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1．Decarbonization of transportation sector and contribution
of fuel cell (PEFC) system

2．Polymer electrolyte Membrane (PEM)
• High gas barrier PEM for high durability

3．Ionomer
• High gas permeable ionomer for high performance
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Decarbonization of transportation sector
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requirements required for charging, and limits on driving ranges. �ut fuel cell heavy trucks 
make significant progress, mainly after 20ϯ0 (Figure ϯ.2ϯ). The number of battery electric, 
plug‐in hybrid and fuel cell electric light‐duty vehicles (cars and vans) on the world’s roads 
reaches ϯ50 million  in 20ϯ0 and almost 2 billion  in 2050, up  from 11 million  in 2020. The 
number of electric twoͬthree‐wheelers also rises rapidly, from just under ϯ00 million today 
to 600 million in 20ϯ0 and 1.2 billion in 2050. The electric bus fleet expands from 0.5 million 
in 2020 to ϴ million in 20ϯ0 and 50 million in 2050.  

Figure 3.23 ⊳ Global share of battery electric, plug-in hybrid and fuel cell 
electric vehicles in total sales by vehicle type in the NZE 

IEA. All rights reserved.

Sales of battery electric, plug-in hybrid and fuel cell electric vehicles soar globally 

Note: Light‐duty vehicles с passenger cars and vans͖ Heavy trucks с medium‐ and heavy‐freight trucks. 

Light‐duty vehicles are electrified faster in advanced economies over the medium term and 
account  for  around  75й  of  sales  by  20ϯ0.  In  emerging  and  developing  economies,  they 
account for about 50й of sales. Almost all light‐duty vehicle sales in advanced economies are 
battery electric, plug‐in hybrid or fuel cell electric by the early 20ϯ0s and in emerging and 
developing economies by the mid‐20ϯ0s. 

For heavy  trucks  that operate over  long distances,  currently biofuels  are  the main  viable 
commercial alternative to diesel, and they play an important role in lowering emissions from 
heavy‐duty  trucks  over  the  2020s.  �eyond  20ϯ0,  the  number  of  electric  and  hydrogen‐
powered heavy trucks increases in the NZE as supporting infrastructure is built and as costs 
decline (lower battery costs, energy density improvements and lower costs to produce and 
deliver  hydrogen)  (IEA,  2020b).  This  coincides  with  a  reduction  in  the  availability  of 
sustainable bioenergy, as limited supplies increasingly go to hard‐to‐abate segments such as 
aviation and  shipping,  though biofuels  still meet  about 10й of  fuel  needs  for heavy‐duty 
trucks in 2050 (see Chapter 2). Advanced economies have a higher market share of battery 
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ϯ

electric and fuel cell electric heavy‐duty trucks sales in 20ϯ0, more than twice the level  in 
emerging market and developing economies, although this gap closes towards 2050. 

Figure 3.24 ⊳ Heavy trucks distribution by daily driving distance, 2050 

 
IEA. All rights reserved.

Driving distance is the key factor affecting powertrain choice for trucks 

Realising  the objectives of  the NZE depends on rapid scaling up of battery manufacturing 
(current announced production capacity for 20ϯ0 would cover only 50й of required demand 
in  that  year),  and  on  the  rapid  introduction  on  the  market  of  next  generation  battery 
technology  (solid  state batteries) between 2025 and 20ϯ0.  Electrified  road  systems using 
conductive or inductive power transfer to provide electricity to trucks offer an alternative for 
battery electric and fuel cell electric trucks on long‐distance operations, but these systems 
too would need rapid development and deployment. 

Aviationϭ0 

The NZE assumes that air travel, measured  in revenue‐passenger kilometres,  increases by 
only around ϯй per year to 2050 relative to 2020. This compares with about around 6й over 
the 2010‐19 period. The NZE assumes that aviation growth is constrained by comprehensive 
government policies that promote a shift towards high‐speed rail and rein in expansion of 
long‐haul  business  travel,  e.g.  through  taxes  on  commercial  passenger  flights  (see 
section 2.5.2).  

Global CO2 emissions from aviation rise in the NZE from about 640 Mt in 2020 (down from 
around 1 Gt in 2019) to a peak of 950 Mt by around 2025. Emissions then fall to 210 Mt in 
2050 as the use of low‐emissions fuels grows. Emissions are hard to abate because aviation 

                                                                                                                                   

10  Aviation  considered  here  includes  both  domestic  and  international  flights. While  the  focus  here  is  on 
commercial  passenger  aviation,  dedicated  freight  and  general  (military  and  private)  aviation,  which 
collectively account for more than 10й of fuel use and emissions, are also included in the energy and emissions 
accounting. 
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ϯ͘ϭ IntroĚuction 
The  Net‐Zero  Emissions  by  2050  Scenario  (NZE)  involves  a  global  energy  system 
transformation that  is unparalleled  in  its  speed and scope. This chapter  looks at how the 
main  sectors  are  transformed,  as  well  as  the  specific  challenges  and  opportunities  this 
involves  (Figure ϯ.1).  It  covers  the  supply  of  fossil  and  low‐emissions  fuels,  electricity 
generation and the three main end‐use sectors – industry, transport and buildings. For each 
sector, we  set out  some  key  technology  and  infrastructure milestones on which  the NZE 
depends for its successful delivery. Further we discuss what key policy decisions are needed, 
and by when, to achieve these milestones. Recognising that there is no single pathway to 
achieve net‐zero emissions by 2050 and that there are many uncertainties related to clean 
energy transitions, in this chapter we also explore the implications of choosing not to rely on 
certain  fuels,  technologies  or  emissions  reduction  options  across  the  transformation  and 
end‐use sectors. 

Figure 3.1 ⊳ CO2 emissions by sector in the NZE  

 
IEA. All rights reserved.

Emissions fall fastest in the power sector, with transport, buildings and industry seeing steady 
declines to 2050. Reductions are aided by the increased availability of low-emissions fuels 

Note:  Other  с  agriculture,  fuel  production,  transformation  and  related  process  emissions,  and  direct  air 
capture.  

ϯ͘Ϯ  FoƐƐil Ĩuel ƐuƉƉly 
ϯ͘Ϯ͘ϭ �ŶerŐǇ ƚreŶĚs iŶ ƚŚe EeƚͲ�erŽ �ŵissiŽŶs ^ĐeŶĂriŽ 

Coal use declines from 5 250 million tonnes of coal equivalent (Mtce) in 2020 to 2 500 Mtce 
in  20ϯ0  and  to  less  than  600 Mtce  in  2050.  Even with  increasing  deployment  of  carbon 
capture,  utilisation  and  storage  (CCUS),  coal  use  in  2050  is  90й  lower  than  in  2020 
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Current research target of FCVs

©Toyota
©Hyundai

Lifetime: 5,000hs Lifetime: 50,000 hs
+ high power generation 
(target in 2030 for 25t truck)

Target of H2 usage in Japan (2050):
20Mt/year (Current: 2Mt/year)

For HDV application: ca 6Mt/year

Global market of HDVs (2050): 
Max 1.5M cars (ca 300 T¥ (2T$))

Fuel cell application for HDVs
• Contribution to decarbonization of transportation sector
• Driving force to glow automotive industry

Potential demand of FC application for HDVs

It is hard to realize the targets by using
current technology and its modification.

NEDO, Roadmap of fuel cell development –FCV•HDV application- (2023 Feb.)

