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catalyst layer for polymer
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electrolysis at high temperatures
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The polymer electrolyte membrane water electrolysis (PEMWE) performance is
closely related to the Nafion® ionomer content in catalyst layers (CLs). This study
experimentally investigates the impact of anode and cathode Nafion” ionomer
contents on the PEMWE performance at high temperatures. The Nafion® ionomer
content is 5-30 wt% on both anode and cathode sides, while the temperature and
operating pressure change from 80°C to 120°C and 0.1 MPa to 0.3 MPa, respectively.
Experimental results reveal that elevated temperature and operating pressure can
remarkably promote the performance of PEMWE with a reasonable Nafion®
ionomer content and without dehydrating the membrane at 120°C and 0.3 MPa.
However, the PEMWE performance deteriorates as the Nafion” ionomer content is
too low. The anode Nafion® ionomer content has a relatively great impact on ohmic
resistance, concentration, and activation overpotential, especially the concentration
overpotential. Nevertheless, the cathode Nafion” ionomer content only affects the
ohmic resistance. Finally, under the operating conditions of 120°C and 0.3 MPa,
employing a Nafion ionomer content of 10 wt% in the anode-cathode sides
minimizes the electrolysis voltage to 2.18 V at 18 A/cm?.

KEYWORDS

polymer electrolyte membrane water electrolysis, Nafion® jonomer content, high
temperature, operating conditions, performance of polymer electrolyte membrane
water electrolysis

1 Introduction

Renewable energy sources may resolve energy and environmental problems and create a
highly developed energy civilization. However, renewable energies are often limited by the
parameters of time and place, and the sources are heterogeneously distributed (Wang et al.,
2019; Wang et al,, 2023; Wang et al., 2024). Hydrogen produced by water electrolysis is
deemed to be one solution to save these power sources. Polymer electrolyte membrane water
electrolysis (PEMWE) yields high hydrogen purity, improved safety and dependability,
decreased energy consumption, and the potential for high current density; therefore,
PEMWE has acquired substantial consideration (Carmo et al.,, 2013; Park et al., 2021).
Nevertheless, PEMWE still suffers from high market cost (Awasthi et al., 2011; Chandesris
etal, 2015; Feng et al., 2017; Wang et al., 2022) because PEMWE uses a noble metal catalyst
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and expensive perfluorosulfonic acid (PFSA) membranes (Feng
et al., 2017; Siracusano et al., 2017; Teuku et al., 2021).

To reduce the high cost of PEMWE, one method is to compact
the size by increasing the current density. Various parameters that
impact the current density of PEMWE have been investigated, such
as operation temperature and pressure (Xu et al., 2011; Xu et al,
2012; Xu et al., 2014; Li et al., 2016a; Lee et al., 2016; Stiber et al.,
2021), properties of the anode and cathode porous transport layers
(PTLs) (Ito et al., 2012; Li et al., 2016b; Li et al., 2018; Kroschel et al.,
2019; Doan et al,, 2021), and properties of the anode and cathode
catalyst layers (CLs) (Natarajan et al, 2013; Lee et al, 2016;
Holzapfel et al., 2020; Lopata et al,, 2020; Pham et al., 2021).
Recently, optimizing CLs has attracted the attention of many
researchers because CLs directly affect the electrolysis
performance and determine the durability and cost of PEMWE.
In PEMWE, CLs usually consist of only two components: noble
metal catalysts (such as IrO, or Pt/C) and ionomers (such as Nafion”
ionomers). The ionomer content in CLs largely impacts the PEMWE
performance because the ionomer in the CL functions as 1) a proton
conductor, 2) an adhesive between CLs and the membrane, and 3) a
hydrophilic agent to retain moisture and prevent membrane
dehydration (Wang et al.,, 2020; Chen et al., 2021; Knoppel et al.,
2021; Krivina et al., 2021).

