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M A T E R I A L S  S C I E N C E

Enhancement of service life of polymer electrolyte fuel 
cells through application of nanodispersed ionomer
Chi-Yeong Ahn1,2*, Juhee Ahn3*, Sun Young Kang4, Ok-Hee Kim5, Dong Woog Lee6, Ji Hyun Lee6, 
Jae Goo Shim6, Chang Hyun Lee3†, Yong-Hun Cho4†, Yung-Eun Sung1,2†

In polymer electrolyte fuel cells (PEFCs), protons from the anode are transferred to the cathode through the ionomer 
membrane. By impregnating the ionomer into the electrodes, proton pathways are extended and high proton 
transfer efficiency can be achieved. Because the impregnated ionomer mechanically binds the catalysts within the 
electrode, the ionomer is also called a binder. To yield good electrochemical performance, the binder should be 
homogeneously dispersed in the electrode and maintain stable interfaces with other catalyst components and the 
membrane. However, conventional binder materials do not have good dispersion properties. In this study, a facile 
approach based on using a supercritical fluid is introduced to prepare a homogeneous nanoscale dispersion of 
the binder material in aqueous alcohol. The prepared binder exhibited high dispersion characteristics, crystallinity, 
and proton conductivity. High performance and durability were confirmed when the binder material was applied 
to a PEFC cathode electrode.

INTRODUCTION
The electrochemical performance of polymer electrolyte fuel cells 
(PEFCs) is largely influenced by their key components such as polymer 
electrolyte membranes, catalysts, and perfluorinated sulfonic acid 
(PFSA) ionomers (1). The redox reactions in a PEFC occur mainly 
at the electrode interface, called the triple phase boundary (TPB), at 
which the reactant gases (e.g., H2 and O2 at the anode and cathode, 
respectively), platinum (Pt) catalyst particles on electron-conducting 
carbon materials, and ionomers come into contact with each other (2).

To date, catalysts have been studied primarily in terms of their 
activity and durability in fuel cells, based on various synthetic methods 
with calculation results obtained over several decades, with progress 
having been made compared to conventional Pt-based catalysts (3). 
Unfortunately, the increases in the activity and durability of a factor 
of ca. 2 to 130, as reported in the literature, were all obtained from 
liquid-based half-cells, which are suitable for analyzing the charac-
teristics of the catalyst at the laboratory scale. When these catalysts 
are applied to a membrane-electrode assembly (MEA) for a practi-
cal single cell, the performance is much lower than that of a half-cell 
(4). Although the reasons for this phenomenon are unclear, a suffi-
cient number of related studies have not been undertaken, while the 
performance and durability studies conducted to date have focused 
only on catalysts or the solid electrolyte membranes themselves.

The ionomer is a factor that greatly affects MEA performance. 
The performance and durability of a fuel cell can be improved by 
controlling the characteristics of this ionomer, not the catalyst itself. 
The ionomer assists with the conduction of the protons within the 
porous electrodes and acts as a mechanical support for the high–

surface area carbon materials on which the nanoscale Pt catalyst 
particles are distributed (5). The impregnation of ionomers for electrode 
formation contributes notably to the improved electrochemical PEFC 
performance relative to ionomer-free electrodes (6).

PFSA (e.g., Nafion) copolymers are state-of-the-art ionomer 
materials. PFSA ionomers consist of a chemically robust hydrophobic 
polytetrafluoroethylene backbone and perfluorinated side chains 
containing a hydrophilic sulfonic acid (─SO3─H+) group at each 
terminal end. Their architectures induce well-defined hydrophobic-
hydrophilic microphase-separated morphologies for fast proton con-
duction (7). Furthermore, the high electronegativity of their F atoms 
enables the easy release of protons from the ─SO3─H+ groups. 
These ionomers are provided in the form of dispersions in aliphatic 
alcohol–water mixtures and maintain the inertness of Pt catalysts 
during electrode formation. Most PEFC systems use Nafion dispersions 
[e.g., 5 weight % (wt %) Nafion D521, DuPont, USA] because of their 
high reliability, as demonstrated by accumulated track records. How-
ever, Nafion dispersions cannot necessarily offer sufficiently good elec-
trode characteristics to ensure high PEFC performance for long periods.

Several researchers have attempted to overcome this technical issue 
via chemical and physical routes. Typical synthetic routes adopted by 
chemical companies are based on the architectural tuning of PFSA side 
chains. One ionomer modification is the elimination of branched ─CF3 
groups in the side chains, which induces the tight packing of the 
PFSA segments and a relatively high level of crystallinity, which is 
linked to chemical durability (8). The chemical resistance of PFSA, 
particularly to radical degradation, can be improved further through 
the removal of the swivel ether (─O─) groups from the side chains. 
Another method grants superacid functionality to the PFSA ionomers 
by lowering the equivalent weight (ionomer weight per mole of ─SO3─H+ 
groups, expressed as grams per mole) (9) and/or by shortening the 
side-chain length (10). Membrane studies have demonstrated that 
this methodology is effective in minimizing the reduction in the proton 
conduction ability in the dry state, but the modified ionomers had 
reduced mechanical strength under hydrated conditions because of 
their excessive swelling behavior.