Passenger car Heavy duty vehicles (HDVs)

Current research target of FCVs
Development of new materials, system and concept 
for HDV application
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Polymer electrolyte fuel cell (PEFC)

©Intelligent 
Energy

Hydrogen + Oxygen à Water + Electricity
Hydrogen Oxidation Reaction (HOR): 2H2 → 4H+ + 4e-

Oxygen Reduction Reaction (ORR): O2 + 4H+ + 4e- → 2H2O

https://newagemetals.com/pgm-based-fuel-cells-applications-for-industry/

https://www.openpr.com/news/2192967/global-membrane-electrode-assembly-market-analysis

CCM

MEA (MEGA)

Catalyst Coating Membrane (CCM)
Membrane Electrode Assembly (MEA)
Membrane Electrode GDL Assembly (MEGA)
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1．Decarbonization of transportation sector and contribution
of fuel cell (PEFC) system

2．Polymer electrolyte Membrane (PEM)
• High gas barrier PEM for high durability

3．Ionomer
• High gas permeable ionomer for high performance
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Technical problems of polymer electrolyte materials

• Nafion CF2 CF

O CF2
CF

O
CF2

CF2
SO3H

CF3

CF2 CF2
x y

z

K.D. Kreuer, et. al., Macromolecules 48, 8534-8545 (2015)

Fluoro polymer electrolytes
(Standard)

J High chemical durability
J High proton conducitivity

L Expensive
L Less structural variations
L Hard to synthesize

Hydorocarbon polymer electrolytes

J Relatively cheap
J Much structural variations

1．High durable polymer
Polyphenylene etc.

2．Radical scavengers

Current design of polymer electrolytes

e-

H+

H2O

H2 O2

Polymer electrolyte 
membrane (PEM)

Anode Cathode

ionomer

PEM
Ionomer
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Alternative polymer electrolyte materials
1． High durable polymer

Polyphenylene, crosslink etc.

2．Radical scavengers

J Higher ability of radical neutralization
L Limited numbers of the materials

Suzuki-Miyaura coupling reactions (figs. S1 to S3). The copolymerization
reaction proceeded well via a Ni-mediated coupling reaction in a homo-
geneous system. The polyphenylene ionomers obtained were highly
soluble in polar aprotic solvents, such as dimethyl sulfoxide (DMSO)
and N,N′-dimethylformamide (DMF), but were not soluble in water
or nonpolar organic solvents. The chemical structure of the SPP-QP
copolymer was confirmed by 1H nuclear magnetic resonance (NMR)
spectra (fig. S4), and the molecular weight was estimated from gel per-
meation chromatography (GPC) analysis to be Mn = 7.7 × 103 and
Mw = 65 × 103. Casting from DMSO solution provided a thin, flex-
ible, brownmembrane (Fig. 2B). Among this class of ionomers (that is,
sulfonated polyphenylenes), the membrane-forming capability of the
SPP-QP ionomers was surprisingly high because of the well-balanced
p-phenylene/m-phenylene ratio. The concentration of sulfonic acid
groups or ion exchange capacity (IEC) of the SPP-QP membrane was
estimated by acid base titration to be 2.4 mmol g−1, which agrees with
that (2.7 mmol g−1) calculated from the 1H NMR spectrum.

As observed in the transmission electronic microscopy (TEM)
image (fig. S5A), the SPP-QP (2.4 mmol g−1) membrane (stained with
Pb2+ ions) exhibited a phase-separated morphology based on the
hydrophilic-hydrophobic differences of its components. In the TEM
image, the dark areas represent hydrophilic domains, and the bright
areas represent hydrophobic domains. The domain sizes (ca. 3 nm in
diameter for both domains) were uniform and much smaller than
those of our reported aromatic block copolymer-based ionomer mem-
branes (12), probably because of the random copolymer structure of
the SPP-QP membrane.

Because the TEM image was necessarily obtained under dry
conditions, further study needs to be conducted to obtain morpholog-
ical information under practical conditions (for example, higher temper-
ature with significant humidity). Thus, the morphology of the SPP-QP
membrane was investigated with the small-angle x-ray scattering
(SAXS) technique under both temperature- and humidity-controlled
conditions [80°C and 30% relative humidity (RH)], and the scattered
intensity as a function of the scattering vector (q) is shown in fig. S6. The
SPP-QP membrane exhibited a single, clear peak at q = ca. 0.75 nm−1

assignable to the ionic domains (26). The d spacing of the ionic do-
mains was ca. 8.4 nm, which was somewhat higher than that observed
in the TEM image (ca. 3 nm). The difference in the domain size would
result from the difference in the IEC values (2.4 mmol g−1 for TEM
and 2.7 mmol g−1 for SAXS) and the difference in the measurement
environment (that is, temperature and humidity). Further investiga-
tion needs to be undertaken to understand the morphological behav-
ior in more detail; however, we concluded that the SPP-QP membrane
showed a well-defined phase-separated morphology.

Membrane properties
Figure 3 shows the water uptake and proton conductivity of PEMs at
80°C as a function of RH. The SPP-QPmembranewasmore hydrophil-
ic, absorbing more water, than the Nafion membrane, because of the
higher IEC of the SPP-QP membrane (2.4 mmol g−1) compared with
that of the Nafion membrane (0.91 mmol g−1). The numbers of ab-
sorbed water molecules per sulfonic acid group (denoted as l) for both
PEMs were nearly comparable over a wide range of humidity (fig. S7).
The SPP-QP membrane exhibits one of the highest proton conductiv-
ities among the reported fluorine-free aromatic ionomer membranes.
The proton conductivity of the SPP-QP membrane (0.22 S cm−1) was
much higher than that of the Nafion membrane (0.16 S cm−1) at 95%
RH. The proton conductivity of these PEMs decreased with decreasing
RH, and the SPP-QP membrane still had higher proton conductivity
(22mS cm−1), comparable with that of the Nafionmembrane, even un-
der low humidity conditions (for example, 40% RH), owing to the well-
developed, hydrophilic-hydrophobic, phase-separated morphology of
the SPP-QP membrane (figs. S5A and S6). In addition, the conjugated
structure of the polyphenylene main chain could contribute to the de-
localization of negative charges; the sulfonic acid groupsmight dissociate
more efficiently even under the relatively dry conditions, resulting in the
high proton conductivity of the SPP-QP membrane.

The SPP-QPmembrane also exhibited excellentmechanical stability
under both dry and humidified conditions. Dynamic mechanical anal-
ysis (DMA) was conducted under similar conditions with those for the
water uptake and proton conductivity measurements (Fig. 4). The vis-
coelastic properties of the SPP-QP membrane were not so sensitive to
humidity (80°C, dry to wet) [that is, only a slight change in the storage
modulus (E′) curve], andno transitions in the lossmodulus (E″) and tan
d (= E″/E′) curves were observed. The SPP-QP membrane exhibited
high E′ (>1 GPa) under the tested conditions, which exceeded that of
the Nafion membrane by about one order of magnitude. This is

Fig. 2. Novel polyphenylene-based PEM. Synthesis (A) and membrane (B) of
the SPP-QP.
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Fig. 3. Water uptake and proton conductivity. Humidity dependence at 80°C of
(A) water uptake and (B) proton conductivity of PEMs. The IEC values (mmol g−1) in
parentheses were determined by acid base titration. Fenton’s test was conducted by
immersing the membrane in Fenton’s solution (aqueous solution containing 3% H2O2

and 2 ppm Fe2+) at 80°C for 1 hour. The solid lines are guides for the eye.
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under H2/air (80% RH, 80 !C, 250 kPaabs), we signicantly
exceed all reported values for wholly hydrocarbon fuel cells, and
for the rst time reach performance comparable to state-of-the-
art PFSA-based fuel cells. The work includes in-depth charac-
terization at industrially relevant operational conditions (hot
and dry) and presents stable operation beyond 100 !C.