Researchers have sought to optimize CLs by optimizing the
Nafion” ionomer content in PEMWE at conventional temperatures
(Xu and Scott, 2010; Su et al., 2013; Bernt and Gasteiger, 2016; Faid
et al,, 2020; Liu and Weber, 2022). They reported that there was an
optimal ionomer content for the total electrolysis overpotential and
nonlinear overpotential (activation or concentration overpotential).
These studies also revealed that a decreased ionomer content in CL
might decrease the proton conductivity of CLs but increase the real
activation catalyst area. For example, Su et al. (2013) reported that
the optimal Nafion” ionomer content in the anode side was 5-10 wt
% when IrO, was employed. Bernt and Gasteiger (2016) examined
the influence of the ionomer content on IrO,/TiO, anode electrodes
for PEMWE and found that the best performance was obtained for
an ionomer content of 11.6 wt%. Xu and Scott (2010) revealed that
the optimal contents of Nafion ionomer were 25% and 20% for
anode and cathode CLs, respectively, when Ir-Ru was used. In
addition, Su et al. (2013) and Xu and Scott (2010) reported that there
should also exist an optimal Nafion” ionomer content for linear
overpotential (ohmic overpotential). They expected that an increase
in the Nafion” ionomer content would result in a decrease in the
contact ohmic resistance between CLs and PEMWE, but it would
also decrease electron conductivity due to the Nafion” ionomer that
covers the catalyst particles. However, such an expectation of an
ohmic overpotential still lacks experimental proof.

Moreover, most present researchers only concentrated on
effect of on PEMWE
performance under low temperature (80°C) (Xu and Scott, 20105
Su et al., 2013; Bernt and Gasteiger, 2016; Faid et al., 2020; Liu and
Weber, 2022). Nevertheless, the effect of Nafion” ionomer content

examining the ionomer content

on PEMWE performance under high temperature may be different
from that under conventional temperature. High temperatures tend
to enlarge the current density by suppressing the overpotential (Xu
et al,, 2011; Li et al., 2016a) and soften the Nafion® ionomer, for
which the glass transition temperature is lower than 130°C (Ito et al.,
2011). Therefore, this

study performed an experimental
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measurement to reveal the mechanism of how the ionomer
content affected the PEMWE performance at high temperature
and compared the results with those at conventional temperature.
In addition, we attempt to optimize the Nafion” ionomer content on
both anode and cathode sides for high-temperature PEMWE to
compact its size by increasing the current density.

2 Experimental setup

The schematic diagram of the experimental system in this study
and our previous studies (Li et al., 2016a; Li et al., 2016b) is displayed
in Figure 1. The experimental system mainly includes a water tank
with a capacity of 2 L, a water pump that exclusively feeds liquid
deionized water to the anode side, a homemade PEMWE cell, two
back pressure valves to regulate the operating pressure, two heaters
to maintain the cell temperature, two mass flow meters to measure
the flow rate of the generated gas, and two vapor traps to separate
hydrogen and oxygen from water. Figure 1 shows a picture of testing
equipment in the experimental system.

During the experiment, ohmic resistance and electrolysis
voltage are measured using a high-frequency resistance (HFR)
meter (frequency: 10 kHz; model: 356E; Tsuruga Electric Co.,
Japan). Every 1s, a data logger records the HFR value,
electrolysis voltage, and flow rates of hydrogen and oxygen at
each current density point. Due to fluctuations, these four sets of
data are calculated by averaging the data measured in 10 min.
Moreover, these HFR values are measured after voltage
stabilization (stable is defined as voltage fluctuations of not
more than 3 mV in 10 min).

The water flow rate and cell temperature are precisely controlled
because the current density is 0-18 A/cm®. Membrane electrode
assembly (MEA) heat generation can reach ~17 W/cm? at 18 A/cm”
for high current densities, and the estimated water temperature
elevation due to the produced heat is approximately 70°C at most;
such high heat produced may overheat the membrane. For small
current densities, a large water flow rate may decrease MEA
temperature under the flow fields. Therefore, water is fed at
approximately 20°C to prevent overheating of the membrane at
high current densities, whereas the water flow rate is set at 1.0 mL/
min to ensure sufficient time to heat the MEA temperature at a low
current density. The utilization of water is 0.5% under the current
density of 1 A/cm’®, whereas our previous study reported that the
utilization of water is approximately 0.1% (Li et al, 2016a). A
thermocouple is employed to measure the nominal temperature;
the heater can automatically adjust the output power according to
the flow field temperature to ensure that the temperature was kept
unchanged during the measurement.

