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Non-fluorinated hydrocarbon ionomers feature distinct technical, cost, and environmental advantages over

incumbent perfluorinated sulfonic acid (PFSA)-based ionomers: they offer improved thermo-mechanical

properties at temperatures beyond 90 �C, likelihood of lower material cost, lower gas cross-over, and

facile recycling of platinum group metals. In addition, fluorine-free hydrocarbon ionomers are less

hazardous to the environment owing to the lack of (per)fluorinated precursors. Yet, the performance of

hydrogen fuel cells with hydrocarbon-based ionomers and membranes has been historically largely

inferior to the PFSA-based state of the art. In this study, we present wholly hydrocarbon fuel

cells exceeding previous literature landmarks by a factor of nearly two, with peak power densities of

2.1 W cm�2 under H2/O2 (atmospheric pressure and 95% relative humidity), and 1.1 W cm�2 under H2/air

(250 kPaabs and 50% relative humidity). This improvement was achieved by the use of Pemion™ –

a sulfo-phenylated polyphenylene-based cation exchange material – as ionomer in the catalyst layer and

as proton exchange membrane with a low thickness of 7 mm, and an optimization of cathode catalyst

layer based on PtCo/C. Based on an in-depth study of electrochemical performance under various

conditions vs. a state-of-the-art PFSA reference cell, the performances of Pemion™-based cells were

found to be more sensitive to changes in relative humidity of inlet gases, but the detrimental influence of

high temperatures on performance was significantly reduced. At an operation temperature of 110 �C,
250 kPaabs, and 50% relative humidity, the peak power density (0.96 W cm�2) was 8% higher than the

short-side chain PFSA-based reference cell (0.89 W cm�2), highlighting the potential of Pemion™ for

next-generation fuel cells for heavy-duty or aeronautic applications.
1 Introduction

The operation of modern electrochemical energy conversion
devices, such as hydrogen fuel cells and water electrolyzers, is
facilitated in-part by a solid-state polymer electrolyte, which
serves as both an electrode-separating membrane, and ionomer
(or “binder”) in the catalyst layer (CL). Since the 1960s, the
technological benchmark of such materials has been a proton-
conducting peruorinated sulfonic acid (PFSA) ionomer, such
as Naon™, and more recently short-side chain (SSC) and/or
derivatives thereof, such as Aquivion™, Flemion™ or
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Hyon™.1 Yet, PFSAs feature several drawbacks which include:
(1) environmental hazards associated with the use of (per)
uorinated compounds and their recovery,2,3 (2) high costs,
both as a result of complex chemical processes and globally-
restricted manufacturing; and (3) a limited operating tempera-
ture range due to the unsatisfactory thermo-mechanical prop-
erties at temperatures beyond 90 �C.4,5 Consequently, the
pursuit of alternative hydrocarbon-based ionomer chemistries
and materials solutions has attracted measurable attention
from academia and industry alike,6–8 especially since fuel cell
operation temperatures in the range of 100 �C–120 �C have
become the official targets set by the Japanese New Energy
Development Organization (NEDO)9 and by the U.S. Depart-
ment of Energy (DOE).10 At elevated temperatures (>100 �C)
reaction kinetics are enhanced, heat and water management in
the fuel cell systems is simplied, and the effect of impurities in
hydrogen causing catalyst poisoning are mitigated.11–14

However, operating a fuel cell at temperatures higher than
100 �C creates signicant issues, especially for Naon™-type
ionomers. Most important challenges are the dehydration of the
Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3687
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membrane and electrode ionomer, with a subsequent decrease
in proton conductivity, accelerated gas crossover, and exacer-
bated membrane degradation processes.4,14,15 However, the fact
that the thermo-mechanical properties of hydrocarbon poly-
mers are not affected by temperatures beyond 90 �C has
renewed interest in hydrocarbon-based polymer electrolytes in
recent years.

Functionalized polyaromatic ionomers represent the largest
class of hydrocarbon-based polymer electrolytes investigated to
date, due in-part to the enhanced thermochemical resilience
associated with sp2–sp2 chemical linkages versus those of sp3–
sp3 linkages found on early polyvinyl-based structures.7,11,16

