pt or other metal coating on Nafion membrane as catalysts or substrates in PEM-

based energy devices.

Keywords: Water permeation, Polymer electrolyte membrane, Platinum coating, Water

electrolyzer, Swelling visualization.
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Highlights:

1. Water permeation and swelling behavior of Pt-coated Nafion membranes are investigated
2. Flake-like crevices on Pt-coated Nafion membranes are observed

3. Thicker Pt nanolayers provide higher transport resistances and smaller cracks

4. Water transport and breakage of Pt nanolayers cause membrane bending and recovering

5. Water permeations with Pt nanolayers are acceptable for PEM-based energy devices
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1. Introduction

Polymer electrolyte membrane, as the performance-limiting component of proton exchange
membrane (PEM) water electrolyzers and fuel cells [1-6], become more and more attractive for
the wide application of hydrogen energy[7-13]. Nafion, comprising of a tetrafluoroethylene
backbone and side chains of perfluoro alkyl ether terminated with sulfonic acid groups, is the most
commonly used PEM material [14-17]. Owing to its inter-connected ion-rich nanochannel
networks in hydrated state, Nafion provides high-water permeability and proton conductivity [15].
In addition, the protons, couple with water molecules to form hydronium ions (e.g., as HsOz2+,
Ho0a+), get transported through the nanochannel networks embedded in the hydrophobic matrix
of Nafion [18, 19]. Therefore, water loss and low water permeation in the membrane can
significantly reduce the number of nanochannels Which result in a decrease in proton conductivity

and performance of the PEM based energy conversion devices [20-23].

Membrane electrode assembly (MEA) is a key component of PEM fuel cells or electrolyzers,
which is usually fabricated by sandwiching a Nafion membrane between anode/cathode catalyst
layers and liquid/gas diffusion layers [5, 6, 24-27]. However, different components of the MEAs
have different swelling coefficients and thermal expansion properties, leading to unsynchronized
bending or swelling issues, and therefore uneven distribution of internal stresses [3, 4, 28]. This
further causes delamination and crack of electrodes, and a great decline in the cell performance.
Moreover, catalyst layers, such as platinum (Pt), are commonly deposited on the PEMs with dense
or porous structures by various techniques, like sputter coating, chemical synthesis, spraying, or
printing with catalyst/Nafion mixtures [5, 29-34]. Additional catalyst layers on the PEM surface
show high resistance to water sorption, permeation, and desorption through membranes. This in
turn results in the lower proton conductivity and higher ohmic resistance in PEM water
electrolyzers and fuel cells [20]. Large scale PEM electrolyzers have been developed by different
companies, such as Proton On-Site, and Giner. Some of them operate at balanced pressure, while
the others operate at differential pressures [35]. The differential pressure between anode and
cathode of PEM water electrolyzers can provide advantages in terms of efficiency, but it also
implies a higher mechanical stress on PEM, which eventually impacts the performance of

electrolyzers or fuel cells. Thus, it is highly desirable to explore how the catalyst coatings and
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differential pressures affect the permeability and surface morphology of Nafion membranes and

catalyst layers, which also provides an insight into the nature of the anion exchange membrane[36].

Herein, the water permeation and swelling behaviors of PEMs with different sputter coated Pt
nanolayers under different temperature and differential pressure conditions were studied. A
permeation cell was developed to investigate the water permeation of Nafion membranes with Pt
nanolayers under different conditions. SEM images of Pt-coated Nafion membranes, before and
after testing, suggested that the water permeation was due to cracks on the Pt nanolayers after
immersion in water. The visualization, which has been widely used in our research[37-40], was
conducted to explain the entire swelling process of Pt-coated PEMs before and after immersion in
water. Investigations on the permeation of water through Pt-coated Nafion membrane helped to
explore the feasibility of depositing Pt or other metal layers on Nafion membranes for use as

catalysts or substrates in PEM water electrolyzers or fuel cells.