Rather than using chemical routes for membrane applications, 
most studies of electrode binders have addressed physical routes where 
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ionomer dispersion characteristics such as average colloidal particle 
sizes and shapes, and impregnation contents are controlled by varying 
the solvent ingredients (11,12) and/or compositions (13,14). The 
dispersion characteristics seem to determine the electrochemical 
activity of the TPB, particularly in the cathode. For example, when 
colloidal PFSA particles are smaller than the diameter (ca. 20 to 40 nm) 
of the primary pores, defined as the space within the catalyst agglomerates, 
they are easily located in the pores and improve the catalyst utilization 
(15). Meanwhile, ionomers with colloidal sizes greater than 40 nm 
can penetrate the space (i.e., secondary pore) between the catalyst 
agglomerates and affect the mechanical stability of the electrode layers.

Here, we describe an ionomer dispersion with an average colloidal 
particle size much smaller than that in commercially available dis-
persions, obtained by treating a Nafion 117 membrane with aqueous 
aliphatic alcohol under supercritical conditions. Supercritical fluids 
(SCFs) are widely used in industry and research because of their 
unique properties (16). They are particularly useful in the synthesis 
of special medicines (17), polymers (18), and nanomaterials (19) that 
are difficult or impossible to obtain under typical conditions; they 
have also been investigated to prepare materials for electrochemical 
applications (20). To date, however, the efficacy of the superacidic 
PFSA ionomers as electrode binders has not been revealed. To improve 
the dispersion characteristics of a conventional ionomer, SCF con-
ditions were used in our study. Above their critical points, SCFs have 
high solvation power, negligible surface tension similar to those of 
liquids, and transport properties similar to those of gases. The density 
values of SCFs enable substantial solvation power; they show high 
solute diffusivity (in this case, PFSA ionomers) because the solute 
viscosity is lower in SCFs, thus facilitating mass transfer (21–23). 
Their solubility for specific solutes can be further improved by in-
corporating co-solvents. Here, we used supercritical isopropyl alcohol 
(IPA) together with water as a polar miscible co-solvent to enhance 
the polarity and solvation strength of the SCF via the formation of 
hydrogen bonds. Also, the fundamental characteristics of the resulting 
ionomer dispersion were compared with those of chemically identical 
Nafion D521. Last, the electrochemical availability of the SCF-treated 
ionomer as a cathode binder was evaluated under both practical 
PEFC operation conditions and harsh electrode acceleration conditions. 
Schematic diagrams of conventional and SCF-treated ionomers on 
the catalyst surfaces are shown in Fig. 1.

RESULTS
The laboratory-made ionomer dispersion was obtained by treating 
a Nafion membrane in an aqueous medium containing IPA [Tc = 
239°C and Pc = 7.89 MPa (24)] in the SCF state. Nafion 117 was chosen 
as the starting material because of its relatively low cost by mass 
compared to other solid-state Nafion materials of different configu-
rations such as membranes, resins, pellets, or powders. However, a 
Nafion 117 membrane is not the only feasible material for laboratory-
made dispersions and could be replaced with another material con-
sidering the cost efficiency and material characteristics.

Fundamental characteristics of synthesized  
ionomer dispersion
The supercritical dispersion was transparent, like Nafion D521. Dynamic 
light scattering (DLS) analysis showed that both dispersions exhibit 
trimodal ionomer particle distributions (Fig. 2A). However, the size 
characteristics of the ionomer particles in the laboratory-made dispersion 

differed largely from those in D521. Most D521 particles (ca. 94%) were 
larger than 100 nm, while the remainder (ca. 6%) were dispersed in 
the nanoscale region (Z-average diameter = 267.2 nm). Meanwhile, 
the laboratory-made dispersion contained many ionomer particles 
with sizes smaller than 100 nm (Z-average diameter = 9.4 nm). The 
number of particles smaller than 100 nm was up to seven times 
greater than in the case of D521. Even the ionomers in the largest-
size region (59%) did not exceed 1.7 m; the greatest concentration 
of these particles was located at ca. 255 nm. This was due to the 
solubility of the ionomer in the alcohol-based solvent increasing 
under supercritical conditions, which lessens the entanglement of 
the polymer chains. Then, upon cooling to a temperature below the 
critical point, the separated polymer chains appear to become inde-
pendently entangled, resulting in their rearrangement into smaller 
particles. Therefore, the laboratory-made dispersion is henceforth 
defined as a nanodispersion (ND).