Nevertheless, a persistent criticism of these materials is in their
lack of chemical and mechanical durability, and generally
poorer performance evaluated in hydrogen fuel cells, compared
to their PFSA counterparts.17,18 Recently, a focus on the devel-
opment of hydrocarbon-based polymer electrolytes encom-
passing long-term in situ durability together with ex situ and in
situ electrochemical performance has yielded promising alter-
natives to incumbent PFSAs. A common polymer architecture
employed in such materials is the polyphenylene backbone,
which unlike preceding poly(arylene ether)s and numerous
derivatives thereof, contain no backbone linkages particularly
susceptible to chemical degradation.1 For example, Skalski
et al.,19 Adamski et al.,20 Miyake et al.,21 Shiino et al.,22 Xu et al.,23

and Shimizu et al.,24 reported PEMs with best-in-class chemical
durability, all based on a polyphenylene backbones. Compared
to PFSAs, however, the reported ex situ and in situ durabilities of
hydrocarbon polyphenylene-based PEMs have been contradic-
tory. Although the rate constant of reaction of the primary
degradative species in hydrogen fuel cells, the HOc radical, is
approx. 103 times greater for polyphenylene,25 the in situ life-
time of polyphenylene PEMs is >3� greater when evaluated in
an open circuit voltage (OCV) accelerated stress test (AST) using
the DOE protocol.20,23

In terms of ex situ electrochemical characteristics, numerous
polyphenylene-based membranes exhibit measurably greater
proton conductivity than PFSAs such as Naon 211 at high
humidity. At low humidity, however, proton conductivity
declines disproportionately due to a greater dependence on
water content on proton conduction. This is primarily due to
the different density between sulfonated polyphenylenes and
related polyaromatic hydrocarbons (typically in the range of
1.3 g cm�3),26 versus that of PFSAs (e.g. 1.9 g cm�3 for Naon27),
as the polymer repeat unit in peruorinatedmaterials possesses
a higher weight than in hydrocarbon-based materials. Thus, the
volumetric density of protonic sites is lower for hydrocarbon
ionomers at the same IEC.28 Consequently, hydrocarbon-based
PEMs typically require a signicantly higher amount of acid
functional groups per repeat unit (>2�), and hence a greater ion
exchange capacity (IEC), approx. 2 mmol g�1 and above, to
achieve similar protonic conductivity to PFSAs. The higher IEC
imparts increased hydrophilicity, and as a result, potentially
excessive water sorption, swelling, when fully hydrated. Another
reason for the lower proton conductivity with decreasing water
content is the reduced connectivity of the hydrophilic
domains.29,30 In addition, the acidity of aryl sulfonic acid groups
3688 | Sustainable Energy Fuels, 2021, 5, 3687–3699
(pKa � �1) is measurably lower than the acidity of superacidic
peruorosulfonic acid groups (pKa � �6).29,31 The degree of
dissociated acid is hence compromised under very low humidity
(<10%).32

In terms of in situ fuel cell performance, even highly con-
ducting polyphenylene-based membranes typically yield poorer
performance, due to complex relationships between the poly-
mer's protonic conductivity, water content and swelling, and
compromised mechanical integrity, the impacts of which are
amplied when humidity is subsequently reduced or
cycled.20,21,33 Under variable load conditions, corresponding to
hydrothermal cycles and membrane swelling–deswelling, the
risk of mechanical failure of the membrane is thereby greatly
increased. Using hydrocarbon-based ionomers in catalyst layers
typically leads to inferior performance compared to PFSA-based
materials. The inferior performance of such wholly hydro-
carbon fuel cells is typically attributed to slower kinetics, lower
electrochemically active surface area (ECSA), reduced proton
conductivity at low humidity or poor oxygen transport through
the ionomer lm and/or reduced porosity at high humidity.2,34,35

Nonetheless, progress has been made with polyphenylene-
based ionomers demonstrating their increasing viability of
use. Skalski et al.36 reported a series of membrane electrode
assemblies (MEAs) yielding peak power densities of 770 mW
cm�2 under H2/O2 and 456 mW cm�2 under H2/air (both at 95%
RH and ambient pressure). Their MEAs contained sulfonated
phenylated polyphenylene copolymers sPPP(m)-H+ as both
membrane and ionomer in the catalyst layer. Following this
progress, Balogun et al.33 reported MEAs comprising
structurally-similar sulfonated phenylated polyphenylene
biphenyls sPPB-H+, which exhibited peak power densities over
1 W cm�2 under H2/O2, and 677 mW cm�2 under H2/air at 95%
RH and ambient pressure. Chae et al.37 reported wholly hydro-
carbon MEAs incorporating sulfonated poly(arylene ether
sulfone) (sPAES)-based ionomers which exhibited peak power
densities of 700 mW cm�2 under H2/air under fully humidied
anode and cathode gas feeds.

While the aforementioned reports demonstrate decisive
progress with respect to in situ performance of hydrocarbon-
based MEAs, there remains room for signicant improvement
compared to PFSA MEAs. For example, peak power densities
of PFSA MEAs commonly exceed peak powder densities of
1.4 W cm�2 under H2/O2 at 95% RH and ambient pressure.33,38

Hence, despite several promising features, there remain
underlying drawbacks in current hydrocarbon, polyphenylene-
based materials. Namely, poor in situ performance, particu-
larly under reduced RH and thus operationally relevant condi-
tions, a strong dependence of electrochemical performance on
material hydration, and greater material swelling and dimen-
sional instability.