2 Experimental
Pemion™ PP1-HNN9-00-X ionomer and Pemion™ PF1-HNN9-
07-X membranes were supplied by Ionomr Innovations, Inc.
The materials are the same chemistry and IEC. This and further
information is provided in the publicly available specication
sheets for both materials. Short-side chain (SSC) PFSA ionomer
was supplied by 3M and SSC PFSA FS715RFS membranes were
supplied by Fumatech GmbH.

2.1 Preparation of catalyst inks

5 wt% solutions of Pemion™ were prepared in-house with
Pemion™ ionomer (IEC¼ 3.1 meq. g#1, 320 EW) in amixture of
3 : 1 w/w methanol (MeOH)/water for the anode and 1 : 1 w/w

isopropyl alcohol (IPA)/water for the cathode. The Pemion™
solution was treated in an ice bath by sonication with an
ultrasonic probe (Hielscher UIS250L) at 100 W for 20 minutes.

Anode catalyst inks (0.95 wt% solids in 3 : 1 w/w MeOH/
water) were prepared using Pt/C (45.3 wt% Pt content, Elyst
Pt50 0550, Umicore). The catalyst was dispersed in a mixture of
3 : 1 w/w MeOH/water and Pemion™ solution (5 wt% in 3 : 1
w/w MeOH/water). Cathode catalyst inks (0.95 wt% solids in
1 : 1 w/w IPA/water) were prepared using PtCo/C (45.3 wt% Pt
content, Elyst Pt50 0690, Umicore). The catalyst was dispersed
in a mixture of 1 : 1 w/w IPA/water and Pemion™ solution
(5 wt% in 1 : 1 w/w IPA/water). The ionomer content in both
anode and cathode catalyst inks was 9 wt% dry which corre-
sponds to an ionomer-to-carbon (I/C) weight ratio of 0.2. All
catalyst inks were treated in an ice bath by sonication with an
ultrasonic probe (Hielscher UIS250L) at 100 W for one hour.

5 wt% solutions of SSC PFSA were prepared in-house with
3M SSC PFSA ionomer (IEC ¼ 1.3 meq. g#1, 800 EW) in IPA. The
PFSA solution was stirred at 60 !C for at least 12 h. Same cata-
lysts were used as in the Pemion™MEAs, i.e., Pt/C (45.3 wt% Pt
content, Umicore) for the anode and PtCo/C (45.3 wt% Pt
content, Elyst Pt50 0690, Umicore) for the cathode. The opti-
mized ratio of the IPA/water mixture for the catalyst ink was 1 : 4
w/w. To guarantee a meaningful performance comparison
between PFSA and hydrocarbon cells, an optimized ionomer
content for the SSC-PFSA reference of 18 wt% dry was used,
which corresponds to an I/C ratio of 0.4.

2.2 Fabrication of membrane–electrode assemblies

The catalyst layers were applied onto pristine membranes using
an automated ultrasonic spray system (Sonaer Sono-Cell).
Pemion™ anode and cathode catalyst inks were applied onto
Pemion™ membranes (IEC ¼ 2.9 meq. g#1, 340 EW, nominal
thickness: 7 mm). As reference, SSC PFSA anode and cathode
catalyst inks were applied onto a thin commercial Fumapem®
membranes (IEC ¼ 1.4 meq. g#1, 725 EW, nominal thickness:

Fig. 1 Structures of Pemion™ – a variation of sulfo-phenylated pol-
yphenylenes (sPPX-H+).

Table 1 Experimental protocol used in all experiments

Experimental Details

Break-in 80 !C, H2/O2, 0.25/1 slpm, 95% RH, ambient pressure, OCV – 0.3 V–0.6 V, 20$
O2 pol curve 80 !C, H2/O2, 0.25/1 slpm, 95% RH, ambient pressure
Stabilization 80 !C, N2 purge, 0.2 slpm, 1 hour, ambient pressure

35 !C, N2 purge, 0.2 slpm, 1.5 hours, ambient pressure
HADa 35 !C, H2/N2, 0.2/0 slpm, 50 mV s#1, 0.05–1.2 V, ambient pressure, 95% RH, 8$
CV 80 !C, H2/N2, 0.2/0 slpm, 50 mV s#1, 0.05–1.2 V, ambient pressure, 30% RH, 8$

80 !C, H2/N2, 0.2/0 slpm, 50 mV s#1, 0.05–1.2 V, ambient pressure, 50% RH, 8$
80 !C, H2/N2, 0.2/0 slpm, 50 mV s#1, 0.05–1.2 V, ambient pressure, 80% RH, 8$
80 !C, H2/N2, 0.2/0 slpm, 50 mV s#1, 0.05–1.2 V, ambient pressure, 95% RH, 8$

Air pol curves Varied RH, 80 !C, H2/air, 0.25/1 slpm, 250 kPa absolute, 30% RH/30% RH
Varied RH, 80 !C, H2/air, 0.25/1 slpm, 250 kPa absolute, 50% RH/50% RH
Varied RH, 80 !C, H2/air, 0.25/1 slpm, 250 kPa absolute, 80% RH/80% RH

Air pol curves Varied temperatures, 80% RH, H2/air, 0.25/1 slpm, 250 kPa absolute, 94 !C
Varied temperatures, 80% RH, H2/air, 0.25/1 slpm, 250 kPa absolute, 100 !C

Air pol curves 50% RH, H2/air, 0.25/1 slpm, 250 kPa absolute, 110 !C

a Hydrogen adsorption/desorption.

This journal is © The Royal Society of Chemistry 2021 Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3689
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K. Miyatake, et. al., Sci. Adv., 
2017;3:eaao0476. 

M. Breitwieser, et. al., Sustainable 
Energy Fuels, 2021, 5, 3687–3699.

J Higher durability than Nafion
L Limited chemical structures

• CeO2
• Heteropoly acid (HPA) 
(11-silicotungstic acid (HSiW11) etc.)

Needs new concept to develop better
materials than now

PEM
Ionomer
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New Material designs for Polymer Electrolytes

PEM Ionomer

Gas transport of polymer electrolytes

Pt catalyst

O2

H+

Catalyst
support

Oxygen Permeable
ionomer

O2 penetration

Suppression of PEM by O2 barrier
Enhancement of catalytic
activity by O2 transport

Polymer electrolyte materials (PEM, ionomer) with high
chemical durability and high performance.

CF2 CF

O CF2
CF

O
CF2

CF2
SO3H

CF3

CF2 CF2
x y

z

Nafion
(Standard polymer electrolyte for PEFC)

e-

H+

Ionomer 
(catalyst layer)

Polymer electrolyte 
membrane（PEM)

Anode Cathode

Polymer Electrolytes

H2

H2O

O2

Polymer electrolyte fuel cell (PEFC)

Catalyst layer

CathodeAnode

H2O

H2 O2O2
O2 penetration

Gas barrier interlayer

Z. Gautama, et. al., J. Memb. Sci., 658, 
120734 (2022).

Y. Hutapea, et. al., J. Power sources, 
556, 232500 (2023).

High durability High Performance

PEM
Ionomer
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For High Durability – Durable Membranes with High Gas Barrier-

e-

H+

H2O

H2 O2

Catalyst layer

IonomerPolymer electrolyte 
membrane (PEM)

Anode Cathode

Polymer electrolytes

Nafion

CF2 CF

O CF2
CF

O
CF2

CF2
SO3H

CF3

CF2 CF2
x y

z

Perfluoro polymer electrolytes

J Good chemical & mechanical durability 
J High proton conductivity
L Cost

Alternative polymer electrolytes

• Chemical durable polymers
• Radical scavengers etc.