Viscosity analysis was helpful in understanding the fundamental 
properties of the ND. The 5 wt % ND exhibited a viscosity that was 
four times greater than that of the D521 dispersion of an identical 
concentration, regardless of the applied shear rate (Fig. 2B). This 
was attributed to the relatively small size of the ionomer particles. In 
general, the overall surface areas of the ionomer particles increase as 
their sizes decrease. Thus, dispersed nanosized ionomer particles are 
expected to experience stronger secondary interactions (e.g., hydro-
gen bonding, dipole-dipole interaction, and/or London dispersion 
forces) between ionomer particles or between the ionomer particles 
and solvent molecules, compared to dispersed microsized particles. 
This is likely responsible for the high viscosity of the ND. In addition 
to the ionomer particle size, another important factor in determining 
the viscosity is the ionomer molecular weight. Gel permeation chro-
matography (GPC) measurements showed that the ND had a much 
higher number average molecular weight (Mn) and weight average 
molecular weight (Mw) than D521, as summarized in Table 1. These 
molecular weight differences likely arise from the different synthetic 
routes. D521 was synthesized directly via the expensive aqueous 
emulsion copolymerization of the monomers of perfluorosulfonyl 
fluoride ethylpropylvinyl ether (PSEPVE) and tetrafluoroethylene 
(TPE), without emulsifiers (e.g., ammonium perfluorooctanoate) (25). 
Conventional emulsion polymerization promotes narrow molecular 
weight distributions (MWDs), expressed in terms of the polydisper-
sity index (PDI = Mw/Mn). However, the emulsifier-free reaction 
atmosphere created a relatively broad MWD for D521 with a PDI of 
ca. 3. The ND was easily prepared with solid-state Nafion membranes 
polymerized from PSEPVE and TPE through a free-radical mecha-
nism in perfluorocarbon solvents containing a perfluorinated initiator 
(e.g., perfluoroperoxide derivative) (26,27). The PDI value of ca. 1.5 
was comparable to those of well-controlled chain-growth polymers 
with a very narrow MWD (28). The plot of the viscosity values of 
the ND versus applied shear rate in Fig. 2B shows that the former 
were independent of the shear rates, which indicates that the ND 
had high dispersion stability, analogous to that of D521.

The ND experienced a phase transition from an aqueous dispersion 
to a solid when it was used as a cathode binder, which necessitated 
the characterization of the solid-state ionomer. The ionomer density 
comparison in the dry membrane state (Table 1) indicated that small 
ionomer particles assisted in the dense structural formation by re-
ducing the free volume during solidification. The crystallinities of 
D521 and ND were obtained from x-ray diffraction (XRD) analysis. 
This feature can be quantitatively analyzed by deconvoluting each 
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XRD peak as individual amorphous (green line) and crystalline 
(blue line) peaks with the following Gaussian equations

	​ Crystallinity (​x​ c​​ ) = ​ 
​∫0​ 

∞
 ​​ ​I​ c​​(q ) ​q​​ 2​ dq

  ───────────────  
​∫0​ 

∞
 ​​ [ ​I​ c​​(q ) ​q​​ 2​ + ​I​ a​​(q ) ​q​​ 2​ ] dq

 ​​	 (1)

	​ Diffraction vector (q ) = ​  4 ─ 
 sin( / 2) ​​	 (2)

where  and  are the wavelength of the Cu K x-ray source and the 
diffraction angle, respectively, and Ic(q) and Ia(q) indicate the sums 
of the fitted crystalline and amorphous peak intensities, respectively. 
The XRD peak of the ND (Fig. 2D) was sharper than that of D521 
(Fig. 2C), indicating that the semicrystalline ND chains were packed 
with relative uniformity and improved regularity. The crystalline 
content (41.8%) of the ND was much higher than 25.8% of D521, 
despite the chemical architecture and equivalent weight being identical. 
Even if they have the same chemical structure, the entanglement 
properties of the polymer chains are very important for determining 
the crystallinity of the polymer. Also, even if the molecular weight is 
relatively low, the particle size may become large if the polymer chains 
are entangled at the microlevel. On the other hand, in the same way 
as with ND, even if the molecular weight is high, when the particles 
are entangled at the nanolevel, they become tightly solidified, which 
increases the density of the polymer. Further, at the same time, 
self-assembly between the hydrophilic and hydrophobic functional 
groups improves the regularity of the polymer packing, thereby 
increasing the crystallinity. In general, improved crystallinity in a 
semicrystalline copolymer positively affects its mechanical toughness 
and chemical resistance (29, 30). Therefore, the mechanical strengths 
of the ionomers were measured and the results are shown in Table 2. 
However, the mechanical strengths of the D521 and ND ionomers are 
too low to be measured as specified in ASTM D882 with a mechanical 
testing machine (INSTRON 1708, Boston, MA, USA) when thermally 
treated at low temperatures, which are chosen to minimize the negative 
thermal impacts such as catalyst sintering during cathode formation. 
Thermal treatment at 140°C enables mechanical distinction: the D521 
ionomer could not be mechanically evaluated because it is extremely 
brittle, while the ND ionomer exhibited a tensile strength and elongation 

comparable to that of the D521 ionomer thermally treated at 220°C, 
which is commonly used for membrane fabrication. The improved 
mechanical strength of the ND ionomer may arise from a synergistic 
effect of the high molecular weight and improved crystallinity. 
Therefore, it can be predicted that the stability of the MEA in-
creases when this ionomer (binder) is introduced into the elec-
trode. This result will be discussed in the next durability section of 
the MEA.