Figure 2 shows the schematic diagram and a picture of
PEMWE in this experimental measurement. A Nafion® NRE-
212-based catalyst-coated membrane (CCM) was sandwiched in
between the anode and cathode sides of PEMWE; the current
collectors in the anode side is made of a titanium mesh (NIKKO
TECHNO, Japan), whereas that in the cathode side is
manufactured with a carbon paper; serpentine flow-field
plates are both employed on the anode and cathode plates.
The above components are assembled together by bolts with
an assembly pressure of 3 MPa. Table 1 shows the detailed
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FIGURE 1

Schematic diagram of the experimental system for PEMWE at high temperatures.
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(A) Schematic diagram and (B) picture of PEMWE in this experimental measurement.

information of the operation conditions and components of
PEMWE.

The spraying and hot-pressing approach was employed to
manufacture CCM. The loading amount of IrO, and Pt (46 wt%,
Pt/C) was 1.5 mg IrO,/cm” and 0.5 mg Pt/cm” in the anode and
cathode sides, respectively. All homemade CCMs were
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fabricated using the following process: any organic and
inorganic contaminants with the PEMs of 64 cm® were
removed prior to CCM manufacture (Ito et al., 2011) because
those contaminants, such as Fe®* and Mg®", accelerate the
membrane degradation (Thanasilp and Hunsom, 2010). A
slurry of catalyst and Nafion® ionomer (5wt% Ion Power
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TABLE 1 Properties and operation conditions of high-temperature PEMWE (Li et al., 2016a; Li et al., 2016b).

10.3389/fenrg.2023.1313451

Component Specification

Polymer electrolyte membrane (PEM) Nafion” NRE-212, 88 cm?

Anode CL IrO,, 1.5 mg IrO,/cm®

Cathode CL Pt/C, 0.5 mg Pt/cm*

Electrode area 1 cm?

Anode material Ti

Cathode material Carbon

Channel width x height x length 1 mm x 1 mm x 33 mm

Pattern Serpentine with 1-mm ribs

Anode porous transport layer Ti sintered compact with Pt plating

Porosity: 0.6

Thickness: 0.2 mm

Water contact angle: 0 (NIKKO TECHNO, JP)

Cathode porous transport layer Carbon paper SGL34BA

Porosity: 0.7

Thickness: 0.3 mm

Water contact angle: 120 (SGL Co., Germany)

Flow field plate Titanium/carbon

Operation conditions Temperature: 120

Pressure: 0.3 MPa

Water flow rate: 1 mL/min (only anode)

FIGURE 3
(A) Spraying of the catalyst ink onto the membrane and (B) hot pressing of the fabricated CCM.

solution) in deionized water and ethanol was prepared and  for 180 s, the slurry was kept on the membrane, as shown in

sprayed onto one side of the membrane, as shown in  Figure 3B. Table 2 shows seven types of CCMs with different

Figure 3A. Finally, by hot pressing CCM at 2 MPa and 150°C  Nafion” ionomer contents in CLs.

Frontiers in Energy Research 04
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TABLE 2 Properties of CCMs with different ionomer contents.

10.3389/fenrg.2023.1313451
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Curves of (A) -V and (B) I-HFR at different increasing temperatures under the anode and cathode Nafion ionomer contents of 30 wt%.

3 Results and discussion
3.1 Impact of the elevated temperature

This section investigates the impact of elevated temperature on
the I-V and I-HFR of PEMWE. Both the anode and cathode CLs
have a Nafion ionomer content of 30wt%. The elevated
temperatures were 80°C-100°C and 100°C-120°C at 0.1 MPa and
0.3 MPa, respectively. Figure 4 shows that an elevated temperature
benefits the water electrolysis performance, especially under a higher
operating pressure. For instance, with temperature increasing from
80°C to 100°C at 0.1 MPa at a current density of 2 A/cm? the
decrease in electrolysis voltage was 67 mV; however, when the
temperature varied from 100°C to 120°C under 0.3 MPa, the
electrolysis voltage reduced by 32mV. Only elevating the
operating pressure at conventional temperatures such as 100°C
increased the open circuit voltage (OCV) but hardly affected the
electrolysis voltage that was above 1.7 A/cm’ In addition, the
liquid—-water phase could be enhanced with the increase in
operating pressure, thereby preventing membrane dehydration, as
observed in Figure 4B. Despite concerns over membrane
dehydration by increasing temperature (Xu et al, 2011; Carmo
et al, 2013; Chandesris et al, 2015), the membrane has not
shown serious dehydration in the present range of temperature
and pressure, as illustrated in Figure 4B. Increasing the temperature
could reduce ohmic resistance and thus the electrolysis voltage, but
the electrolysis voltage difference shown in Figure 4A is not only due
to the decrease in ohmic overpotential but also due to the decrease in
the activation overpotential (Xu et al., 2011; Carmo et al., 2013;
Chandesris et al., 2015). After several hours of experimentation at
120°C and 0.3 MPa, the membrane of PEMWE showed little obvious
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dehydration. Therefore, the above operation conditions are
employed in the following experiments.

