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Abstract: Five different ionomer dispersions using water–isopropanol (IPA) and
N-methylpyrrolidone (NMP) were investigated as ionomer binders for catalyst layers in
proton exchange membrane fuel cells. The distribution of ionomer plays an important role in the
design of high-performance porous electrode catalyst layers since the transport of species, such as
oxygen and protons, is controlled by the thickness of the ionomer on the catalyst surface and the
continuity of the ionomer and gas networks in the catalyst layer, with the transport of electrons
being related to the continuity of the carbon particle network. In this study, the effect of solvents
in ionomer dispersions on the performance and durability of catalyst layers (CLs) is investigated.
Five different types of catalyst inks were used: (i) ionomer dispersed in NMP; (ii) ionomer dispersed
in water–IPA; (iii) ionomer dispersed in NMP, followed by adding water–IPA; (iv) ionomer dispersed
in water–IPA, followed by adding NMP; and (v) a mixture of ionomer dispersed in NMP and
ionomer dispersed in water–IPA. Dynamic light scattering of the five dispersions showed different
average particles sizes: ~0.40 µm for NMP, 0.91–1.75 µm for the mixture, and ~2.02 µm for water–IPA.
The membrane-electrode assembly prepared from an ionomer dispersion with a larger particle size
(i.e., water–IPA) showed better performance, while that prepared from a dispersion with a smaller
particle size (i.e., NMP) showed better durability.

Keywords: catalyst layer; ionomer dispersion; durability; proton exchange membrane fuel cell

1. Introduction

Enhancement of the performance and durability of proton exchange membrane fuel cells
(PEMFCs), finally resulting in cost reduction in fuel cells, is essential for their commercialization [1–3].
The performance and durability of PEMFCs are typically determined by the polymer electrolyte
membrane (also called an ionomer membrane), which are mostly made of perfluorinated
sulfonic acid (PFSA) and porous electrodes comprising electrocatalysts and an ionomer binder in
membrane-electrode assemblies (MEAs) [3–6]. Optimization of porous electrodes has been achieved
by controlling relative amounts of the ionomer and/or electrocatalyst if the polymer electrolyte
membranes are fixed [7–10]. It has been reported that the distribution of ionomer within the carbon
supported electrocatalyst (e.g., Pt/C) plays an important role in the design of high-performance porous
electrode catalyst layers (CLs), as the transport of species such as oxygen and protons is controlled
by the thickness of the ionomer on the catalyst surface and the continuity of the ionomer and gas
networks in the CL, with the transport of electrons being related to the continuity of the carbon
particle network [11–16]. The structural change of CLs significantly influences Pt utilization by the
attachment of ionomers onto the carbon support of the Pt electrocatalyst [17]. The use of new ionomer
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materials to enhance the transport phenomena occurring in CLs could be another way to increase
performance and/or durability. Some ionomer materials represent a high oxygen permeability to
lower the mass transfer resistance for an oxygen reduction reaction by changing chemical structure of
ionomers [18,19], or represent high proton conductivity by lowering equivalent weight of ionomers [20].
The microstructure of a CL is formed by evaporating solvents included in the catalyst ink coated onto
polymer electrolyte membranes or gas diffusion layers. The catalyst ink is a well-stirred mixture of
an ionomer binder dispersion, carbon-supported electrocatalysts, and/or additional solvents. In the
ionomer binder, Nafion is dispersed as particles with three types of morphology: (i) a well-defined
cylindrical dispersion in glycerol and in ethylene glycol with different degrees of solvent penetration;
(ii) a less-defined, highly-solvated large particle in water–isopropanol (water–IPA) mixtures; and (iii) a
random-coil conformation (true solution behavior) in N-methylpyrrolidone (NMP) [21]. The various
shapes of Nafion dispersed in these three types of solvent could influence the performance and
durability of the PEMFCs. Johnston and co-workers reported that cathodes cast from inks based on
ionomer dispersions in water–propanol–isopropanol initially performed better than those cast from
glycerol-based dispersions, but were far less durable because of a higher degree of phase separation,
which resulted in faster Pt particle growth [22]. The types of solvents used affected the surface
morphology of the CLs. Inks containing high-boiling-point solvents (186–212 ◦C), such as glycerin,
ethylene glycol, and propylene glycols, resulted in CLs with fewer cracks than those made with inks
containing low-boiling-point solvents (65–100 ◦C), such as water or methanol [23]. In spite of the
superior durability of the CLs based on a high-boiling-point solvent, glycerol-processed cathode CLs
showed substantially inferior performance than NMP-processed cathode CLs, which are similar to
water–IPA-processed ones [24].