Material design
“Defense from radical attack”

O2 H2O2 •OH
Origin of 

degradation

durable design

Achieved theoretical limitation of molecular design

PEM
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Chemical degradation mechanism of PEMs

“Oxygen penetration through PEMs” is a main cause of radical formation.

I. Radical formation at anode by the penetrated oxygen through PEMs
II. Radical formation on the deposited Pt in PEMs by the penetrated oxygen through PEMs
III. Two electron reaction at cathode

Radical species
•OH (hydroxy radical), •OOH (perhydroxy radical), •H (hydrogen radical or atom)

: Chemical degradation by radicalsPEM

cathodeanode

H2O

H2 O2

Pt

H2

①

②

③
O

2 penetration

O2

O2

Inaba et al, Electrochimica Acta 51 (2006) 5746–5753
Ohma et al, ECS (2007) 154 (8) B757-B760 

PEM
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Degradation of PEMs and Concept of This Work

: degradation by radical

“Oxygen penetration through PEMs” is
a main cause of radical formation.

PEM

cathodeanode

H2O

H2 O2

Pt

I.

II.

III.

I. Radical formation at anode by the penetrated oxygen
through PEMs

II. Radical formation on the deposited Pt in PEMs by the
penetrated oxygen through PEMs

III. Two electron reaction at cathode

Generation mechanism of radicals

O2

O2

Hypothesis
Can we suppress PEM degradation by high oxygen
barrier PEMs?

Purpose
Development of high gas barrier PEMs to confirm this
hypothesis.

O2 H2O2 •OHGas barrier

Material design (our research)
“Reduce radicals”

PEM
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Schematic Image and Preparation of Gas Barrier PEM

Cathode

H2O

AirH2

Anode

O2

Outer layer

Poly(vinyl sulfonic acid) Poly(vinyl alcohol)

Proton 
conductor

High O2 barrier

PVS PVA

OH
n

SO3H
n

High O2 barrier inner layer PVA-PVS layer Nafion 211

Protective plastic

PVA-PVS solution

Heater

Nafion 211 membrane

PVA-PVS layer
Spray mask Spray mask

Gas barrier PEM Preparation of Gas barrier PEM

Nafion

PEM
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Structure and Gas Permeability of Gas Barrier PEMs

0.5 mg/cm2 à 2.2 µm

PVA-PVS layer Nafion 211

Oxygen permeability (80 ºC, dry)

Sample Molar ratio 
(PVA:PVS)

Areal density
(mg/cm2)

Thickness
(µm)

S1-0.5 1:1
S10-0.5 10:1
S20-0.5 20:1 0.5 2.2
S60-0.5 60:1
S100-0.5 100:1
S100-0.1 100:1 0.1 0.5
S100-0.3 100:1 0.3 1.1

Nafion
212

S20
-0.5

S40
-0.5

S100
-0.5

High concentration of PVA shows
higher O2 barrier property.

Nafion
212

S100
-0.1

S100
-0.3

S100
-0.5

Ca 300 times
lower

Thicker membranes show higher
O2 barrier property.

10 Barrer

0.03 Barrer

PEM
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Proton Conductivity and Fuel Cell Performance

PVS（プロトン伝導性）が増えると、プ
ロトン伝導性増
ホットプレス工程でプロトン伝導性増

Proton conductivity (95%RH)
Nafion212: 170mS/cm
S1-0.5: 90mS/cm
S100-0.5: 50mS/cm J. E. Hensley, et.al., J. Memb. Sci. 298, 190–201 (2007). 

Low concentration of PVS shows lower 
fuel cell performance.

To clarify the hypothesis, high gas barrier PEMs, S100-0.5, was selected for OCV
holding test even though IV performance was low.

Sample Molar ratio 
(PVA:PVS)

Areal density
(mg/cm2)

Thickness
(µm)

S1-0.5 1:1
S10-0.5 10:1 0.5 2.2
S100-0.5 100:1

PVSPVA
OH

n
SO3H

n

Sample Molar ratio 
(PVA:PVS)

S1-0.5 1:1
S10-0.5 10:1
S100-0.5 100:1

Interlayer components
Proton conductivity (80°C)

Low concentration of PVS shows lower 
proton conductivity.

IV curve
(80°C, 95% RH, H2:139 mL/ min, air: 332 mL/min)

PEM
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Chemical Durability (OCV Holding Test)

O2 barrier clearly affects chemical durability of PEM.

à The first example of vinyl hydrocarbon polymer to
overcome chemical durability than Nafion.

Nafion: Gradually H2 crossover increased by membrane
thinning.

Gas barrier PEM: High gas barrier maintained before a gas
barrier interlayer did not have any damages.

Hydrogen crossover current density
（80°C, 95% RH, H2: 70 mL/min, N2: 166 mL/min)

Time (hour)

ü Sandwich PEM can maintain stably lower gas
permeability than DOE target until 330 h

ü Sandwich PEM (333 h) could survive 170%
longer than Nafion 212 (195 h) by
suppressing radical formation

DOE target

Time (hour)

H
yd

ro
ge

n
C

ro
ss

ov
er

1.7 times longer

OCV holding test
S100-0.5 (PVA:PVS=100:1 (mol), 2.2µm)
（1cm2, 0A/cm2, 90°C, 30% RH, H2: 139 mL/min Air: 332 mL/min)

PEM
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SEM Images after OCV Holding Test

Anode

Cathode

Anode

Cathod
e

Nafion 212

0 hour 195 hours

Ave. membrane thinning rate: 90 nm/h 

S100-0.5
Anode

Cathode0 hour

Anode

Cathode200 hours

Ave. membrane thinning rate: 38 nm/h 

42 µm

30 µm

50 µm

48 µm

20.5 µm

19 µm

• Gas barrier layer could be
suppressed O2 permeation.

• Membrane thinning was also
suppressed.

• In OCV holding test, radical
formation at anode by penetrated H2
through PEM is dominant.

5 µm

22 µm

Cathode

Anode

330 hours

PEM
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Summary of Gas Barrier PEM (50µm Thickness)

Hypothesis
Can we suppress PEM degradation by
high oxygen barrier PEMs?

Answer
Gas barrier PEM showed high chemical durability. 
à Radical formation for O2 permeation is suppressed, 

and the membrane thinning is also suppressed.

à The first example of vinyl hydrocarbon polymer to
overcome chemical durability than Nafion.

CathodeAnode

H2O

H2 O2O2
O2 penetration

Gas barrier layer

: Membrane degradation by radicals

CathodeAnode

H2O

H2 O2

O2 penetration
O2

Z. Gautama, et. al., J. Memb. Sci., 658, 120734 (2022).
Patent 2021-132396 

Current problems
• Low IV performance
• Confirmation of mechanical and thermal durability

Conventional PEM

PVS

PVA
OH

n

SO3H
n

Gas barrier PEM

PEM
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Preparation of Thin Gas Barrier PEM
Problem: low IV performance
(80°C, 95% RH, H2:139 mL/ min, air: 332 mL/min)

S100-0.5

Preparation of thin Gas Barrier PEM

Sprayed Nafion membranes:
9µm

PTFE sheet

Nafion
suspension

Heater

Automatic spray motion

S100-0.5: 50 µm thin PEM: <20 µm

interlayer: 0.2-0.3 µm

Thin gas barrier PEM： 18 µm 
(Nafion (9µm) x 2 + 
interlayer 0.2-0.3 µm)

Z. Gautama, in preparation.

To improve IV performance, thinning PEM causing
reduction of membrane resistance was carried out.