2. Experimental details
Each Nafion 115 membrane (N115, FuelCellsEtc) was boiled in 3% H202, 1M H2SO4, and
deionized water for 30 min, successively. The membrane was dried in air at 90 oC for 1 hour. Pt
nanolayers were then sputter coated on the Nafion membranes using a sputter coater (SEM Coating
System, Bio-Rad Polaron Division) with a Pt target. The coating conditions included a current of
~ 20 mA, coating voltage of 2.4 kV, and a pressure of ~ 0.4 mbar. The rate of sputter coating was
0.28 nm s-1. Thus, the thickness of Pt nanolayers was controlled by the coating time. With regard
to the test station for measuring water permeations of Pt-coated Nafion membranes, two nylon
blocks were machined with 8.3 mm diameter holes. Then the Nafion membrane was sandwiched
between the blocks, and compressed with 4 evenly distributed bolts using 4.5 N-m torque. It needs
to be mentioned that the bolts only provide compression pressure for sealing of water permeation
cell, and it will not affect the water permeation if the cell is well sealed. The permeation cell was
then immersed in a PolyScience water bath, which could be heated to different temperatures. The
inlet of the cell was connected to a nitrogen gas tank, and the pressure was controlled by a gauge.
The channels in the blocks and the inlet tube were filled with de-ionized (D1) water, which served
as water reservoir. The outlet of the cell was connected to a tube having an inner diameter of 1.65
mm, which was open to the atmosphere. The water reservoir, permeation cell, and water outlet

were maintained at the same height to exclude hydrostatic pressure. To insure accuracy, the water
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position in the outlet tube was recorded after the temperature and pressure were stable (~15 mins
after setting the pressure). The distance travelled by water in the tube was recorded for a period of
3 hours. The water permeation of Nafion membrane was calculated based on the distance travelled
by water in the tube, duration, and active area of membranes. Considering the membrane is
sandwiched by two nylon blocks, the active area is the membrane area exposed to water and
pressure, and it is equal to the cross-sectional area (0.54 cmz) of the hole in the nylon block. The
swelling of the Nafion membrane was measured using Vernier caliper before and after immersion
in DI water. To determine the swelling in water, the Nafion membrane with 17 nm Pt coating was
cut into a 20 mm x 2 mm strip, with one end inserted into two graphite plates and clamped by
clips, and 10 mm of the strip left unclamped. First, the cross-sectional image of the sample was
captured by camera under the dry condition. Subsequently, the sample was immersed in water
under different temperature conditions in a glass box, and the structural changes were monitored
by camera. In order to perform the scanning electron microscopy (SEM) characterization, the
samples all were first dried. Then, surface morphologies of Pt coated Nafion membranes before
and after immersion in DI water were characterized by SEM using a field emission SEM, JEOL
JSM-6320F, at an accelerating voltage of 0.5 — 30 kV, a magnification of 130 X ~ 650,000 X and

a 5-axis specimen mount.

3. Results and discussion
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Figure 1. a) SEM images of Nafion membranes with 17 nm Pt coating before being immersed in
DI water, and c) after being immersed in water. b) SEM images of Nafion membranes with 36 nm

Pt coating before being immersed in water, and d) after being immersed in DI water.

SEM images of Nafion membranes with different Pt nanolayer thicknesses, before and after
immersion in water, are shown in Fig. 1. Before immersion in water, the 17 and 36 nm thick Pt
nanolayers on Nafion membranes appeared smooth, with no crevices on their surfaces (Fig. 1a and
b). After immersion in water and air drying, Pt nanolayers showed crevices with different
morphologies under the same magnification. Flake-like crevices were seen on 17 nm Pt nanolayer
(Fig. 1c), whereas the crevices on 36 nm Pt nanolayer were smaller (Fig. 1d). This difference was
clearly seen from the magnified SEM images (insets in Fig. 1c and d). The electrical conductivities
of the 17 nm thick Pt nanolayer on Nafion 115 membrane before and after immersion in DI water
were also measured. Its in-plane sheet resistance increased from 284 to 937 ohm/square after
immersion in water, which shown the electrical conductivity of Pt-coated membrane does not have
a significant decrease.
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Figure 2. a) Water permeations of Nafion membranes at different temperatures. b) Water permeation of
Nafion membranes with different Pt coatings thicknesses at 80 oC. ¢) Schematic of Pt nanolayers (yellow
layer) for water permeation test at the obverse side (top-left figure), the reverse side (top-right figure), and
double side (bottom figure) of nafion membrane (gray layer) to the supplied water. d) Water permeations
of Nafion membranes with different Pt configurations with 17 nm Pt nanolayers as shown in Fig. ¢ at 70
kPa.