Herein, the effect of solvents in ionomer dispersions on the performance and durability of CLs is
investigated. Five different types of catalyst inks were used: (i) ionomer dispersed in NMP (coded as
“2.5 wt.% NMP”); (ii) ionomer dispersed in water–IPA (coded as “2.5 wt.% water–IPA”); (iii) ionomer
dispersed in NMP, followed by adding water–IPA (coded as “5 wt.% NMP+adding water–IPA”);
(iv) ionomer dispersed in water–IPA, followed by adding NMP (coded as “2.5 wt.% water–IPA+adding
NMP”); and (v) a mixture of ionomer dispersed in NMP and ionomer dispersed in water–IPA (coded
as “2.5 wt.% water–IPA+2.5 wt.% NMP”). The size distributions of ionomers dispersed in the five
different solvent systems were measured by dynamic light scattering (DLS). For the characterization of
the CLs, five different membrane-electrode assemblies were fabricated and characterized by physical
methods, such as scanning electron microscopy (SEM), and electrochemical methods, such as cyclic
voltammetry and current-voltage polarization.

2. Materials and Methods

Five different ionomer dispersions with a concentration of 2.5 wt.% were prepared by dispersing
tiny pieces of Nafion NR-212 membrane (Dupont) in the corresponding solvents, such as a 50:50 (wt.%)
water–IPA mixture, NMP, and mixtures of water–IPA and NMP. The ionomer dispersions based on
NMP and water–IPA were heated stepwise to 70, 80, and 90 ◦C under vigorous magnetic stirring,
in glass vials sealed with gas impermeable covers to prevent solvent evaporation. The solutions
were held at each temperature for 3 h, and the final temperature was maintained until the dispersion
became transparent. The addition of the secondary solvent for the ionomer dispersions based on NMP
followed by adding water–IPA, and the dispersions based on water–IPA followed by adding NMP,
was carried out at room temperature (20 ± 1 ◦C), and the mixtures were kept stirring for 1 day. Dynamic
light scattering (ELSZ–1000, Photal Otsuka Electronics Co., Ltd., Osaka, Japan) was performed to
measure the ionomer size distributions in the dispersions. Membranes with 50 µm in thickness
were cast from the ionomer dispersions for the measurement of proton conductivity. The ionomer
dispersions were poured into glass petri dishes and dried at 80 ◦C under vacuum for 2 days to allow
complete evaporation of solvents. The in-plane proton conductivity of the membranes was determined
by measuring the impedance in a plate cell with four Pt wire electrodes. The impedance for ion
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conductivity of fully wet membrane samples equilibrated in 0.1 M H2SO4 for 1 day was measured
using a potentiostat (SP-150, Bio-Logic Science Instruments, Seyssinet-Pariset, France) with alternating
current (AC) in the scan range of 1 MHz to 1 Hz, with a signal amplitude of 10 mV for 1 min at
20 ± 1 ◦C. The impedance was obtained at zero phase angle. For catalyst ink preparation, 40 wt.% Pt
was deposited on Vulcan XC-72 carbon black (Hispec 4000, Johnson-Matthey, Pennsylvania, PA, USA)
and one of the lab-made dispersions was prepared by magnetic stirring and sonication for 30 min.
Magnetic stirring and sonication were repeated 4 times. The catalyst inks were cast on polyimide
transfer films by a Meyer bar installed in a Meyer bar coater (KP-3000, KIPAE E&T Co., Inc., Suwon,
Korea), and the catalyst-coated films were dried at 80 ◦C for 48 h to allow complete evaporation of
solvents. The coated catalyst layers with an area of 9 cm2 (3 × 3 cm2) were transferred onto the surface
of Nafion 211 membranes under 30 MPa for 3 min. The final Pt loading amount was 0.4 mg/cm. Surface
images of the catalyst-coated membranes (CCMs) were obtained by scanning electron microscopy
(MIRA LMH, TESCAN, Brno, Czech Republic). The CCMs were sandwiched by a pair of gas diffusion
layers (10BC, SIGRACET®, SGL Group–The Carbon Company, Wiesbaden, Germany). The MEAs
were placed in the unit cell with a pair of bipolar plates with a single serpentine channel and were then
assembled at 50 kgf/cm2. The MEAs were evaluated using a fuel cell station (CNL Energy Co., Inc.,
Seoul, Korea) connected to a potentiostat (SP-150, Bio Logic Science Instruments, Seyssinet-Pariset,
France) in terms of current-voltage polarization and cyclic voltammetry. The cell temperature was kept
at 70 ◦C, and hydrogen and air humidified to 100% relative humidity (RH) were supplied to the anode
and cathode, respectively, at ambient pressure. After the preset temperatures were achieved, hydrogen
and oxygen were supplied to the cell at a rate of 200 ccm (cc/min). The MEAs were conditioned only
10 times by repeatedly running a voltage cycle from an open circuit voltage (OCV) to the voltage
corresponding to the maximum current density to investigate the effect of the solvent system used in
the ionomer dispersions on unsteady-state phenomena (e.g., reorientation of ionomer in CLs) of CLs
based on various ionomer dispersions. After the conditioning, the current-voltage data were logged.
The electrochemically active surface area (ECSA) was obtained from the cyclic voltammograms of
MEAs as explained elsewhere [3]. To test the durability, the electrodes were subjected to 5, 10, 15, 20, 25,
and 30k potential cycles (k means ×1000) at 50 mV/s from 0.60 to 1.0 V, based on the U.S. Department
of Energy (DOE) protocol for testing electrocatalysts [25].