The inter- and intra-molecular arrangements of the ionomer 
chains constituting hydrophilic and hydrophobic moieties can affect 
the morphological ordering associated with ion transport channel 
formation. Typical PFSA ionomer morphologies feature hydrophilic 
domains that are homogeneously distributed within the hydrophobic 
matrices. Figure 2E shows the small-angle x-ray scattering (SAXS) 
spectra measured at an irradiation angle of 90°. All the Nafion ionomers 
exhibited strong scattering maxima, attributed to the ionic aggregation 
of the hydrophilic moieties, regardless of the dispersion. The width 
of the characteristic peak of the ND was smaller than that of D521, 
indicating that the average size of the hydrophilic domains in the ND 
was relatively small. As described above, the hydrophilic/hydrophobic 

Fig. 1. Schematics of Nafion ionomers on the catalyst surfaces. (A) Distribution of conventional ionomers synthesized by emulsion polymerization. (B) Distribution of 
the laboratory-made ionomers synthesized by SCF process. Enlarged conceptual diagram showing the distribution of both conventional and prepared ionomer on the 
Pt/C catalyst surface. The SCF process contributes to the formation of nanodispersed Nafion ionomer, leading to improved electrochemical performance and durability.

Table 1. Basic characteristics of D521 and ND in dispersed and 
membrane states.  

Unit D521 ND

Mn* (kDa) 66 95

Mw* (kDa) 193.7 293.5

PDI* (−) 2.93 2.15

Density† (g cm−3) 1.93 2.32

Water uptake† (%) 35.2 26.7

Crystallinity† (%) 25.8 41.8

 *GPC measurement using an N-methyl-2-pyrrolidinone (NMP) column. Each 
ionomer sample was dissolved in NMP containing 0.05 M LiCl.     †Before 
the measurements, each ionomer dispersion was converted to membrane 
coupons after thermally drying at 60°C for 8 hours and 140°C for 1 hour.
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domains were influenced by the rearrangement of the polymer chains 
and the difference in the entanglement characteristics. The size dif-
ference in the hydrophilic domains (dark regions) was visually con-
firmed in transmission electron microscopy (TEM) images, shown 
in Fig. 2 (F and G). The single qmax scattering peak, derived from the 
ND, was positioned in a higher q vector direction (Fig. 2E) than 
that of the corresponding qmax peak of D521. This variance becomes 
more distinct when each qmax value is converted using Bragg’s law 
to the interdomain distance, which is the average distance between 
the hydrophilic domains of the ionomer. The interdomain distance 

of the ND was approximately one-half of that of D521, which is 
well matched with the TEM images (Fig. 2, F and G). Figure 2H shows 
the proton conduction capabilities of the solidified ionomers. The 
ND exhibited faster proton transport behavior than D521. Their 
differences increased at the elevated temperatures. This was likely 
due to the shortened proton transport pathway formed between 
the hydrophilic domains via effective spatial arrangement derived 
from the ND ionomer particles. The improved proton conduc-
tivity of the ND implies a lower resistance such that a high level of 
performance of the MEA can be predicted for single-cell operation.

Characterization of the catalyst layer
The prepared ionomer dispersion using SCF showed better properties, 
as mentioned above, than conventional D521, but its characteristics 
should also be improved when the ionomer is applied to an electrode 
with a catalyst such as Pt/C. Scanning electron microscopy (SEM) 
and mercury intrusion porosimetry (MIP) were conducted to analyze 
the catalyst layer properties after the preparation of MEAs using the 
same amount (30 wt %) of D521 and ND ionomers. The results are 
shown in Fig. 3. When observed at low magnification, large white 
lumps corresponding to bulky ionomer aggregates are observed on 
the surface of the MEA with D521 (Fig. 3A), but a relatively uniform 
surface is observed on the surface of the MEA with ND (Fig. 3D). 
White lumps are also observed in Fig. 3D, but they are much smaller 
and more uniform in size than the lumps in Fig. 3A. This is because 
the ND ionomer is well dispersed on the surface of the Pt/C catalyst 
in the ink slurry for the preparation of the MEA; it maintains its 

Fig. 2. Physical properties of solidified-state ionomers. (A) Particle size distribution pattern by DLS. Most D521 particles are in the ~100-nm range, but the laboratory-
made dispersion has a large amount of particles in the nanoscale region. (B) Viscosity behaviors of D521 and ND. Because of the relatively small ionomer particle sizes, ND 
shows four times the viscosity of D521. (C and D) XRD patterns of solid-state D521 and ND. The sharp XRD peak of ND ionomer indicates that semicrystalline ND ionomer 
chains are relatively uniformly packed with improved regularity. This feature is quantitatively analyzed by deconvoluting each XRD peak as individual amorphous (green 
line) and crystalline (blue line) peaks with Gaussian equations. (E) SAXS spectra of solid-state D521 and ND. The narrow width of the SAXS peak of ND indicates the rela-
tively small average size of its hydrophilic domains. TEM images of (F) D521 and (G) ND to compare the size difference of hydrophilic domains (dark regions). (H) Proton 
conductivities of D521 and ND membrane coupons obtained in deionized water as a function of temperatures. Each coupon was thermally treated at 140°C for 1 hour. 
a.u., arbitrary units.