Water permeations through Nafion membranes under different conditions are shown in Fig. 2.
Water permeations of Nafion 115 membrane were measured at 23, 40, 60, and 80 oC with a
differential pressure ranges from 5 to 70 kPa, as shown in Fig. 2a. Water permeations showed
roughly linear relationship with differential pressures, which increased from 1.8 to 40.1 pmol min-
1 cm-2 as the pressure increased from 5 to 70 kPa at 80 oC. The permeation also decreased

significantly when the temperature was decreased from 80 to 23 oC. This was due to the increase
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in saturation water uptake as a result of relaxation of the polymeric matrix with higher temperature,
and the decrease in water viscosity at higher temperature will also enhance the hydraulic
permeability [41, 42].

The surface morphology and composition of Nafion membrane had an influence on the water
transport in membrane-based energy conversion devices. Hence, it is crucial to investigate the
influence of catalyst coating on the water permeation of Nafion membrane [43]. In case of Nafion
membranes with sputter coated Pt nanolayers, water permeations also showed a roughly linear
relationship with pressure, as shown in Fig. 2b. It needs to be mentioned that the Pt nanolayers for
the water permeation tests in Fig. 2b are at the obverse side of nafion membrane to the supplied
water, as shown in the top-left figure in Fig. 2c. Furthermore, their water permeations reduced
from 40 to less than 20 pmol min-1 cm-2, as compared to Nafion membrane at 70 kPa and 80 oC.
Under these conditions, the water permeation of Nafion with 36 nm Pt coating (19.39 pmol min-1
cm-2) was slightly lower than that with 17 nm Pt coating (16.05 pmol min-1 cm-2). The hydrophilic
domains at Nafion membrane/Pt nanolayer interface were weak, which limited the water sorption
and permeation. With regard to the DI water on the feed side of the Nafion membrane, the
permeation is determined by the interfacial mass transport on the membrane-vapor interface [44,
45]. When the Pt coating was applied, the interface was blocked by the Pt nanolayer, which
decreased the water absorption area and reduced the water permeation. For different thicknesses
of coatings, the slight reduction of permeability with thicker coating layers could be explained by
SEM images (Figs. 1c and d). The crevice size on the 36 nm Pt nanolayer was smaller than that on
the 17 nm Pt nanolayer. Moreover, the thicker the Pt nanolayer, the more was distance travelled
by water through the Pt nanolayer, which resulted in less water permeation through the membranes.
It should be mentioned that the water permeation through the Nafion membranes with Pt
nanolayers still occurred. This demonstrated the feasibility of Pt or other metal coatings on Nafion

membranes for use as catalysts or substrates in PEM water electrolyzers or PEM fuel cells.

To investigate the influence of configuration of Pt nanolayer on the water permeation, 17 nm
thick Pt nanolayers were deposited on the obverse side (sample 1, top-left in Fig. 2c), and the
reverse side (sample 2, top-right in Fig. 2c), respective to the direction of the water supply. For the
double side configuration (sample 3, bottom in Fig. 2c), each side of the Nafion membrane was

coated with a 17 nm thick Pt nanolayer. Water permeations of Nafion 115 membranes with
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different Pt configurations at 80 oC and 70 kPa pressure are shown in Fig. 2d. It could be seen that
the water permeation for the obverse is slightly less than that for the reverse. The membrane
underwent deformation or bending when the pressure was applied on one side. As a result, the
surface area of the side towards application of pressure was smaller than the other side, and the
cracks on the Pt nanolayers on the obverse side were smaller, leading to decreased water
permeation. In case of Nafion membrane with Pt nanolayers on the double sides, the water
permeation was ~10 pmol min-1 cm-2, almost half of that with Pt nanolayer on one side. This was
because two barriers (Pt nanolayers) on the membrane reduced water/membrane interfacial area.
Moreover, the path of water transport increased significantly, leading to decreased water

permeation.