3. Results and Discussion

Recent studies, reporting that the solvent type significantly affected the shape of the ionomer
dispersed in the solvents, pointed out that polar protic solvents, such as water, n-propanol, isopropanol,
ethanol, or methanol, result in highly-solvated large particles, while polar aprotic solvents, such as
NMP, dimethylformamide, or dimethyl sulfoxide, result in a random-coil conformation (true solution
behavior) [21–24]. Table 1 summarizes the size distributions of the five different ionomer dispersions
measured by DLS. The average ionomer size for the water–IPA dispersion was the highest among
the five dispersions, and the smallest size was observed for the NMP dispersion, which is in good
agreement with the previous study [21]. Interestingly, the dispersions prepared by the solvent mixture
including water–IPA and NMP had intermediate average ionomer sizes, as compared to the one
prepared using either water–IPA or NMP only. It means that ionomers solvated by water–IPA and
NMP are mixed homogeneously. For dispersions in which the additional solvents were added,
the additional solvents substantially determined the ionomer particle structure. The addition of NMP
in 5 wt.% water–IPA and water–IPA in 5 wt.% NMP (final concentration is 2.5 wt.%) resulted in the
dispersion similar to the 2.5 wt.% NMP dispersion and the dispersion similar to the 2.5 wt.% water–IPA
based dispersion, respectively.