3.2 Impact of the anode Nafion® ionomer
content on the electrolysis performance

This section investigates the I-V characteristics, I-HFR
characteristics, and IR-free voltage characteristics for CCMI,
CCM2, CCM3, and CCM4 at 120°C and 0.3 MPa, as shown in
Figure 5. I-HFR and IR-free voltage characteristics represent the
resistance of ohmic and concentration polarization, which were
employed to determine the linear overpotential and nonlinear
overpotential. The nonlinear overpotential is equal to the left
voltage after subtracting the linear overpotential from the
electrolysis voltage.

Figure 5 shows that the optimal anode Nafion” ionomer content
is 10wt% (CCM3) for all of the I-V, I-HFR, and IR-free
overpotential characteristics in this study. For example, PEMWE
with CCM3 exhibits an ultra-high current density of 18 A/cm” at an
electrolysis voltage of 2.18 V, as shown in Figure 5A. Therefore, the
active area of the membrane and catalyst for PEMWE can be greatly
reduced while maintaining a high-water-electrolysis performance.
Moreover, PEMWE with CCM3 has the lowest ohmic resistances
and smallest Tafel slopes, as shown in Figures 5B, C. In addition, the
PEMWE cell operates without abnormal data for more than dozens
of hours, which reflects that PEMWE with the Nafion” NRE-212
membrane can withstand high current densities at high
temperatures.

Generally, the ohmic resistances of these four CCMs drop
with an increase in current density, as shown in Figure 5B.
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FIGURE 5

Curves of (A) |-V, (B) I-HFR, and (C) IR—-free overpotential Tafel
plots under different anode Nafion ionomer contents at 120°C and
0.3 MPa

Because a higher current density yields a higher electro-osmosis
drag force, more water molecules with protons can be drawn into
the cathode side and reduce the ohmic resistance of CCMs.
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Figure 5B shows that ohmic resistance sharply increased when
the Nafion® ionomer content reduced from 10 wt% to 5 wt%.
This phenomenon has proved the aforementioned theoretical
expectation: decreasing the ionomer content can increase the
electron conductivity and the risk of separating the CL and
membrane. Some researchers have reported that PEMWE
showed good performance even with the anode Nafion®
ionomer content of 0 wt% at conventional temperatures (Xu
and Scott, 2010; Su et al., 2013; Bernt and Gasteiger, 2016; Faid
et al,, 2020). However, this study suggests maintaining at least
10 wt% Nafion” ionomer content for long PEMWE durability,
especially at high temperatures.

In the IR-free overpotential Tafel plot, the slope of the linear
part at a small current density represents the activation
overpotential of every decade. Because the reactant supply is
relatively sufficient at a small current density, the impact of
reactant concentration can be negligible; therefore, the four
CCMs with different Nafion” ionomer contents exhibit similar
slopes of IR-free overpotential Tafel plots (Xu and Scott, 2010;
Bernt and Gasteiger, 2016). This result indicates that the Nafion”
ionomer content hardly affects the activation overpotential.
However, at a high current density, the Tafel slopes denote
the concentration overpotential. Nonlinear Tafel slope curves
can be found for the four CCMs with different Nafion” ionomer
contents. When the Nafion” ionomer content decreased from
30 wt% to 10 wt%, the sharp increase shifted toward the higher
current density region. This behavior can be explained by the
reduced catalyst particles covered by the ionomer with the
decrease in the Nafion® ionomer content, as shown in
Figure 6. The usual commercial IrO, actually contains both
Ir(OH)x and IrO,, which has a large and unevenly distributed
volume gap. After a reasonable calcination, as shown in the red
line of Figure 6C, the particles of IrO, tend to show a more
uniform distribution with a small particle size, thereby leading to
a high specific surface area of IrO,, which favors the PEMWE
performance. Therefore, more water can be electrolyzed, which
decreases the nonlinear overpotential. Nevertheless, when the
Nafion” ionomer content continuously decreased from 10 wt%
to 5 wt%, the IR-free overpotential Tafel plots began to shift
upward because an excessively low Nafion” ionomer content
limited proton conductivity and increased the nonlinear
overpotential. Overall, the Nafion® ionomer content impacts
both
however, the electrolysis voltage mainly depends on the

linear and nonlinear overpotentials, as expected;

nonlinear overpotential.