Table 2. Mechanical strengths of D521 and ND ionomers after 
thermal treatment.  

Thermal 
treatment 

temperature*
Tensile 

strength Elongation

(°C) (MPa) (%)

ND 60 8.7 60.9

120 13.5 68.5

140 23.1 180.8

D521 140 –† –†

220 19.5 199.1

 *All thermal treatments were performed in a vacuum oven under N2 atmosphere 
 for 1 hour.     †Not applicable.
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dispersed state during the drying of the IPA/water solvent, unlike D521. 
When observing the surface of the MEA at ×10,000 magnification 
(Fig. 3, B and E), it is confirmed that secondary pores are developed 
in the catalyst layer in both cases. However, bulky ionomer aggregates 
are found in the upper left and lower right in Fig. 3B, indicating that 
some aggregates are in the form of large dendrites. On the other hand, 
in the case of the MEA with ND, no large aggregated white lumps 
(ionomer aggregates) are found; the ionomers are dispersed evenly 
inside the catalyst layer. At ×100,000 magnification (Fig. 3, C and F), 
the SEM results show that the ionomer covers the surface of the 
catalyst layer as dendrites in both cases. Further, it is confirmed that 
the bare Pt nanoparticles (white dots) are exposed because the ionomer 
does not completely cover the catalyst layer to form an appropriate 
triple-phase boundary (as described later). The biggest difference is the 
size of the ionomer aggregates. The D521 ionomer (Fig. 3C) covers 
the catalyst layer as large lumps, as expected. Moreover, the cross-
sections were observed by SEM to confirm the degree of packing of 
the catalyst layer. The average catalyst layer thicknesses of MEAs with 
D521 and ND ionomers were found to be 6.71 and 5.76 m, respec-
tively. Despite the application of the same amount of Pt/C catalyst 
and ionomer, the catalyst layer in the MEA with D521 was about 
16% thicker. MIP analysis was conducted to obtain additional in-
formation on the packing of the catalyst layers, as shown in Fig. 3I. 
MIP was used to analyze the pore structure of the catalyst layers 
because secondary pores are difficult to characterize using gas 
adsorption/desorption, such as the Brunauer-Emmett-Teller technique. 
The porosities measured by MIP were 74.54% and 47.41% in MEAs 
with D521 and ND, respectively. This agrees with the thicker catalyst 

layer of MEA with D521 relative to that of MEA with ND. In addition, 
MEA with D521 exhibits a large primary pore distribution below 
10 nm and a relatively undeveloped secondary pore structure. How-
ever, for MEA with ND, the colloidal PFSA particles are small and 
easily located in the primary pores inside the catalyst; therefore, 
pores of 10 nm are rare. Secondary pores are well developed compared 
to those in the D521 layer. In the case of MEA with D521, large pores 
are observed at around 100 m, attributed to the large ionomer 
aggregates observed by SEM. On the basis of the morphologies and 
pore size distribution of the catalyst layer, it is found that the ND 
has a better ionomer dispersibility for fuel cell use in the MEA.

Effect of ionomer (binder) loading in electrode
The binder content is important in electrode formulation because it 
is one of the components that determine the TPB. The ionomer ratio 
in the electrodes must be tuned whenever one of the electrode com-
ponents is changed. Excessive ionomer impregnation may prevent 
the reactant gases from reaching the TPB by reducing the gas flux, 
while low ionomer contents are less desirable in providing effective 
proton transport pathways in the electrode layers (31).

According to a previous report (32), D521 exhibited good per-
formance when 30 wt % of the content was loaded in the electrode. 
For comparison, the electrochemical performances of MEAs using 
cathodes with 30 wt % D521 (MEA-0) and 10, 20, and 30 wt % ND 
(MEA-10, MEA-20, and MEA-30) (fig. S1A) were measured. In the 
low–current density region, their performances increased with the 
ionomer contents. The maximum power density of the single cells 
also increased in the same way. Because the ionomer provides proton 