Figure 1 shows proton conductivity of the five different cast membranes and Nafion NR-212
membranes as a reference. Since Nafion NR-212 is also formed in a dispersion casting process, most of
the five different cast membranes show similar or a little higher proton conductivity as compared to
that of Nafion NR-212. It represents a change in the ionomer properties in different solvent systems
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due to the different degree of phase separation of the PFSA ionomers. It does not, of course, mean that
the proton conductivity of the various ionomers proportionally represents MEA performance, as the
properties of the films as membrane electrolytes prepared by ionomers in various solvent systems
and the ultra-thin film as ionomer binder (normally wrapping electrocatalyst particles) are not the
same as those reported in literature [26]. It is noted that the change of solvent systems for ionomer
dispersions could significantly affect ionomer properties. The structural changes of ionomers in
solvents could cause hydrophobic and hydrophilic phase separation by the backbone and side chains
of perfluorinated sulfonic acid (PFSA). To confirm the change in phase separation behavior, membranes
were cast from the five different dispersions and their proton conductivities were measured in-plane
(Figure 1). The proton conductivities of the membranes should be the same since the same ionomer
material was used for the five different ionomer dispersions. However, proton conductivities in the
range 0.75–0.83 S/cm (77%–86% of the proton conductivity for the water–IPA ionomer dispersion)
were obtained for the membranes cast from ionomer dispersions including NMP.

Table 1. Summary of preparation methods of five different ionomer dispersions and their dynamic
light scattering (DLS).

2.5 wt.% Dispersions Average
Diameter

(µm)
D10 1 D50 1 D90 1 Span 2

Main Dispersion Additional
Solvent

2.5 wt.% water–IPA (1:1) - 2.00 ± 0.03 0.440 ± 0.106 34.7 ± 7.7 62.4 ± 3.5 1.78
2.5 wt.% NMP - 0.400 ± 0.023 0.028 ± 0.023 0.297 ± 0.072 0.849 ± 0.167 2.76

2.5 wt.% water–IPA (1:1)+2.5
wt.% NMP - 0.905 ± 0.017 0.094 ± 0.075 1.32 ± 0.073 6.60 ± 0.77 4.95

5 wt.% water–IPA (1:1) NMP 1.20 ± 0.04 0.046 ± 0.017 2.11 ± 0.62 7.32 ± 1.80 3.45

5 wt.% NMP Water–IPA
(1:1) 1.75 ± 0.07 0.20 ± 0.04 3.61 ± 0.21 12.8 ± 2.81 3.50

1 Dxx means that xx% of the ionomer particles have a size of the corresponding figure or smaller. 2 Span
(=(D90–D10)/D50) indicates how far apart the 10% and 90% points are.
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Figure 1. In-plane proton conductivity of the membranes cast from the five different ionomer
dispersions prepared in this study (the dotted line represents the in-plane proton conductivity of
Nafion 212).

To investigate the effect of the solvent system used for ionomer dispersion on the performance of
CLs in MEAs, the electrochemical surface area via cyclic voltammetry and current-voltage polarization
was measured. Figure 2 shows the variation of ECSA with respect to the number of potential cycles.
All the MEAs based on the five different ionomer dispersions showed a tendency to decrease ECSA,
which is the area of electrochemically reactive surface sites per amount of Pt (called three-phase
boundary, TPB) and is obtained by recording the total charge required for the adsorption–desorption
of a monolayer of hydrogen onto the Pt/ionomer interface as the number of potential cycles is
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increased. The ECSA of the MEA based on NMP ionomer dispersion; however, increased a little bit
at the beginning of the potential cycling (0–10k) and then decreased gradually. It could; therefore,
be inferred that during potential cycling, the ionomer, formed by the dispersion based on NMP, in the
CLs of the MEA experiences reorientation resulting in structural change of TPB. It could suggest
that MEAs with the CLs based on NMP ionomer dispersions require full conditioning to achieve
steady-state performance.
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potential cycles.