In this work, we present wholly hydrocarbon MEAs
comprising Pemion™, a sulfonated polyphenylene-based PEM
(Fig. 1) as both membrane and ionomer in the catalyst layer.
PtCo/C was used in the catalyst layer as it was shown in recent
publications39,40 to enable very high mass activities and fuel cell
performances. With a peak power density of 2.1 W cm�2 under
H2/O2 (95% RH, 80 �C, ambient pressure), and 1.1 W cm�2
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Structures of Pemion™ – a variation of sulfo-phenylated pol-
yphenylenes (sPPX-H+).
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under H2/air (80% RH, 80 �C, 250 kPaabs), we signicantly
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 specication
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
Table 1 Experimental protocol used in all experiments

Experimental Details

Break-in 80 �C, H
O2 pol curve 80 �C, H
Stabilization 80 �C, N

35 �C, N
HADa 35 �C, H
CV 80 �C, H

80 �C, H
80 �C, H
80 �C, H

Air pol curves Varied R
Varied R
Varied R

Air pol curves Varied te
Varied te

Air pol curves 50% RH

a Hydrogen adsorption/desorption.

This journal is © The Royal Society of Chemistry 2021
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:
2/O2, 0.25/1 slpm, 95% RH, ambient pressure, OCV – 0.3 V–0.6 V, 20�
2/O2, 0.25/1 slpm, 95% RH, ambient pressure
2 purge, 0.2 slpm, 1 hour, ambient pressure
2 purge, 0.2 slpm, 1.5 hours, ambient pressure
2/N2, 0.2/0 slpm, 50 mV s�1, 0.05–1.2 V, ambient pressure, 95% RH, 8�
2/N2, 0.2/0 slpm, 50 mV s�1, 0.05–1.2 V, ambient pressure, 30% RH, 8�
2/N2, 0.2/0 slpm, 50 mV s�1, 0.05–1.2 V, ambient pressure, 50% RH, 8�
2/N2, 0.2/0 slpm, 50 mV s�1, 0.05–1.2 V, ambient pressure, 80% RH, 8�
2/N2, 0.2/0 slpm, 50 mV s�1, 0.05–1.2 V, ambient pressure, 95% RH, 8�
H, 80 �C, H2/air, 0.25/1 slpm, 250 kPa absolute, 30% RH/30% RH
H, 80 �C, H2/air, 0.25/1 slpm, 250 kPa absolute, 50% RH/50% RH
H, 80 �C, H2/air, 0.25/1 slpm, 250 kPa absolute, 80% RH/80% RH
mperatures, 80% RH, H2/air, 0.25/1 slpm, 250 kPa absolute, 94 �C
mperatures, 80% RH, H2/air, 0.25/1 slpm, 250 kPa absolute, 100 �C
, H2/air, 0.25/1 slpm, 250 kPa absolute, 110 �C

Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3689
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15 mm). The desired Pt-loading of all MEAs was 0.1 mg cm�2 and
0.4 mg cm�2 for the anode and the cathode, respectively.
2.3 Electrochemical characterization

The resulting catalyst-coated membranes were sandwiched
between two 4 cm2 gas diffusion layers (H14C-Series, Freuden-
berg). The performances of the 4 cm2 active area MEAs were
evaluated using a fuel cell test station (Scribner 850e). All MEAs
were tested with the same experimental protocol. Shown error
bars are based on at least two individual MEAs from different
production batches to ensure reproducibility of the results.
Electrochemical characterization was performed by analysing
polarization data and cyclic voltammograms (CV). Table 1 lists
the experimental protocol applied in this study.
Fig. 2 Polarization behaviours, HFRs and HFR-corrected cell voltage
0.25 slpm/1 slpm, 95% RH and ambient pressure and (b) H2/air, 0.25 slp

3690 | Sustainable Energy Fuels, 2021, 5, 3687–3699
Conditioning procedures. MEAs were conditioned at 80 �C
and 95% RH with inlet gas ows of 0.25 slpm H2 anode and 1
slpm O2 cathode. The cell was held at its open circuit voltage,
0.3 V and 0.6 V for 1 minute each. The voltage cycles were
repeated 20 times to ensure stable operation.