PVSPVA
OH

n
SO3H

n

Sample Molar ratio 
(PVA:PVS)

S100-0.5 100:1

PEM
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Fuel Cell Performance of Thin Gas Barrier PEMs
IV Curve

Max power density PEM resistance
W/cm² mΩ cm²

50-Nafion 0.41 91
50-PVA-0.05 0.3 180
50-PVA-0.5 0.19 288
20-Nafion 0.47 78
20-PVA-0.05 0.32 148
20-PVA-0.5 0.23 274

xx-PVA-yy

xx: Nafion thickness (µm)
yy: Gas barrier loading (mg/cm²)

0.0

80˚C, 95% RH

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Current density (A/cm2)

0.2

0.4

0.6

0.8

1.0

Po
te

nt
ia

l (
V)

0.05 mg Nafion0.5 mg

• Reduction of gas barrier loading significantly
improves fuel cell performance.

• Utilizing ~0.2 µm gas barrier layer still shows about
2 times higher PEM resistance than Nafion.

2 times higher

PEM
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Chemical Durability of Thin Gas Barrier PEM

0.65

0.70

0.75

0.80

0.85

0.90

0 20 40 60 80

Po
te

nt
ia

l (
V)

Time (hour)

20-Nafion
20-PVA-0.05

90˚C, 30% RH

OCV holding test H2 crossover

1.6 times longer 80˚C, 95% RH

H 2
Cr

os
so

ve
r  

Cu
rre

nt
 D

en
sit

y 
(m

A/
cm

2 )

100806040200
Time (hour)

0

10

20

30

40

50

• Even with 0.2 µm gas barrier layer, the chemical durability
of Gas barrier PEM was improved significantly.

• The hydrogen crossover trend shows that the gas barrier
layer could maintain lower hydrogen crossover.

PEM
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SEM Images of End-of-life (EOL) Membranes

Anode

20-PVA-0.05
Cathode

20 µm

Cathode

Cathode

Anode

Anode

20 µm

Cathode
20-Nafion

Anode
20 µm11 µm

<10µm 10-15µm 
1 spot 4 spots

8 µm

10 µm

<10µm 10-15µm 
none 2 spots

20 µm

20 µm 20 µm

22 µm

• Gas barrier PEM had more homogenous thickness at EOL.
• At EOL, Nafion had more severe membrane thinning.
• Membrane thinning occurred mainly at anode.

Thin gas barrier PEM：18 µm 
(Nafion (9µm) x 2 + 
interlayer 0.2-0.3 µm)

PVSPVA
OH

n
SO3H

n

Interlayer components

PVA:PVS=100:1 (mol)

PEM



24

Summary –Gas barrier PEM-
Gas barrier PEM
• Gas barrier gives high chemical durability due to effective 

suppression of radical formation by O2 barrier. 
• Thin gas barrier PEM shows better IV performance with chemical 

durability.

Useful characteristics
• High gas barrier materials would be candidates for gas barrier 

layer.
• Easy and simple PEM preparation process.

Future works
• Improvement of IV performance more.
• Evaluation of the real durability in fuel cell devises.

CathodeAnode

H2O

H2 O2O2
O2 penetration

Gas barrier interlayer

Gas barrier PEM

PVSPVA
OH

n
SO3H

n

Interlayer components

PVA:PVS=100:1 (mol)

PEM
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1．Decarbonization of transportation sector and contribution
of fuel cell (PEFC) system

2．Polymer electrolyte Membrane (PEM)
• High gas barrier PEM for high durability

3．Ionomer
• High gas permeable ionomer for high performance
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Gas permeable ionomers –reported works-

understanding and modeling of catalyst-layer transport
resistances,40−43 since the local environment is easier to
control (relative to oxygen reduction in a PEFC cathode)
given the lack of oxide formation and generation of water and
heat. Using very dilute H2, the mass-transport limit can be
achieved at low current density, ensuring minimal ohmic
losses. At limiting current density, the H2-transport resistance
in the catalyst layer is given by

= = + ∼R Fc i L
D r

R
r

R2
3

1 1
CL H

CL f
Local

f
Locallim2

(6)

where F is Faraday’s constant, cH2
is the concentration of H2 in

the feed, ilim is the limiting current density, L is the catalyst-
layer thickness, DCL is the effective reactant gas diffusivity in
the catalyst-layer pores, rf is the roughness factor or the
normalized electrochemically active surface area (ECSA), and
RLocal is the local H2-transport resistance contributed by

ionomer thin film on/near Pt.42 The first term ( )L
D3 CL

represents transport resistance through CL secondary pores,
and the second term is the normalized local H2-transport
resistance. Catalyst loading is proportional directly to L and
inversely to rf, so the first term is negligible at low loading. The
results (Figure 8a) show a marked decrease in transport
resistance for the catalyst layer employing PFMMD-co-PFSA.
This confirms that the introduction of PFMMD to the
ionomer matrix successfully improved gas transport during
electrochemical operation. It is important to note that this
device was operated at 80% humidity, whereas permeability
measurements were taken in the dry state. The fact that the
improvement in gas transport persists at high humidity is
promising for implementation in electrochemical systems and a
successful demonstration of deconvoluting ionic and gas-
transport pathways.
The reduced transport resistance exhibited in PFMMD-

based catalyst layers is expected to improve PEFC perform-
ance. Figure 8b shows the normalized polarization perform-
ance when running the same assemblies in fuel-cell mode with
H2 at the counter electrode and air at the working electrode.
From the curves, the PFMMD-based ionomer with 57% PFSA
catalyst layer exhibited superior performance compared to
Nafion. Per cm2 of Pt, this MEA achieved 22% higher current
density at 0.25 V than the device employing Nafion. This is

despite reduced proton conductivity in the PFMMD-co-PFSA
ionomer, underscoring the value of high permeability in
ionomers for PEFC catalyst binders. The fuel-cell catalyst layer
is a complex multicomponent material system that has been
optimized for performance and formulation including solvent
ratios, loadings, etc. The catalyst layer presented here has not
been optimized in this regard, and further improvements can
be expected for a well-optimized formulation.