3.3 Impact of the cathode Nafion® ionomer
content on the electrolysis performance

This section examines the impact of the cathode Nafion ionomer
content on the PEMWE performance at 120°C and 0.3 MPa. The
cathode Nafion ionomer content varied from 10 wt% to 30 wt%,
whereas the anode Nafion ionomer content was maintained at 10 wt
% based on the above result. Figure 7A shows that PEMWE with
CCM3, CCM3-1, and CCM3-2 showed similar electrolysis voltages
at current densities below 12 A/cm®. However, at a current density
above 12 A/cm?, CCM3-1 and CCM3-2 had slightly lower
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FIGURE 6

SEM image of the surface appearance of anode CLs with different Nafion” ionomer contents: (A) 30 wt% and (B) 10 wt% and (C) the XRD image of

standard IrO, and IrO, under different calcining time.

electrolysis voltages than CCM3 due to the slightly higher HFR of
the latter, as shown in Figure 7B. In addition, PEMWE with the
cathode Nafion ionomer content of 5 wt% (CCM3-3) exhibited the
worst electrolysis performance because the Nafion” ionomer content
was too low, which limited proton conductivity and increased the
nonlinear overpotential, as discussed above.

Figure 7B shows the I-HFR characteristics for PEMWE with
CCM3, CCM3-1, CCM3-2, and CCM3-3. Similar to what was
previously described, the HFR decreases with an increase in
current density. In addition, the lowest HFR value was observed
for CCM3-2 with a Nafion ionomer content of 10 wt%, while the
HFR value increased when the ionomer content either decreased or
increased with respect to this value. Bernt and Gasteiger (2016)
suggested that in PEMWE, the increasing ionomer content would
increase the contact resistance. The observation result of Figure 7B
also identifies Bernt’s conclusion. Moreover, the sudden increase in
HFR in the 5 wt.% case is consistent with the prediction that
ionomer functions as the binder between the CL and membrane.
Figure 7C shows the IR-free overpotential Tafel plots for PEMWE
with different cathode Nafion ionomer contents at different fixed
current densities. The same IR-free overpotential plots and

Frontiers in Energy Research 07

exchange current densities are observed for all current densities,
which indicates that the cathode Nafion ionomer content hardly
affects the activation overpotential and concentration overpotential.

4 Conclusion

This study experimentally investigated the impact of the Nafion”
ionomer content in the anode and cathode CLs on the PEMWE
performance at high temperature, and the following conclusions are
obtained:

1) PEMWE with a Nafion” ionomer content of 10 wt% can
significantly enhance the electrolysis performance at 120°C
and 0.3 MPa compared to those at conventional and

operating temperatures, whereas a too low content of the

Nafion® ionomer introduces a sharp increase in ohmic

resistance. Moreover, the membrane of the PEMWE cell

exhibits no obvious dehydration at 120°C and 0.3 MPa.

2) The anode Nafion” ionomer content impacts both linear and

~

nonlinear overpotentials. However, the nonlinear overpotential
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Curves of (A) 1-V, (B) I-HFR, and (C) IR—free overpotential Tafel
plots under different cathode Nafion ionomer contents at 120°C and
0.3 MPa.

contributes much more than the linear overpotential, and the
maximum Nafion” ionomer content in the anode CL should be
10 wt% in this study.
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3) The cathode Nafion” ionomer content affects only the ohmic
resistance. Decreasing the Nafion” ionomer content can decrease
the ohmic resistance by increasing the electron content, and the
cathode Nafion” ionomer content should be 10 wt%.

4) Anode and cathode CLs employing a Nafion” ionomer content of
10 wt% can lead to a compact size of PEMWE by increasing the
current density to 18 A/cm? at 2.17 V at 120°C and 0.3 MPa.
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