H2/O2 polarization curves. The protocol involved taking
measurements over two current density ranges at 80 �C, 95%
RH and atmospheric pressure. For Tafel analysis, the current
density was scanned from zero to 250 mA cm�2 in 12.5 mA cm�2

increments with a 1 minute hold for each current step. To
generate the full polarization curve, the current density was
scanned from 500 mA cm�2 to 6250 mA cm�2 at 250 mA cm�2

increments with a 3 minute hold at each current step. The data
point is the average over the last 5 seconds in all polarization
s of Pemion™ MEA vs. PFSA reference at 80 �C under (a) H2/O2,
m/1 slpm, 50% RH, 250 kPaabs.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Peak power densities of fully hydrocarbon MEAs over the last
decades under the same conditions: 80 �C, H2/O2, high humidity
(>75% RH) and ambient pressure.33–36,47
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curves. The ow rates of H2 and O2 at the anode and cathode
were 0.25 slpm and 1 slpm, respectively.

Stabilization. The gas feed dew point temperature was
cooled down from 79 �C to 34 �C for the later hydrogen
adsorption/desorption (HAD) measurement with N2 purge to
avoid ooding of the CLs. Aer 1 h, the cell was equilibrated at
35 �C in H2/N2 for additional 1.5 h. The cathode was purged
with 0.2 slpm N2 to avoid any oxygen reduction currents arising
from oxygen residues in the gas lines that would affects the later
evaluation of the CV.

Hydrogen adsorption/desorption (HAD). The electro-
chemical surface area (ECSA) was determined by integrating the
area associated with hydrogen adsorption in cyclic voltammo-
grams. CV measurements were conducted under 35 �C and
under fully humidied H2 (0.2 slpm) at the anode and an
interrupted N2 ow at the cathode to avoid artefacts in the ECSA
distribution.41 The potential was swept 8� from 0.05 to 1.20 V at
a scan rate of 50 mV s�1. The unit charge was assumed to be
210 mC cm�2 for hydrogen adsorption integrated areas in
determining ECSA as in other studies with PtCo/C42,43 even
though this historical value contains various assumptions and
approximations.41,44,45

Cyclic voltammetry (CV). Cyclic voltammograms with
symmetrically increasing RH levels were measured at 80 �C and
ambient pressure with H2/N2 for the anode and cathode,
respectively. The ow rates at the anode and cathode were
0.2/0 slpm, respectively. The potential was swept 8� from 0.05
to 1.20 V at a scan rate of 50 mV s�1 until saturation was
reached. Shown cyclic voltammograms were obtained from the
last potential sweep.

H2/air polarization curves. H2/air polarization curves with
symmetrically increasing RH levels (30%, 50%, and 80%) were
measured at 80 �C and 250 kPaabs for both anode and cathode.
The measurements started at low RH to ensure the validity of
polarization curves with lower humidity, as rest water from
previous experiment with higher humidity could remain in the
CLs and affect the cells at lower humidity level positively. H2/air
polarization curves with increasing cell temperatures (94 �C,
100 �C) were measured at 80% RH and 250 kPaabs, also for both
anode and cathode. H2/air polarization curves at 110 �C were
measured at 50% RH and 250 kPaabs for both anode and
cathode. Similar to the scan current experiment for H2/O2

polarization curves, the protocol started to measure from zero
to 250 mA cm�2 in 12.5 mA cm�2 increments with a 1 minute
hold at each current step. Full polarization curves were gener-
ated by scanning the current density from 375 mA cm�2 to 6250
mA cm�2 in 125 mA cm�2 increments with a 3 minute hold at
each current step. The ow rates of H2 and air at the anode and
cathode were 0.25 slpm and 1 slpm, respectively.

High frequency resistances (HFRs) were measured at
a frequency of 3200 Hz by the fuel cell test station's integrated
Frequency Resistance Analyzer (FRA) throughout all polariza-
tion characterizations and used to correct for membrane,
contact, and electronic resistances.

The cross section of the Pemion™MEA and the morphology
of the cathode catalyst layers of both MEAs was characterized by
eld emission-scanning electron microscopy (Tescan Amber X)
This journal is © The Royal Society of Chemistry 2021
at an acceleration voltage of 2 keV and a beam current of 100 pA.
The working distance was 6 mm. SEM micrographs and addi-
tional information regarding the HAD measurement and cyclic
voltammogramms under varied RH are presented in the ESI.†
3 Results and discussion

The ionomer contents in the electrodes were optimized for
a fully humidied H2/O2 gas feed. The optimal ionomer content
was found to be lower for the Pemion™ MEA (9 wt%) than for
the reference PFSA MEA (18 wt%) which is in accordance with
the trends in literature.33,46 For more information the reader is
directed to the ESI (Fig. S1).†
3.1 I–V performance

The polarization curves of Pemion™ and PFSA MEAs under H2/
O2 and in H2/air are shown in Fig. 2. In general, the I–V
performance of the wholly hydrocarbon MEA under H2/O2 is
comparable to that of the PFSA reference (Fig. 2a). The peak
power density of the Pemion™ MEA in oxygen (2.1 W cm�2) is
similar to that of the PFSA reference (2.2 W cm�2).