■ CONCLUSIONS
This study demonstrated a new family of perfluorinated
ionomers, PFMMD-co-PFSA, molecularly designed to enhance
transport properties of catalyst layers. The ionomer chemical
structure leads to an amorphous glassy matrix designed to
impart high gas permeability while maintaining similar proton
conduction pathways to state-of-the-art PFSA ionomers. The
free-radical polymerization of this ionomer exhibited large
differences in reactivity ratios between the two monomers,
rPFMMD ≫ 1 > rPFSVE, which required the development of a
numerical model to map synthesis parameters leading to
statistical random copolymers with low compositional drifts.
The synthesized ionomers displayed reduced water sorption
and conductivity compared to traditional PFSAs, which may be
attributed to the low mobility of the glassy PFMMD matrix.
This was consistent with results from SAXS/WAXS measure-
ments that revealed smaller ionomer domains with a more
amorphous matrix in PFMMD-based ionomers than Nafion.
However, the increased FFV of the ionomer matrix led to
higher gas permeability. The trade-off between lower proton
conductivity and enhanced gas transport was assessed by
determining the transport resistance and electrochemical
performance in electrodes with PFMMD-co-PFSA functional
binders. Thanks to their high conductivity and gas perme-
ability, catalyst layers fabricated with PFMMD-co-PFSA
ionomers with high sulfonic-acid content demonstrated
enhanced fuel-cell performance (i.e., up to 22% increase in
current density at a given potential) per active surface area with
respect to those fabricated with Nafion. These promising
results demonstrate the importance of rationally designed
ionomers, such as the ones presented in this study, to achieve
higher performing electrochemical devices, especially at low Pt
loading. Future studies should explore PFMMD-co-PFSA
catalyst ink formulations and deposition methods to obtain

Figure 8. (a) Catalyst layer transport resistance in low-catalyst loading MEA’s employing PFMMD-co-PFSA (57% PFSA) and Nafion determined
by limiting current density measurements in oxidation of H2. PFMMD-co-PFSA displayed reduced transport resistance attributed to increase of free
volume in the ionomer matrix. (b) Polarization curves of the same MEA’s operated as fuel cells in H2/air. Adjusting current density by the ECSA
shows higher current per cm2 Pt in PFMMD-based ionomer than Nafion.
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poly[perfluoro(2-methylene-4-methyl-1,3-dioxolane)] or poly-
(PFMMD), exhibit an amorphous internal morphology with
high FFV (i.e., 0.23),23 which results in gas permeabilities (i.e.,
∼ 240 barrer for hydrogen) that are an order of magnitude
higher than PTFE homopolymers.24,25 Work on dioxolane-
derived polymers derived from copolymerization of PFMMD
with other perfluorinated vinyl monomers26,27 inspired our

current study where we explore a new family of perfluorinated
ionomers composed of PFMMD-co-PFSA copolymers, where
the PFMMD matrix is designed to provide an amorphous
domain for fast gas permeation while the PFSA ionomer
domains provide pathways for proton conduction (Figure 1).
This strategy aims to deconvolute the transport pathways for
proton- and gas-transport by rational molecular design.

Figure 1. Traditional PFSAs such as Nafion (top) consist of a semicrystalline PTFE matrix and a sulfonated pendant side chain. Crystallinity in the
matrix results in low gas permeability, which induces substantial mass-transport limitations in fuel cells. PFMMD-co-PFSA (bottom) incorporates
an amorphous dioxolane group in the matrix to disrupt crystallinity and improve gas permeability. The ionomer contains the same characteristic
sulfonated side chain to preserve the mechanism for ion conduction in traditional PFSAs.

Scheme 1. PFMMD-co-PFSA Prepared by Free Radical Polymerization of PFMMD and PFSVE in a Sealed Reaction Ampoule
with a Fluorinated Initiatora

aThe polymer composition can be tuned by the ratio of PFMMD and PFSVE in the reaction feed stock. After free-radical polymerization, the
sulfonated side-chain is converted from the sulfonyl fluoride (−SO2F) to sulfonic acid (−SO3H) form by base hydrolysis followed by protonation.

Figure 2. Four reactions occur simultaneously during chain propagation in binary free-radical copolymerization (left). Each of these reactions has a
characteristic rate constant, kij. The ratios of these constants, ri,j, describe the probability of each monomer incorporating into growing chains. For
copolymerization of PFMMD (represented as “A”) and PFSVE (represented as “B”), rA > 1 > rB. This disparity in reactivity ratios induces
compositional drift as the feedstock changes throughout the course of the reaction.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.9b09170
J. Am. Chem. Soc. 2020, 142, 3742−3752
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M. A. Modestino et.al, JACS. 2020, 142, 3742-3752. 
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operation because of the lack of proton conduction pathways in
the absence of liquid water.

Several research groups have reported significant improve-
ments in fuel cell performance without any remarkable adverse
effects by using highly oxygen-permeable ionomers (HOPIs)38–41.
For example, a recent study by Katzenberg et al.41 showed that a
HOPI incorporating an oxygen-permeable glassy amorphous
matrix based on a perfluoro-(2-methylene-4-methyl-1,3-dioxo-
lane) (PFMMD) backbone shown in Fig. 2b reduced the oxygen
transport resistance in the CL and enhanced the power density of
fuel cells. These results motivate the molecular design of iono-
mers to promote the local oxygen and proton transport required
by the device architecture. For advanced design of cathode CL,
however, further understanding of the role of the HOPI is
necessary. The permeability is determined by both the bulk and
interfacial permeabilities, which are strongly affected by multiple
properties such as the oxygen solubility, diffusivity, interfacial
permeation rate constants, and ionomer distribution in the
CL20–22,24,42. Changes in the interfacial structure caused by the
new ionomers can also influence the ORR activity43–46. Clar-
ification of these relevant effects is significant for optimal
arrangement of catalysts, ionomers, and support materials in the
CL as well as molecular design of ionomers.

In this work, by combining analyses of single cells, micro-
electrodes, and single-crystal surfaces with MD simulations, we
show that an HOPI incorporating a ring-structured monomer,
perfluoro-(2,2-dimethyl-1,3-dioxole) (PDD)47, significantly
enhances both the interfacial oxygen permeation and ORR
activity. The high permeation is shown to originate from the high
oxygen solubility, and the high ORR activity is attributed to the
mitigation of catalyst poisoning by sulfonate anion adsorption.
All these improvements originate from the PDD matrix, which
prevents layered folding of the ionomer backbones on the Pt
surface.

Results and discussion
Figure 2c shows the molecular structure of our HOPI. Its 19F
Nuclear Magnetic Resonance (NMR) spectrum is compared to
those of the Nafion ionomer and HOPI in Supplementary Fig. 2a.
The peak assignments of the NMR spectra were carried out using
the values reported in past studies48–50. Our HOPI contains a
symmetric PDD matrix, which is expected to introduce highly
oxygen-permeable amorphous domains similar to those in the
PFMMD matrix41. The obtained 19F-NMR spectra indicate the
presence of the perfluorinated sulfonic-acid (PFSA)48 matrix and
PDD matrix49,50 in the synthesized HOPI ionomer. A previous
study41 showed that an ionomer with PFMMD backbones had a
low density of 1.86–1.89 g cm−3 under dry conditions compared
to that of Nafion (2.04 g cm−3). The density of our HOPI is also
lower than that of Nafion (1.93 g cm−3). The number-average
molecular weights (Mn) of the Nafion ionomer and HOPI were
2.8 × 104 and 3.9 × 104, respectively, and the equivalent weights

(EWs) were 952 and 735 g mol−1, respectively. The measured Mn
of the Nafion ionomer is smaller than the reported value51
because of the difference in the standards used in the calibration
(see details of the calibration in SI). The relative difference
between Nafion and HOPI in our study indicates that the
molecular weight of the HOPI does not significantly differ from
that of Nafion. Although the EW of the HOPI is lower, the HOPI
does not differ greatly in proton conductivity and water uptake
from Nafion, as shown in Supplementary Fig. 3. This is due to the
presence of the amorphous PDD domains, which do not con-
tribute to proton conduction41. As shown in Supplementary
Fig. 2c, the wide-angle X-ray scattering (WAXS) indicates that the
HOPI does not exhibit the crystalline matrix peak at 0.8–1.4 Å−1;
the PDD domains presumably suppress the backbone crystal-
lization as in the case of the PFMMD domains41.