Fig. 3. Surface morphologies and pore distributions of MEAs with conventional D521 ionomer and ND ionomer. SEM results of (A to C and G) MEA with conventional 
D521 ionomer and (D to F and H) MEA with ND ionomer. (I) MIP results of MEA with conventional D521 ionomer (blue) and ND ionomer (red). The inset is an enlarged 
graph showing the pore distribution near 0.1 to 10 m.
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transfer pathways, the amount of ionomer could affect the perform
ance of a single cell in the low–current density region. However, 
in the high–current density region (above 3000 mA cm−2), the per-
formance of the MEA-30 decreased. This is because of mass transport 
issues observed in the high–current density region, where water was 
produced as a result of electrochemical reactions at the cathode. In 
addition, multiple studies (33,34) have found that heavy ionomer 
loading in the electrode hinders TPB formation and gas reactions. 
Therefore, an appropriate amount of ionomer is necessary for MEA 
fabrication; in our case, MEA-20 exhibited the highest performance 
among all the MEAs in an O2 atmosphere. Its performance was better 
than that of MEA-0, even though it had a lower ionomer content. 
The electrochemical performances of MEAs (fig. S1B) were also mea-
sured in air. Irrespective of the MEA, fuel cell performances decreased 
severely in air because of inert N2 reducing the O2 concentration. 
However, the use of air is advantageous in terms of its abundance 
and accessibility. Similar to the O2 condition, a high ionomer loading led 
to an improved voltage value in the low–current density region. Mean-
while, the single-cell performance of MEA-10 with the lowest ionomer 
content was the highest in the high–current density region, where 
generated water molecules caused the mass transport limitation. Water 
molecules were easier to discharge when the supply flow rate was 
five times higher to compensate for the lower O2 concentration in air. 
This phenomenon is particularly noticeable when the ionomer con-
tent is low (35). For an identical content, the current density in the 
cathode using the ND ionomer was 1.2% (11 mA cm−2) higher at 0.6 V 
than when using D521. Meanwhile, when 20 wt % of ND was used, 
the performance gap was widened by 4.6% to 41 mA cm−2. This is 
because the high proton conductivity obtained through the SCF 
treatment of the ND leads to the high performance of the MEA 
even when present in smaller amounts than D521. (Detailed current 
densities and power densities are given in table S1.)

Single-cell performance and the AST
MEA-20 and MEA-0 were chosen as accelerated stress test (AST) 
samples to evaluate the electrochemical durability over a short period. 
In particular, AST was performed to see how the application of different 
ionomers to each cathode affects the PEFC durability. AST was car-
ried out by a load-cycling method, which causes severe degradation 
of the cathode electrode (36). AST induced electrochemical damage 
on all the MEAs used in the present study. However, the degree of 
electrochemical degradation was highly dependent on the type of 
ionomer used in the cathode. With O2 (fig. S2, A and B), the perform
ance of MEA-0 at 0.6 V was reduced by 20.0%, while MEA-20 
maintained its electrochemical performance within 3.33%. A similar 
trend was observed in air (Fig. 4, A and B); the current density of 
MEA-20 at 0.6 V fell by 3.19% (30 mA cm−2), but while that of MEA-0 did 
by 18.9% (170 mA cm−2) after AST. The electrochemical durability of 
MEA-20 was about six times higher than that of MEA-0 in terms of 
the current density. Even after the AST, the current density of MEA-20 
at 0.6 V (909 mA cm−2) remained higher than the initial current 
density of MEA-0 (898 mA cm−2). In addition, low voltages were 
observed from the low–current density region in MEA-0, while the 
voltages remained in MEA-20 up to ca. 800 mA cm−2 after AST. 
This decrease in the performance in the low-current region is referred 
to as the activation loss, which is mainly related to the degradation 
of the catalyst. Therefore, it was predicted that the degradation of 
the catalyst was serious in MEA-0 but was barely noticeable in 
MEA-20. The improved electrochemical tolerance in the ND electrode 

(MEA-20) was likely associated with the significantly enhanced 
mechanical toughness derived from the high molecular weight and 
improved crystallinity of the ionomer. This implies that the improved 
properties of the ND help prevent catalyst degradation. (The detailed 
current densities and power densities before and after AST are given 
in table S2.) In the high–current density region, both MEAs suffered 
performance degradation. This is probably due to the gradual deg-
radation of secondary pores related to mass transfer under the 
harsh electrochemical conditions of AST. Electrochemical impedance 
spectroscopy (EIS) measurements were conducted under both O2 
(fig. S2) and air (Fig. 4, C and D) to monitor the changes in the elec-
trochemical resistance according to AST. Under O2, the charge-transfer 
resistance (Rct) of MEA-0 increased from 0.075 to 0.095 ohm⋅cm2 
(26.7% increment), but that of MEA-20 changed only slightly, even 
after AST (fig. S2). Further, the semicircular Nyquist plots of MEA-0 
and MEA-20 under air are shown in Fig. 4 (C and D). The diameter 
of the plot for MEA-0 was bigger than that of MEA-20 irrespective of 
AST. While the Rct value of MEA-0 increased by 39.9% (139 ohm⋅cm2), 
the increment in Rct of MEA-20 was only 32 ohm⋅cm2. These dis-
tinctive EIS results were well matched with their single-cell performance 
trends. This indicated that the narrowed proton transport pathway 
between the hydrophilic domains (Fig. 2G) was the primary contributor 
to lowering the ohmic resistance in MEAs constituting the same com-
ponents except for the cathode ionomer materials. After AST, the 
ND electrode performance was reduced by only 3.19%, but the D521 
electrode performance was decreased by 18.9% (under air), together 
with a large increase in the resistance (the detailed EIS results before 
and after AST are given in table S3). Also, the ionomer species does 
not seem to affect the ohmic resistance (Rohm) of the initial fuel cell 
performance. However, as the AST progresses, the difference in 
Rohm between the two MEAs becomes large. This demonstrates that 
the ND ionomer significantly impedes Rohm increase in the MEA 
because of the improved physical properties. Cyclic voltammetry 
(CV) analyses were conducted to confirm the change in the electro-
chemically active surface area (EAS) before and after AST, with the 
results shown in fig. S4. The results are presented in terms of current 
density versus voltage for a normal hydrogen electrode. MEA-20 
exhibited a slightly higher initial EAS (41.86 m2 s−1) than MEA-0 
(40.93 m2 s−1). This could be attributed to the hand spraying of the 
catalyst inks, although the amount of catalyst loading was controlled. 
After AST, the EAS of MEA-0 was greatly reduced to 26.34 m2 s−1 
(a 35.6% decrement), but a loss of only 24.0% was observed for 
MEA-20. Moreover, because the durability is highly sensitive to 
ionomer content, the ASTs of MEA-30 and MEA with 20 wt % of 
commercial D521 ionomer were also conducted to confirm the 
dependence on ionomer content (fig. S3). Despite containing the 
same amount of ND ionomer as MEA-0, the performance decrease 
of MEA-30 (fig. S3A) (0.99% decrement in current density at 0.6 V 
and 5.56% decrement in maximum power density, as shown in fig. S3C) 
after AST was smaller than that shown by MEA-0 (18.9% decrement 
in current density at 0.6 V and 17.8% decrement in maximum power 
density). In addition, the initial performance of MEA-30 was slightly 
lower than that of MEA-20, as shown in fig. S1, but the performance 
decrease after AST was lower than that of MEA-20. This directly 
demonstrates that the durability of the MEA in the fuel cell is affected 
by the ionomer content. However, because both the durability and 
electrochemical performance are important, the optimal ionomer 
content must be identified to manufacture the MEA. Furthermore, the 
MEA with the same amount of commercial D521 ionomer (20 wt %) 
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showed a greater performance decrease after AST (fig. S3B) than 
MEA-20. The tendency of performance decrease was similar to that 
of MEA-0, which is attributed to the weak crystallinity of D521. 
Therefore, when the same amount of ionomer was applied, high 
durability was confirmed in the ionomer with applied ND after AST.