Fig. 3 illustrates the performance trends of fully hydrocarbon
MEAs from 2008. The developed hydrocarbon materials have
been based on SPEEK,34 SPAES,35 or sulfonated poly(-
phenylene).36,38 The performance of the Pemion™MEA exceeds
previous wholly hydrocarbon MEAs literature landmarks, by
a factor of nearly two with peak power densities of 2.1 W cm�2

under H2/O2, 95% RH and ambient pressure.
While there are not many commercial hydrocarbon ion-

omers available on the market (only NEXAR™ is known in
literature47,48 and Pemion™ was introduced in this work),
a plenty of studies on hydrocarbon ionomers can be found in
Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3691
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Table 2 Tafel slopes in the kinetic region (25–100 mA cm�2) extracted from the HFR-corrected curves of all MEAs under H2/O2 (0.25 slpm/1
slpm), 95% RH and ambient pressure

Samples PtCo + Pemion™ PtCo + PFSA
Tafel slope in mV dec�1 74 73
Mass activity in A mgPt

�1 at 900 mVHFR-free 0.056 0.074
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literature in the last decades. The work of Holdcro, Kreuer and
Miyatake are the most well-known ones in developing hydro-
carbon (membrane) ionomers for low to mid-temperature fuel
cells (<150 �C) to-date and have published many articles on
benchmark hydrocarbon-based MEAs.6,33,49,50

Not shown in Fig. 3 is, for instance, the excellent work of
Long et al.50 with sulfonated poly(phenylene) containing addi-
tional tetrauorophenylene groups in the membrane, but with
Fig. 4 Polarization behaviours, HFR and HFR-corrected cell voltages of (a
H2/air, 250 kPaabs.

3692 | Sustainable Energy Fuels, 2021, 5, 3687–3699
Naon™ as electrode electrolyte. The power density at 0.6 V was
0.9 W cm�2, which is higher than the to-date reported fully
hydrocarbon cells (0.7 W cm�2) at the same potential.33 The
peak power density of the MEA was not reported. Also the
excellent work of Kreuer and co-workers28,70 with the 10 mm
sulfonated polysulfone (S360) with PBIOO blend membrane
(peak power density > 2.5 W cm�2 under H2/O2 and 95% RH and
) Pemion™MEA and (b) PFSA reference under varied RH levels at 80 �C,

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Direct comparison of the HFRs of Pemion™ MEA and PFSA
reference MEA at different current densities (0.1 A cm�2, 1 A cm�2 and
2 A cm�2) under varied RH levels (30%, 50% and 80%).
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300 kPaabs) is not comparable with this work (H2/O2 and 95%
RH and 101 kPaabs) due to the different pressure.

Under automotive-relevant operating conditions (H2/air,
50% RH and 250 kPaabs), as shown in Fig. 2b, the peak power
density of the Pemion™ MEA is similar to that of PFSA refer-
ence (�1.1 W cm�2). However, at a potential relevant for auto-
motive applications of 0.6 V, the power density of the Pemion™
MEA (0.83 W cm�2) is still �20% lower than that of the PFSA
reference (1.0 W cm�2). Nonetheless, this is the rst hydro-
carbon work to be comparable to SSC PFSA in automotive
conditions.

In the following, the polarization curves under H2/O2 of the
two MEAs are discussed in detail to assess the possible loss
contributions. Firstly, the high frequency resistance (HFR) of
the Pemion™ membrane is approx. 5 mU cm2 lower than that
of the PFSA membrane, which is attributed to the lower
membrane thickness and the signicantly higher ion exchange
capacity (IEC) of Pemion™. In order to compare the over-
potential losses from the electrodes, the potential losses due to
HFR are added to the cell voltage to obtain the HFR-corrected
cell voltage EHFR-free. As the overpotential losses due to the
hydrogen oxidation reaction and the protonic resistance in the
anode can be neglected,51,52 EHFR-free mainly consists of the
overpotentials related to mass transport, the protonic resistance
and to the oxygen reduction reaction in the cathode CL.52–54