Figure 3a shows the current–voltage curves of membrane
electrode assemblies (MEAs) with the Nafion ionomer and HOPI.
The HOPI outperforms Nafion over the entire current density
range at 30% and 60% relative humidity (RH) and high current
density range at 90% RH. The improvement under high-current-
density conditions is attributed to the reduction in the local
oxygen transport resistance Rother by the HOPI. As shown in
Fig. 3b, the Rother value of the MEA employing HOPI is smaller in
comparison to Nafion, particularly at 30% RH. The Rother value of
Nafion increases significantly when the RH decreases from 100%
to 30%, indicating that the dry Nafion forms highly resistive films
on the Pt surfaces. By contrast, the HOPI retains a low Rother
under low-RH conditions. Unlike Rother, as shown in Fig. 3c, the
HOPI exhibits ohmic resistance of the CL higher than Nafion.
Hence, the observed improvement in the current–voltage per-
formance is attributed to the lower local oxygen transport resis-
tance of the HOPI. The reduction in Rother was also observed for
the HOPI with the PFMMD domains41. Detailed comparison
indicates that our HOPI exhibits more significant reduction
(40–50% reduction) to Rother than the PFMMD-based HOPI
(17% reduction).

Our previous analyses using microelectrode techniques21,22,24
indicated that the local oxygen transport resistance in the CL with
the Nafion ionomer is dominated by the interfacial permeation
resistance of the ionomer thin film. The current study also sug-
gests the same conclusion. Figure 4a shows the inverse of the
measured limiting current density as a function of the ionomer
thickness. The inversed current density approximately obeys the
linear Eq. (2), and the slope and intercept provide the bulk and
interfacial gas diffusion resistances, respectively (see details in the
“Methods”). As summarized in Fig. 4b, the interfacial resistance of
the Nafion ionomer (black solid line) is one order of magnitude
higher than the bulk resistance (black dashed line). Hence, the
small Rother of the MEA with the HOPI must be attributed to
the enhanced interfacial oxygen permeation. Indeed, the inter-
facial resistance of the HOPI (red solid line) is only one-fifth to
one-half the resistance of Nafion (black solid line), as shown in

Fig. 2 Molecular structures of ionomers. a–c Molecular structures of Nafion ionomer (a), HOPI with PFMMD matrix reported in ref. 41 (b), and HOPI
synthesized in this work (c). Density (ρ), number-average molecular weight (Mn), EW (ionomer mass per sulfonate group), and proton conductivity (σH)
are also shown. The density was measured under dry conditions, and the proton conductivity shown here was obtained at 97% RH and room temperature.
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Fig. 3 Electrochemical characterizations of MEAs. a Current–voltage (with closed dots) and current–power density (with open dots) curves of MEAs with
Nafion ionomer (black) and HOPI (red) at 353 K and 30, 60, and 90% RH. b Local oxygen transport resistance Rother as a function of RH. c Ohmic
resistance of CLs in MEAs. All measurements were conducted twice, and the differences between two measurements were shown as error bars in all
figures.
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Fig. 4 Electrochemical characterizations of microelectrodes. a Inverse of the limiting current density as a function of the ionomer thickness at 353 K and
30% RH. The bulk (Rbulk) and interfacial (Rin) resistances are determined by the slope and intercept of the linear line, respectively. b Interfacial (open
symbols with solid lines) and bulk (solid symbols with dashed lines) oxygen permeation resistance of ionomer thin films measured by the microelectrode
technique. c, d Oxygen solubility and diffusion coefficient of ionomer thick films measured by the microelectrode technique. In b, the bulk resistance was
calculated assuming an ionomer thickness of 5 nm. The error bars shown in (b) were calculated from fitting errors assuming the normal error distributions,
and the error bars shown in (c) and (d) show the differences between two measurements.
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Ionomer

©Hyundai

Heavy duty vehicles (HDVs)

Lifetime: 50,000 hs
+ high power generation 
(target in 2030 for 25t truck)

Hypothesis
Can we improve fuel cell performance using high oxygen
permeable ionomer?

How about hydrocarbon polymers?

Gas permeable ionomers (fluoropolymers)

Answer Yes. Possible!!
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Ionomer at Cathode Catalyst Layer

【Research Impact】
Not only O2 transport losses is reduced, but Pt loading could also be reduced as O2 is sufficiently
provided around Pt active site.

Sci. Adv., 6: eaaw0870 (2020)

Ionomer

Research objective: reducing oxygen transport resistance in cathode layer by a simple but effective way.

High O2 permeable polymerNafion standard ionomer

Blended
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Gas permeable ionomer blend

Ionomer content in MEA à 28wt. %

Sample 
Name

Nafion 
(wt. %)

PTMSDPA 
(wt. %)

Nafion 100 0
ACE 1.25% 98.75 1.25
ACE 2.50% 97.5 2.5
ACE 3.75% 96.25 3.75
ACE 5.0% 95.0 5.0
Okumura et al., J. Electrochem. Soc., 164(9):
F928-F934 (2017)Tsuchihara, et al., Macromolecules., 25: 5916 (1992)

Ionomer Blend

260 Barrer (80oC)
PTMSDPA

Gas permeable Proton conductive
CF2

CF2
CF

CF2

O
CF2
CF

OF3C
CF2CF2

SO3H

mn

Nafion
10 Barrer (80oC)

PTMSDPA

Mw : 970,000
PDI : 4.89
Yield: 48%

Synthetic Route

Ionomer
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Structural analysis of blend ionomer

Katzenberg et al., J. Am. Chem. Soc.,
142(8): 3742-3752 (2020)

Saga light source
λ = 1.38 Å, SiN windows,
Pilatus
Camera path: 1087 mm 

*Wet Sample

Small Angle X-ray Scattering (SAXS) X-ray Diffraction (XRD)

*Wet Sample

Interplanar Spacing and 
Hydrophilic Domain Size

Effect of PTMSDPA
• Expansion of hydrophobic 
inter-distance (a)
• Compression of hydrophilic 
domain (d)

Ionomer



30

Structural analysis of blend ionomerIonomer
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Fuel cell performance

Polarization Curve

Components Notes
PEM Nafion 212

Cell Area (JARI) 1 cm2

Pt content 0.3 mg/cm2

GDL EC-TP1-060T

Components Conditions
Temperature 80°C

Relative Humidity 95% RH
Hydrogen Flow 0.139 L/min

Air Flow 0.332 L/min

Limit Current Density

Ionomer content in MEA à 28wt.%

Okumura et al., J. Electrochem. Soc., 164(9):
F928-F934 (2017)

Ionomer

At the higher current
density region, the blend
ionomers outrun Nafion
ionomer performance.