TEM analysis was performed to confirm the physical changes in 
the electrodes after AST (fig. S5); less catalyst degradation occurred 
in the ND electrode. The initial Pt particles have an average size of 
3.49 nm. After AST, the particle size is approximately doubled (6.93 nm) 
in the D521-applied electrode, but increased by only ca. 0.5 nm 
(3.94 nm) in the ND-applied electrode. It was determined that the 
extremely enhanced electrochemical durability was derived from 
improved mechanical strength. In addition to high molecular weight, 
the improved crystalline characteristics of the ND contributed to the 
improvement of mechanical strength, which is believed to primarily 
influence its electrochemical durability over extended periods, 
because the tough ionomer binder was more difficult to be washed 
out during PEFC operation.

DISCUSSION
Here, we have demonstrated the preparation and characterization 
of an ND ionomer with an average particle size that is smaller than 
that of a D521 ionomer with an identical chemical architecture and 
equivalent weight. Furthermore, the electrochemical efficacy of ND 
as a cathode binder material was also confirmed. The ND ionomer 
obtained via the SCF process showed unique SAXS and TEM mor
phologies in which small hydrophilic domains were homogeneously 
distributed with shortened interdomain distances in the matrices. 
These morphologies correspond to improved proton conductivity and 
single cell performances, which resulted from the formation of an 
effective proton transport pathway. Further, the higher crystalline 
content and molecular weight of ND when compared to D521 im-

proved the mechanical strength, which was considered to be respon-
sible for enhancing the MEA lifetime by a factor of 6, based on the 
current density at 0.6 V. This result shows that the improvement 
in the properties such as the dispersion and crystallinity of ionomers 
affects the performance and durability of PEFC electrodes without 
the development of catalysts. Although the development of an electro-
catalyst for high activity and durability is important, understanding the 
ionomer is also very important in that it plays a key role in promot-
ing proton transfer by forming TPB. Further, we would expect the 
electrode to exhibit a higher level of performance and durability if 
our ionomer were to be applied with a high-performance catalyst 
other than the polycrystalline Pt applied in the present study.

MATERIALS AND METHODS
ND fabrication
Nafion 117 film (DuPont Co, NJ, USA) was chosen as the PFSA 
material for the ND preparation. IPA and H2SO4 (purity, 95.0 to 
98.0%) were purchased from Aldrich Chemical Co. (USA) and used 
without additional purification. Before preparing the ND as a cathode 
binder, Nafion 117 was acidified by treating in 0.5 M boiling H2SO4 
for 2 hours and in boiling water for another 2 hours (method II) 
(37–39). Nafion 117 film in proton form (weight, 12.3 g) was added to 
a glass liner containing 87.5 g of deionized water and 206.3 g of IPA 
(volume ratio of 1:3). The glass liner was set up in a high-pressure/
high-temperature reactor (4560 Mini-Bench Reactor System, PARR, 
USA), into which nitrogen was fed until a pressure of 1.5 MPa 
was reached. The reaction mixture in the reactor was heated to 
240°C at a heating rate of 4.25°C min−1. When the pressure reached 
11 MPa, the reaction was maintained for 2 hours. The ND was 
obtained after slowly cooling to atmospheric pressure (101.3 kPa). 
Last, the ND was filtered using a filter paper with an average pore 
size of 5 to 10 m.