For pure reactants (under 0.25 slpm/1 slpm H2/O2), the mass
transport losses are assumed to be negligible at low current
densities.52,54 At the given operating conditions (80 �C, 95% RH,
ambient pressure), the proton resistance of the SSC-PFSA ion-
omer in the reference (0.1 U cm2) is lower than that of LSC-
Naon™-type ionomers (�0.3 U cm2),38,54,55 as expected due to
the higher IEC of the SSC-PFSA ionomer. The proton resistance
of Pemion™ ionomer in the CL is 0.5 U cm2, which is higher
than that of PFSA ionomers despite the higher IEC of Pemion™
ionomer. The lower proton conductivity of Pemion™ ionomer
is most probably due to the lower ionomer-to-carbon (I/C) ratio
of the Pemion™ MEA, the less pronounced hydrophilic/
hydrophobic phase separation5,56 and the higher pKa value of
hydrocarbon ionomers compared to PFSA ionomers.29,31 The
conditions and results of the proton impedance measurements
are shown in Fig. S2.†

Table 2 shows the Tafel slopes and the mass activities of the
Pemion™ MEA and of the PFSA reference. The Tafel slopes of
the two MEAs were extracted in the Tafel region between 25 mA
cm�2 and 100 mA cm�2 and plotted with EHFR-free under H2/O2

vs. log of crossover-corrected current density i + ix (see Fig. S3†)
following the approach of Gasteiger et al.52,57 The Tafel slopes of
the Pemion™ and the PFSA MEA are similar and in accordance
with Tafel slopes reported in literature for MEAs with PFSA-
based ionomers (�70 mV dec�1).39,52 While this is expected for
the same catalyst, the Tafel slope of our Pemion™ MEA is
considerably lower than typical values for hydrocarbon MEAs
found in literature,46,58,59 which shows the progress towards
higher kinetic performance.

The mass activity of the Pemion™ MEA is still lower than
that of PFSA MEA, indicating a reduced functionality of the
active sites in the Pemion™ MEA. Although the precise reason
This journal is © The Royal Society of Chemistry 2021
for this reduction of active sites still remains unclear, we
hypothesize several possible causes: the signicantly lower I/C
in the Pemion-based MEA may have a negative impact on
mass activity due to a less favourable pronounced triple phase
boundary at very low ionomer content. Secondly, as observed for
PFSA, it could be related to anion adsorption due to the higher
IEC of Pemion™.60 Third, adsorption of the phenyl groups in
Pemion™ on the catalyst surface that poison the catalyst could
be a viable explanation. Phenyl poisoning was predicted with
DFT calculations and observed in phenyl-based anion-exchange
membrane fuel cells and electrolyzers.61–64 Future work there-
fore requires the thorough build-up of more understanding of
hydrocarbon ionomer/platinum interactions to nally close the
herein observed mass activity gap between hydrocarbon and
PFSA ionomers.
3.2 The effect of relative humidity on performance

Fig. 4 shows the polarization behaviour of Pemion™ and PFSA
MEAs at different levels of humidication (80 �C, H2/air and
250 kPaabs). Both MEAs show lower performance with
decreasing humidity. As mentioned in the experimental
section, the humidity was decreased symmetrically in the
cathode and anode in this study. In common fuel cell systems
for automotive application, however, hydrogen is being recir-
culated,65 leading to a higher humidity at the anode and in turn
to a reduced effect on performance.66,67

At 50% RH, the peak power density of the Pemion™ MEA
was similar to PFSA reference (1.10 W cm�2), as discussed in
the previous section. With 80% RH, both peak power densities
increase by �5%, for the Pemion™ MEA (1.16 W cm�2 at
2.5 A cm�2) and for the PFSA reference (1.17 W cm�2 at
2.3 A cm�2). At 30% RH, the peak power density of Pemion™
MEA (0.78 W cm�2 at 1.9 A cm�2) is reduced by�30%, while the
peak power density of the PFSA reference (0.90 W cm�2 at
2.0 A cm�2) is only �20% lower compared to 50% RH. These
Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3693
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results show that relative humidity has a slightly stronger effect
on the performance of the Pemion™ MEA.

Fig. 5 illustrates a direct comparison between the high
frequency resistances (HFRs) of both MEAs at three different
current densities (0.1 A cm�2, 1 A cm�2 and 2 A cm�2) repre-
senting the kinetic, ohmic and mass transport region of
a polarization curve. Since all components contributing to the
electric resistances are identical for both fuel cells, the differ-
ences in the HFRs mainly reect the difference in proton
resistance of the membranes. It can be observed that the
Pemion™ MEA features a higher HFR under dry conditions
(30% RH) in the kinetic region (0.1 A cm�2) but only slightly
higher HFR in the ohmic region. At a higher current density
(2 A cm�2) and in medium to high humidity levels (50% and
80% RH) the HFR of the Pemion™MEA is comparable or lower
than that of the PFSA reference indicating sufficient membrane
humidication. It could be that the slightly lower thickness of
Fig. 6 Polarization behaviours, HFR and HFR-corrected cell voltages of
100 �C at 80% humidified H2/air, 250 kPaabs.