In Figure 3, the MEA based on NMP shows the lowest performance, but obtained the highest
performance increment of 226% compared to the initial performance. In addition, the MEAs based
on the ionomer dispersion in the mixed solvent system including NMP showed a modest increase in
performance and then decreased slightly up to performance variations of −3.76%, 14.3%, and 26.4%
at 30k potential cycles, compared to their initial performance for the MEAs based on 2.5 wt.%
water–IPA+2.5 wt.% NMP; 5 wt.% water–IPA+adding NMP; and 5 wt.% NMP+adding water–IPA,
respectively (positive and negative indicate increment and decrement, respectively). The numerical
values of relative performance variation showed some fluctuation, but the performances remained
mostly constant throughout the potential cycling. It could; therefore, be concluded that ionomers
in the CLs based on ionomer dispersions in solvent systems including NMP need to experience
reorientation finally resulting in the structural change of TPB. In addition, longer conditioning of
these MEAs is needed to obtain steady-state operation. This could be because NMP results in a
random-coil conformation (true solution behavior) in contrast to the other solvents (i.e., a well-defined
cylindrical dispersion in glycerol and in ethylene glycol and a less-defined, highly solvated large
particle morphology in water–IPA mixtures). This random coil formation results in unsteady-state
hydrophilic-hydrophobic segregation of ionomers and makes the CLs require more time to achieve a
steady-state TPB with the electrocatalyst and ionomer, due to the lower degree of phase-separation of
the ionomer formed by the 2.5 wt.% NMP ionomer dispersion. The lower degree of phase-separation
in the electrode retards a decrease in ECSA (in other words, an increase in Pt particle growth) in
the CLs as shown in Figure 2, and finally results in a more durable TPB, in good agreement with
previous results [23]. It means that the structure of TPB could be significantly determined by the
shape of ionomers dispersed in solvents, not a specific property of solvents. It was reported that
the shape of ionomers affects platinum particle growth due to the different mobility of side or main
chains to the solvents [21]. In addition, penetration of the bulky ionomer dispersed in water–IPA
to micropores containing catalyst in CLs appears implausible. For mesopores of CLs formed by
mesoporous carbon support structures, as much as 50% of the Pt catalyst were not in direct contact
with ionomer [11,27]. Thus, it could be expected that tiny ionomer from NMP-based dispersions
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wrap up electrocatalyst particles well to form a more compact TPB structure. It also influences
platinum growth to determine the performance and/or durability rather than TPB structures formed
by water–IPA dispersions. In summary, three I–V curves of the MEAs, with CLs prepared by the
mixture of water–IPA and NMP (see Figure 3c–e), shows similar behavior in the region of activation,
Ohmic and mass transport polarization. Significant difference in the region of activation and mass
transport polarization was; however, shown in Figure 3a,b. The lower degree of phase-separation in
the CL by the NMP dispersion caused higher activation polarization than the CL by the water–IPA
dispersion. Since the relative dense CL by the NMP dispersion had smaller size pores where flooding
occurred, at RH 100%, the mass transport polarization was less sensitive than the relative sparse CL
by the water–IPA dispersion. Figure 4 summarizes the current density at 0.6 V obtained from all
the current-voltage polarization curves of the five different MEAs, as a function of the number of
potential cycles. Degradation of MEAs based on ionomer dispersions, using water–IPA with repeated
fuel cell runs, resulted in a performance variation of −28.1% after 30 k potential cycles, compared
to the initial performance due to a decrease in ECSA by Oswald ripening of Pt particles, oxidation
of carbon supports, and/or cleavage of carbon-sulfur bonds in PFSA ionomers [28]. As discussed in
Figure 2, the reorientation of ionomers in the CLs, formed by the ionomer dispersion based on NMP,
changed the structure of the TPB of the electrodes and then resulted in an increase in ECSA. In addition,
as reported in elsewhere [24], the surface of the initial CL, based on ionomer dispersions including
NMP, showed no cracks, as shown in Figure 5b–e, but numerous cracks were observed for the CL
based on 2.5 wt.% water–IPA (1:1), shown in Figure 5a. In other words, the dispersions containing a
high-boiling-point solvents, such as NMP (see Figure 5b–e), showed less cracks than the dispersion
containing low-boiling-point solvents, such as water and IPA (see Figure 5a). The solvents with low
boiling points (less than ~100 ◦C) evaporated much faster than that with high boiling points (greater
than ~150 ◦C). In addition, the clustering of highly-solvated large particles by water–IPA was suddenly