Fig. 4. Polarization curves and EIS results of MEAs with conventional D521 ionomer and ND ionomer before and after AST. Fuel cell performances of MEAs before 
and after AST. (A) MEA with conventional D521 ionomer. (B) MEA with ND ionomer in air. EIS results for MEAs before and after AST. (C) MEA with conventional D521 ion-
omer. (D) MEA with ND ionomer in air.
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Physicochemical analyses of dispersion  
and solidified ionomer
For the fundamental characterization of the prepared ND and D521 
as the reference dispersion, measurements were performed using a 
DLS system (Zetasizer Nano ZS, Malvern, Worcestershire, UK), 
viscometer (DV2TLVTJ0, AMETEK Brookfield, MA, USA), and 
GPC system (EcoSEC GPC system with refractive index and ultra-
violet detectors, Tosho Bioscience, PA, USA). Ionomer properties were 
evaluated in the solid state using XRD (Ultima IV, Rigaku, Tokyo, 
Japan), SAXS (Beamline 4C SAXS, Pohang, Korea), and field-emission 
TEM (LIBRA 120, Carl Zeiss, Oberkochen, Germany) analyses.

Fabrication of MEAs
Commercially available 40 wt % Pt/C catalysts (Johnson Matthey, USA) 
were mixed with deionized water and IPA (Sigma-Aldrich, USA) 
using a homogenizer (VCX130, Sonics & Materials Inc., USA) for 
3 min. Then, 10, 20, and 30 wt % of ND were added to ink slurries 
and mixed for another 3 min. For the N2 gas–based catalyst-coated 
membranes, 3.5 cm × 3.5 cm specimens of Nafion membranes 
(NR212, DuPont, USA) were pretreated with 1 M H2SO4 and 1 M 
H2O2 at 80°C for 1 hour each and then washed. After the pretreatment, 
the membranes were dried in appropriate frames at room tempera-
ture. The prepared ink slurries were sprayed onto the cathode-side 
membranes. For the anodic MEAs, the aforementioned commercial 
40 wt % Pt/C catalyst was prepared using the same method as that 
used for the cathode, but using D521 (Sigma-Aldrich, USA) instead 
of the ND. The amount of Pt loading was maintained at 0.2 mg cm−2 
for all the samples. Surface and cross-sectional images of the MEAs 
were obtained through field-emission SEM (Merlin COMPACT, Zeiss) 
at 5 kV in SE mode. Porosity and pore size distributions were obtained 
via MIP (PM33GT, Quantachrome) after chopping each MEA with 
the two ionomers applied to less than 25 mm2.

Electrochemical analysis
The prepared MEAs were assembled with gas diffusion layers (GDL, 
SGL 35 BC) and Teflon gaskets in the center of each single cell 
(CNL-PEM005-01, CNL Energy, Korea). Graphite-based serpentine 
flow fields were applied to both the anode and cathode. The tempera-
tures of the single cells were maintained at 70°C, and the relative 
humidity was maintained at 100% during the operation of the fuel 
cell. To activate the MEAs, hydrogen and oxygen were provided to 
the anode and cathode at a rate of 150 and 200 standard cubic 
centimeters per minute (sccm), respectively. From the open-circuit 
voltage, the current was increased at a rate of 50 mA s−1 and then 
held at 5, 10, and 15 A for 10 min. After activation, the MEAs with 
different ionomers were tested in air; the stoichiometry of H2 and 
air was 1.5:4.0 at 2.0 A cm−2. EIS and CV were conducted to mea-
sure the resistances and EASs, respectively. CV measurements were 
conducted under nitrogen at 30°C.

AST for a single cell
To verify the ionomer durability, MEAs with conventional ionomers 
and the PFSA ND were tested by load cycling after the initial elec-
trochemical analysis. The voltages of the single cells were set to the 
open-circuit voltage and dropped to 0.35 V as the current density 
increased (25 mA s−1). After 50 hours of AST, the current-voltage, 
CV, and EIS values were measured again to determine the effect of 
the AST. Subsequently, the MEAs were separated from the single 
cells for TEM characterization. Small amounts of the catalyst layers 

were collected on lacy carbon grids, and TEM (TECNAI F20, FEI) 
analysis was conducted at 200 kV.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/5/eaaw0870/DC1
Fig. S1. Polarization curves for MEAs containing D521 and ND ionomers with different contents.
Fig. S2. Polarization curves and EIS results of MEAs before and after AST in O2.
Fig. S3. Polarization curves and tabulated results of MEAs with different ionomer loadings 
before and after AST in air.
Fig. S4. Cyclic voltammograms of MEAs before and after AST.
Fig. S5. TEM images and particle distribution of Pt/C catalysts before and after AST.
Table S1. Current densities at 0.6 V and maximum power densities of MEA-0, MEA-10, MEA-20, 
and MEA-30 in O2 and air.
Table S2. Influence of AST on current densities at 0.6 V and maximum power densities of 
MEA-0 and MEA-20.
Table S3. EIS results for MEA-0 and MEA-20 after AST.
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