3694 | Sustainable Energy Fuels, 2021, 5, 3687–3699
Pemion™ membrane compared to the PFSA reference favours
back diffusion of water from the cathode to the anode side
reducing the HFR at high current density operation (>1 A cm�2),
in particular under lower RH.

However, as can be observed in Fig. 4, the HFR-free perfor-
mance of the PFSA reference is still better than that of the
Pemion™ MEA. This indicates that the dependency on gas feed
humidity of the Pemion™ MEA performance is not primarily
rooted in the PEM but also in the catalyst layers. Several effects
could potentially explain this result. Initially, due to the stronger
humidity dependency of the hydrocarbon-based Pemion™ ion-
omers, the proton conductivity of Pemion™ ionomers in the CLs
is reduced more signicantly in dry conditions.5,51,54 As the
humidity is reduced, less oxide formation (Pt–OH) or other effects
such as ionomer surface structuring could potentially reduce the
Pt electrochemical active surface area.51,59,68 These effects might
be more severe in Pemion™MEAs than in PFSA MEAs. For more
(a) Pemion™ MEA and (b) PFSA reference MEA under 80 �C, 94 �C and

This journal is © The Royal Society of Chemistry 2021
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information, the reader is directed to the cyclic voltammograms
in the ESI (Fig. S5).†
3.3 High temperature operation

The targeted operating temperature for fuel cell stacks in auto-
motive applications is up to 120 �C.9,10 Operating at high
temperatures leads to numerous benets such as faster reaction
kinetics, diminished impact of impurities in the hydrogen gas
feed causing catalyst poisoning, and improved water and heat
management in the fuel cell systems.11–14 On the basis of a so-

called heat rejection limit
Q
DT

the nominal cell voltage is

selected in automotive applications. The limit set by U.S.
Department of Energy (DOE) is below 1.45 kW K�1.10 Using eqn
(S1)† the rated cell voltage for temperatures from 80 �C to 120 �C
can be calculated. For example, at 80 �C cell potentials larger than
0.76 V can meet this heat rejection limit, while increasing the
operating temperature to 120 �C allows the rated cell voltage to be
as low as 0.55 V (Table S1†). Thus, at higher cell voltages, higher
power densities can be obtained if the detrimental inuence of
high temperatures on performance can be reduced. In the
following section, the polarization behaviour of Pemion™ and
PFSA MEAs was investigated at temperatures 80 �C–100 �C at
a constant relative humidity of 80%. In addition, we give
a perspective on performance at temperatures beyond 100 �C.

Fig. 6 shows the performance of Pemion™ and PFSA refer-
ence MEAs at different operating temperatures. As the cell
temperature is elevated from 80 �C to 100 �C, the overall
performance of the PFSA reference decreases by �5% at current
densities above 2 A cm�2. Similar to its PFSA counterpart, the
rise in temperature from 80 �C to 100 �C does not appreciably
affect the performance of the Pemion™ MEAs. The maximum
cell performance of Pemion™ and PFSA MEAs are similar at
94 �C (�1.2 W cm�2) and at 100 �C (�1.1 W cm�2). However, at
higher cell potentials > 0.6 V, the PFSA reference outperforms
Fig. 7 Direct comparison of the HFRs of Pemion™ MEA and PFSA
reference MEA at different current densities (0.1 A cm�2, 1 A cm�2, 2 A
cm�2) under operating temperatures 80 �C, 94 �C, and 100 �C.

This journal is © The Royal Society of Chemistry 2021
the Pemion™ MEA. For instance, at 94 �C, the rated power
density of Pemion™ MEA (0.76 W cm�2) is �25% lower than
PFSA reference (1.0 W cm�2). At 100 �C, the rated power density
of Pemion™ MEA (0.80 W cm�2) is also �25% lower than PFSA
reference (1.1 W cm�2) since the performance of both MEAs
does not change as the temperature is elevated to 100 �C.

Fig. 7 shows a direct comparison between the HFRs of both
MEAs at three different current densities (0.1 A cm�2, 1 A cm�2

and 2 A cm�2) as in Fig. 5 in Section 3.2. It can be observed that
the HFR of the Pemion™ MEA is higher at 94 �C and 100 �C in
the kinetic region (0.1 A cm�2) but lower than PFSA reference in
the ohmic region indicating insufficient membrane humidi-
cation at low current densities. Overall, the HFRs of both
membranes increase slightly as the temperature is elevated but
Fig. 8 Polarization behaviours, HFR and HFR-corrected cell voltages
of Pemion™ MEA vs. PFSA reference at 110 �C under H2/air, 50% RH,
250 kPaabs.