The changes in surface morphology of Pt-coated Nafion membrane in water were investigated
by swelling tests using Nafion membrane with 17 nm Pt nanolayer (single side), and studied by
visualization systems, as shown in Fig. 3. The initially dry Pt-coated Nafion membrane could be
seen in Fig. 3a, which appeared straight. After its immersion in water, the membrane showed a
rapid swelling-induced deformation towards the Pt side (left side) in 1 second (Fig. 3b). This could
be attributed to the fact that Nafion membrane absorbed water and swelled from the right side.
While, the Pt nanolayer blocked the water/membrane interface and the absorption of water from
the left side, and the Pt nanolayer and the adjacent Nafion remained almost the same without
swelling. Therefore, this mismatch in swelling between the two sides of Nafion membrane resulted
in the increased stress along the thickness direction of the membrane, which led to its bending
towards the Pt nanolayer side[25, 46]. It needs to be mentioned that the stress in the Nafion
membrane determines its curvature. The curvature started decreasing after 2 seconds (Fig. 3c),
indicating that the stress on the Nafion membrane releases with time. This could be explained on
the basis that the Nafion membrane continued to swell as the flow of water from the
water/membrane interface (right side) to the membrane/Pt nanolayer interface (left side) increased.
Therefore, the Pt nanolayer was broken when the stress was large enough. The breakage of Pt
nanolayers decreased the extent of swelling mismatch between two sides of Nafion membrane,
and consequently the sample started to be recovered. The recovery rate decreased after 10 seconds
(Fig. 3d), and the membrane remained slightly bent after 2 mins (Fig. 3e), and there was no further
change. It is because the breakage of Pt during the first 2 mins leads to the weak mismatch and

smaller stress between two materials. This demonstrated that the decreased stress in the Nafion
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membrane could not further broke the Pt nanolayer after 2 mins, and an equilibrium state was
reached. After immersion in water at 80 oC, the Nafion membrane with Pt coating could attain
another equilibrium state, with recovery to a flat structure. This implied that the Pt coating did not
affect the Nafion swelling percentage at this equilibrium state.

Nafion J Graphite
membrane plate

Figure 3. Visualization of swelling of Nafion 115 membrane with 17 nm Pt coating on the left side
surface. a) Dry condition, b) right after being immersed in water, ¢) after 2 seconds, d) after 10 seconds, €)

after 2 minutes at room temperature; and f) after 10 minutes at 80 oC.

To gain further insights into the swelling and expansion of Pt-coated Nafion membranes, their
swelling ratios in water were measured at different temperatures. Nafion membranes exhibit
11
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anisotropic swelling, and the swelling percentage varies significantly at different directions [47].
We focused on the maximum swelling direction, which greatly affect the breakage of Pt layers on
nafion membranes. In Fig. 4a, the dry Nafion 115 membrane without Pt coating was 40 mm in
length. After immersion in water at room temperature, its length increased to 45 mm, showing
approximately 12% swelling percentage. At higher temperature the swelling and expansion
processes continued, and at 80 oC the swelling percentage and swelling length were 20% and 48
mm, respectively. The swelling of the Nafion membranes with different thicknesses of Pt coating
are shown in Fig. 4b. Nafion membranes with 17 nm Pt coating on single side and double sides
share almost the same swelling and expansion properties as that of Nafion membrane without
coating. This was because the broken Pt nanolayer permitted the sorption of water into the Nafion
through the cracks, and the cracks on Pt nanolayers were the same, regardless of whether it was
on both sides or on just one side. Thus, when the swelling eventually reached equilibrium state at
the same temperature, the swelling percentages were similar. This assumption was supported by
visualization results in Fig. 3. In case of Nafion membrane with 36 nm Pt coating, its swelling
percentage was smaller than the other two samples, and this difference was greater at higher
temperature. This was the result of different crack morphologies on Pt nanolayers with different
thicknesses. Since the cracks on the 17 nm Pt nanolayer were larger than those on the 36 nm Pt

nanolayer, the thinner Pt nanolayer could break more easily.
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Figure 4. a) Swelling of Nafion 115 membrane at different temperature. b) Swelling ratios of Nafion

membrane with different Pt coatings.

4. Conclusion

This work investigated water permeations and swelling processes of Nafion membranes with
sputter coated Pt nanolayers under different conditions. With Pt nanolayers, the water permeation
of Nafion membrane reduced from 40 to less than 20 pumol min-1 cm-2 at 70 kPa and 80 oC. The

water permeation of Nafion membrane with 36 nm Pt coating was slightly lower than that with 17
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nm Pt coating. Based on SEM images, this could be attributed to the smaller cracks on Pt
nanolayers and the longer distance travelled by water through the thicker Pt nanolayers. The
visualization provides the information on the entire swelling process of Pt-coated Nafion
membrane in water, and the bending and recovery processes of Nafion membrane demonstrated
the water transport process in Nafion and the breakage mechanisms of Pt nanolayers. Nevertheless,
Pt-coated PEMs still displayed adequate water permeation ability, demonstrating the feasibility of
Pt or other metal coated Nafion membranes for use as catalysts or substrates in PEM water

electrolyzers or PEM fuel cells.
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