Low performance at low
current density

10% higher
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Fuel cell performanceIonomer

Concentration Overvoltage

Concentration overvoltage: Similar
behavior with limit current density

Surface Wettability

High wettability

Wettability of PTMSDPA is higher
than that of Nafion
à Hinderance of water emission
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Fuel cell performanceIonomer

Fuel Utilization of 2% at
current density of 0.4 A/cm2

Concentration OvervoltagePolarization Curve
NA 2.5%: Nafion 28wt% + PTMSDPA 0.7wt%

(Nafion : PTMSDPA = 97.5 % : 2.5%)
Nafion: Nafion 28 wt%

If Nafion amount is the same, performance
at low current density is similar with Nafion.
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Oxygen transport resistance in catalyst layerIonomer

e-

H+

H2O

H2 O2

anode cathode

RCL RGDL = aP
(Pressure dependent)

O2

PEM Catalyst layer GDL

_

_Rpore

RPt

RTotal = RGDL + (Rpore + RPt )

RTotal = RGDL + RCL

Rtotal： Total O2 transport resistance (s/m)
RGDL ： O2 transport resistance through GDL (s/m)
RCL ： O2 transport resistance through catalyst 
layer (s/m)

RCL = Rpore + RPt
Rpore： OTR through catalyst pore
RPt ： OTR around Pt catalyst (ionomer related)
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Oxygen transport resistance in catalyst layerIonomer

Measure limit current density by
changing O2 partial pressure. Rtotal: Inverse of slope of the graph (PO2 vs Ilim)

I lim
A/

cm
2 @

0.
2V

PO2

Total pressure: 0 à Resistance of GDL: 0
The rest (intercept of 0 atm): RCL ： O2 transport resistance through catalyst layer

Yasuda et al., ECS Trans.,61(23): 39 (2014)

R
to
ta
l

Total pressure

1

0

V

A/cm2
10 2

0.2

High PO2
Low PO2

Limit current density ilim

𝑖!"# =
1

𝑅$%$&!
𝑃'(

𝑛𝐹
𝑅𝑇

inverse of slope

1. Limit current density by different PO2 2. Calculate Rtotal from slope of Ilim vs PO2

RTotal = RGDL + RCL = aP + RCL

Yasuda et al., ECS Trans.,61(23): 39 (2014)

3. Calculate RCL from Rtotal with different total pressure
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Oxygen transport resistance in catalyst layerIonomer

Limit current density vs O2 partial pressure

Components Measurement Condition
Temp. / Relative Humidity 80°C / 95% RH

Anode Gas H2

Cathode Gas / Dilute Gas O2 (dry) / N2

O2 Gas Concentration 1, 2, 3, 4 and 5 %
Gas Flow 0.8 L/min

Cell Voltage 0.2 V
Total Pressure 100, 150, 250, 250 kPa

Mashio et al., ECS Trans.,11(1): 529 (2007)
Yasuda et al., ECS Trans.,61(23): 39 (2014)

Sakai et al., ECS Trans.,25: 1193 (2009)

Nafion

Total Pressure

Measurement condition

RTotal = inverse of slope (s/m)

Second MeterResistance to 
oxygen flux

𝑖!"# =
1

𝑅$%$&!
𝑃'(

𝑛𝐹
𝑅𝑇

Total O2 transport resistance：Rtotal [s/m]
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Oxygen transport resistance in catalyst layerIonomer

Oxygen Transport Resistance in Catalyst Layer (RCL)

Ionomer RCL(s/m)
Nafion 5.54

ACE 1.25% 4.27
ACE 2.50% 3.43
ACE 3.75% 3.67
ACE 5.0% 4.06

Blend ionomer shows lower RCL than Nafion
à Effect of gas permeable polymer

Rtotal as a Function of Total Pressure

Nafion

RTotal = RGDL + RCL

38%

Nafion 1.25% 2.5% 3.75% 5.0%

RCL

RCL

RTotal = aP + RCLO2 transport resistance through catalyst layer (s/m): RCL
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Oxygen transport resistance of ionomerIonomer

RPt : OTR around Pt catalyst (ionomer related)

Sakai et al., ECS Trans.,25: 1193 (2009)

Yasuda et al., ECS Trans.,61(23): 39 (2014)

RCL

O2

PEM Catalyst layer GDL

_

_Rpore

RPt

𝑅)* = 𝑅+, + 𝑅-./0
= ⁄𝑅+,∗ 𝐿2 + 𝑅+./0∗ × ⁄𝐿2 3

RCL = Rpore + RPt

Rpore： OTR through catalyst pore
RPt ： OTR around Pt catalyst (ionomer related)

RCL is measured by changing Pt loading.
PPt is calculated from the equation above.

Lo: Pt loading 

𝑅!"×𝐿𝑜 =
𝑅#$%&∗ 𝐿𝑜(

3
+𝑅#)∗

R*Pore, R*Pt: diffusion resistance parameters in 1mg-Pt loading
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Oxygen transport resistance of ionomerIonomer

• RCLs of gas permeable ionomer with all different Pt loading are lower than that of Nafion.
• RCLs of gas permeable ionomer with 0.1 mgPt/cm2 is lower than that of Nafion with 0.3 mgPt/cm2.

RCL with different Pt loading

Effective power generation by high gas permeable ionomer 
with lower Pt loading.
à Contribution of reduction of Pt loading

Standard Pt loading

1/3 Pt loading
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Oxygen transport resistance of ionomerIonomer

Ionomer 𝑹𝑷𝒕∗
(s/(m•(mgPt/cm2)))

𝑹𝑷𝒐𝒓𝒆∗
(s•(mgPt/cm2)/m)

Nafion 0.93 24.9
ACE 2.5% 0.53 17.7
ACE 5.0% 0.51 23.5

Oxygen Transport Resistance around the Pt (RPt)

• 𝑅)$∗ of 2.5% gas permeable ionomer is 43% lower than that of Nafion ionomer.
• 𝑅)%+,∗ of 5.0% gas permeable ionomer is higher than that of 2.5% gas permeable ionomer.
à Hinderance of O2 transport by generated water

• 𝑅)%+,∗ of Nafion is higher than that of 2.5% gas permeable ionomer.
à Structural change by gas permeable polymer

𝑹𝑷𝒕∗

𝑅!" = 𝑅#) + 𝑅*$%&
= ⁄𝑅#)∗ 𝐿+ + 𝑅#$%&∗ × ⁄𝐿+ 3

Yasuda et al., ECS Trans.,61(23): 39 (2014)Lo: Pt loading 

𝑅!"×𝐿𝑜 =
𝑅#$%&∗ 𝐿𝑜(

3
+𝑅#)∗

R*Pore can be obtained from slope and R*Pt
from the intercept of linear fitting.
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Ionomer structure in catalyst layerIonomer

[Expected ionomer structure in catalyst layer]
Estimated by MD calculation and OTR

• Highly condensed layer at Pt catalyst/ionomer interface (< 0.5nm)
Ave. thickness of ionomer: < 10 nm

_

O2

(3)
(1)

(2)

(1) Oxygen transport resistance at Pt catalyst/ionomer interface
• Major resistance of RPt
• Three-seven times higher OTR than bulk OTR
• Dense Nafion layer is formed by Adsorption of  sulfonic acid to Pt.
• Affect crystalline structure of Pt catalyst/ionomer

(2) Oxygen transport resistance of bulk ionomer
• No difference from PEM

(3) Interfacial resistance of ionomer/gas phase
• Less contribution than (1)

[Further improvement of performance] 
• Introduction of hydrophobicity
• Introduction of higher gas permeability
• Less structural relaxation by time
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Summary –Gas permeable ionomer-Ionomer

260 Barrer (80oC)
PTMSDPA

Gas permeable Proton conductive

CF2
CF2

CF
CF2

O
CF2
CF

OF3C
CF2CF2

SO3H

mn

Nafion
10 Barrer (80oC)

Y. Hutapea, et. al., J. Power Sources, 556, 232500 (2023).
JP2021-132396 

Gas Permeable ionomer blend PEM
• Gas permeability gives high fuel cell performance due to low oxygen 

transport resistance.
• 2.5% PTMSDPA shows highest limit current density.

Useful characteristics
• Works well by mixing gas permeable polymer only a few %
• Easy and simple preparation process.

Future works
• Introduction of hydrophobicity
• Introduction of higher gas permeability
• Less structural relaxation by time
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