Sustainable Energy Fuels, 2021, 5, 3687–3699 | 3695
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remains below 0.04 U cm2 at 100 �C and high current density (2
A cm�2). These results are in accordance with the expectations
for hydrocarbon-based ionomers and for SSC-PFSA ionomers as
suggested in literature.14,55

Very small differences in EHFR-free with increasing operating
temperature from 80 �C to 100 �C are registered for the
Pemion™ MEA and PFSA reference (Fig. 6). However, a minor
decrease of the potential losses at current densities higher than
2.2 A cm�2 can be observed for the PFSA reference with the
increasing temperature, while for the Pemion™MEA this trend
cannot be observed.

As next-generation fuel cells might even operate beyond
100 �C, we explored the polarization of both the Pemion™ and
SSC PFSAMEAs at 110 �C under H2/air and 250 kPaabs (Fig. 8). In
these tests, the humidity was set to 50% RH to simulate more
realistic automotive conditions and to avoid water boiling.69

Under these conditions, the rated power density of Pemion™ at
110 �C (0.67 W cm�2) is �20% lower than that of the PFSA
reference (0.82 W cm�2), while this gap was signicantly higher
(50%) at 80 �C (Fig. 2b). Nevertheless, the peak power density of
the Pemion™ MEAs (0.96 W cm�2) was �10% higher than that
of the PFSA reference (0.89 W cm�2). This shows that the
Pemion™ MEA is a promising candidate for high-temperature
operation.

It is striking that the HFRs at 110 �C of both MEAs are higher
than at 80 �C (cf. Fig. 2b). For example, at 2 A cm�2, the HFR of
Pemion™ is �35% higher than at 80 �C, whereas that of the
PFSA is �40% higher than at 80 �C. The stronger increase in
HFR of the PFSA MEA at 110 �C is probably related to the higher
thickness and the higher equivalent weight of the PFSA
membrane, likely causing stronger membrane dehydration.

The gap of the HFR-corrected cell voltages EHFR-free between
80 �C and 110 �C is signicantly smaller for the Pemion™MEAs
than for the PFSA reference (cf. Fig. 2b). This result indicates
that the main limitation with high temperature operation for
Pemion™ MEAs is a decrease in proton conductivity in the
membrane and electrodes. In addition, insufficient water back-
diffusion from the cathode to the anode probably leads to
membrane and anode dehydration. The lower performance of
the PFSA reference may also stem from dehydration of the PFSA
ionomer in the electrode.

4 Conclusion

In this work wholly hydrocarbon fuel cells based on Pemion™
(sulfo-phenylated polyphenylene) are reported with a perfor-
mance that is approaching state-of-the-art PFSA cells under
various operation conditions. Under H2/O2 with fully humidi-
ed gas feeds and ambient pressure, Pemion™ MEAs reach
a peak power density (2.1 W cm�2) that is comparable to an
optimized short-side chain PFSA reference. In automotive H2/
air conditions with a gas feed humidity of 50% RH and 250
kPaabs, fuel cells comprised of Pemion™ also exhibit compa-
rable performance to that of PFSA-based fuel cells (1.1 W cm�2).

In general, the performance of the Pemion™ cells was found
to be more dependent on the humidity of the gas feed than cells
with PFSA ionomer. This is argued to be mainly related to
3696 | Sustainable Energy Fuels, 2021, 5, 3687–3699
a combined effect of lower proton conductivity and slightly
lower electrochemical active surface area in the catalyst layer
due to a lower (optimal) ionomer content. This leads to a lower
performance in the kinetic region despite the similar peak
power densities. As typical rated voltages for automotive appli-
cations are in this region (0.6 V–0.7 V), the aim of future work
should be to reduce the remaining performance gap to PFSA-
based cells in this operation window.

Operating automotive fuel cells at elevated temperatures
offers several benets such as reduction in heat exchanger
volume and improved system water management. The fuel cells
operated from 80 �C to 100 �C showed a negligible impact on
performance and small increase in area resistance in both
Pemion™ cells and PFSA reference. As hydrocarbon polymers
are more tolerant to high temperatures, a �10% higher peak
power density was obtained at 110 �C for the Pemion™ MEA
(0.96 W cm�2) compared to the PFSA reference (0.89 W cm�2),
showing that the Pemion™ MEA is a promising candidate for
high-temperature operation. Studying the transport processes
and optimizing the electrodes for hot/dry conditions could yield
further improved performance under these conditions.

Previously reported chemical stability data showed that
sulfonated phenylated polyphenylenes can withstand 1000 h
OCV stress test at exceptionally low degradation rates of
0.16 mV h�1,23 without incorporation of radical scavengers. This
excellent stability in combination with the promising perfor-
mance shown in the present study thereby represents a signi-
cant step in the development of next-generation MEAs for
hydrogen fuel cells.
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