vanished by fast evaporation. Thus, big voids could be formed in CLs. Consequently, voids inside CLs
caused numerous cracks on the surface of CLs, as shown in Figure 5a. It is also the main reason for the
better durability of the MEAs with CLs based on ionomer dispersions, including NMP. Nevertheless,
the better performance of the MEA based on water–IPA is slightly attributed to the surface cracks
since the recent study reported that cracked CLs by mechanical stretching of catalyst-coated Nafion
membranes led to a decrease in membrane resistance and an improvement in mass transport, which
resulted in enhanced device performance [29].
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Figure 5. Scanning electron microscope (SEM) images of the surface of CCMs prepared from:
(a) 2.5 wt.% water–IPA; (b) 2.5 wt.% NMP; (c) 2.5 wt.% water–IPA+2.5 wt.% NMP; (d) 5 wt.%
water–IPA+adding NMP; and (e) 5 wt.% NMP+adding water–IPA dispersions, both initially and
after 30k potential cycles at 500× magnification.
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Figure 6 summarizes the performance (i.e., maximum current density during potential cycles
and current density at 0.6 V and the 30kth potential cycle) and durability (i.e., two regressed lines
showing that the discrepancy between two lines enlarges as the size of ionomers increases) of the MEAs
with CLs based on the five different ionomer dispersions as a function of average particle size of the
ionomer dispersions. Water–IPA results in highly-solvated large particles, with approximate diameters
of >2 µm, and NMP results in a random coil-conformation, with approximate diameter of ~0.4 µm.
The water–IPA based MEA showed the highest performance, and the NMP based MEA showed the
lowest performance during the whole potential cycling test. However, the durability showed the totally
opposite behavior. The final performances at the 30kth potential cycle were compared to maximum
performances during potential cycles. It is observed that the discrepancy between two regressed lines
decreases as the size of ionomer particles in dispersions decreases. Small discrepancy means small
degradation of CLs during potential cycles. Hence, the ionomer dispersions based on mixtures of
water–IPA and NMP show intermediate performance and durability. On the basis of these results,
a relationship between performance-durability and average particle size in ionomer dispersions was
found, as shown in Figure 6. That is, better performance could be obtained for MEAs with CLs based
on ionomer dispersions with high average particle size, and better durability with lower average
particle size. Once NMP participates in the solvent system of ionomer dispersions, the average ionomer
particle size in the ionomer dispersions decreased below that of a water–IPA based ionomer dispersion.
In other words, MEAs with CLs based on ionomer dispersions including NMP could exhibit lower
performance and higher durability than those based on a water–IPA ionomer dispersion. The average
particle size of ionomer dispersions could be an important indicator to predict the performance and
durability of MEAs in PEMFCs.
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Figure 6. Current density of the MEAs at 0.6 V as function of the average size of ionomers in five
different dispersions (the solid and blank symbols represent the maximum current densities during
potential cycles and the current densities at the 30kth potential cycle, respectively; and the R2 and
p-value of the regressed solid line and the regressed dotted line are 0.97 and 0.007 and 0.80 and 0.04,
respectively).

4. Conclusions

CLs using the dispersions prepared by five different solvents were investigated to understand
the substantial effect of solvents on the morphology of ionomers dispersed in the various solvent
systems, on the structure of the electrode surface, and on TPB in CLs. In addition, the effect of
solvents, used in ionomer dispersions, on the performance and durability of MEAs was investigated.
The ionomer dispersions based on five different solvent systems using water–IPA and/or NMP was
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used for investigation. Polar protic solvents, such as water and alcohols, resulted in good performance
but inferior durability, due to the lower degree of phase-separation and numerous cracks on the surface
of CLs, while polar aprotic solvents, such as NMP, showed more durable performance. Thus, ionomer
dispersions in the solvent mixture of water–IPA and NMP were mainly investigated and found to result
in improved MEA durability while maintaining similar MEA performance, compared to that observed
with water–IPA or NMP only. In addition, a relationship between the performance-durability and
average ionomer particle size was found. Larger and smaller particle sizes of ionomers in dispersions
caused better performance and durability, respectively. Hence, the average particle size of ionomers in
a dispersion is a good indicator to predict the performance and durability of MEAs in PEMFCs.
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