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ABSTRACT: A major challenge in the development of anion
exchange membranes for fuel cells is the design and synthesis of
highly stable (chemically and mechanically) conducting mem-
branes. Membranes that can endure highly alkaline environments
while rapidly transporting hydroxides are desired. Herein, we
present a design using cross-linked polymer membranes containing
ionic highways along charge-delocalized pyrazolium cations and
homoconjugated triptycenes. These ionic highway membranes
show improved performance. Specifically, a conductivity of 111.6
mS cm−1 at 80 °C was obtained with a low 7.9% water uptake and
0.91 mmol g−1 ion exchange capacity. In contrast to existing
materials, ionic highways produce higher conductivities at reduced
hydration and ionic exchange capacities. The membranes retain
more than 75% of their initial conductivity after 30 days of an alkaline stability test. The formation of ionic highways for ion
transport is confirmed by density functional theory and Monte Carlo studies. A single cell with platinum metal catalysts at 80 °C
showed a high peak density of 0.73 W cm−2 (0.45 W cm−2 from a silver-based cathode) and stable performance throughout 400
h tests.

Advances in fuel cell technologies over recent decades have
enabled the production of fuel cell vehicles by major

automobile manufacturers.1 The advantages of fuel cell
vehicles include environmental friendliness, convenient/rapid
refueling, compatibility with current fossil fuel infrastructure,
and the ability to run long range on a single fueling. Current
commercial vehicles use proton exchange membrane fuel cells,
and the high power output is the result of efficient platinum-
catalyzed reactions and fast ion exchange through fluorocarbon
membranes such as Nafion.2 However, these systems are
expensive from both the membrane and catalyst standpoint,
which is hindering broader adoption of this technology.1

Recently, anion exchange membrane based fuel cells
(AEMFCs) that use cationic polymeric hydroxide-conducting
membranes as separators have gained interest because they
function with less expensive metal catalysts.3−7 To realize this
potential, AEMs must address three major issues. First, fuel
cells often operate in a nearly 100% humidity level, which
causes high water uptake and swelling of the charged polymer
membranes. Excessive swelling causes instabilities and loss of
performance,8 and freestanding membranes need to limit
dimensional changes. Second, hydroxide, a strong base and
nucleophile, degrades most cationic organic membranes at

60−80 °C operating temperatures.9 Avoiding degradation is
necessary for stable, long-term operation of the fuel cells.
Finally, the hydroxide conductivity must be high (>100 mS
cm−1) to meet the desired power output to drive an
automotive motor. The design of stable cationic polymer
networks for fast anion transport is best solved by chemical
principles.10 There has been progress on these fronts with the
incorporation of cross-linked networks to prevent swelling,11,12

ether-free networks to impart improved chemical stability,7,9

and increasing the ion exchange capacity (IEC) to achieve
higher conductivity.13,14 However, in most cases, these
solutions require trade-offs in properties. For example, cross-
linking of hydrocarbon backbones can present challenges and
can give reduced IEC. Similarly, increasing IEC often results in
increased water uptake and polymer swelling. Designs that
address all three AEM criteria simultaneously without
compromises are rare.
Herein, we report highly conducting AEMs that are

mechanically and chemically stable. Starting with a high free
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volume poly(hydroxy-triptycene ether sulfone) scaffold,
cationic pyrazolium groups are introduced as covalently
bound cross-linkers and pendant groups by a reaction with
dichloro- and monochloro-pyrazolium ions. A series of
pyrazolium cross-linked poly(triptycene ether sulfone)s were
studied (PXm-Tn; 0 ≤ m, n ≤ 100, m denotes the intended
percent of cross-linking, and n denotes the percent of
triptycene repeats in the polymer, Figure 1). Reactions with
the dichloro-pyrazolium cause cross-links, and addition of
monochloro-pyrazolium gives pendant cations. The cross-
linking was optimized for mechanical properties, and the ionic
highways (Figure 1b) form as a combination of delocalized
pyrazolium cations that are organized and homoconjugated by
connection to triptycenes.15 We demonstrate the utility of
these AEMs containing ionic highways in hydroxide ion
conducting fuel cells and show sustained high power output.

■ INTRODUCING IONIC HIGHWAYS IN AN ANION
EXCHANGE MEMBRANE

At the onset of this study, we set three design criteria, each
addressing the challenges mentioned above, under a theme of
creating an ionic highway. First, we needed to prevent high
water uptake and swelling by constructing a cross-linked
polymer network.11,12 We decided installing cations as the
cross-linkers would be the preferred strategy, as it balances IEC
and mechanical stability. Second, we targeted fully substituted
cationic rings to avoid reactive C−H groups. Experimental16

and theoretical17 studies have shown that deprotonation of the
cation rings is a major degradation mechanism, and fully

substituted ring structures have improved alkaline stability.18

Third, we expected that the covalent assembly of repeating
ionic segmentsionic highwaywould result in higher
conductivity by lowering the activation barriers for ion
transport.19 These collective efforts created repeating segments
of pyrazolium cations and triptycenes, where homoconjugation
to the triptycenes helped to further delocalize the cationic
charge of the ionic highway (Figure 1).
Charge delocalization of cations is an established way to

reduce reactivity with nucleophilic and basic hydroxide anions.
Resonance stabilization can enhance cations’ alkaline stability
as can be seen even in cases of guanidiniums, imidazoliums,
and pyridiniums,16,18,20 although we note that fully substituted
and sterically hindered benzimadoliums and aminophospho-
nium cations go into a top rank for alkaline stability.21 In this
study, we expand the cationic groups in AEMs to include
pyrazolium groups with additional π donors. These are
aromatic resonance-stabilized cations that can be conveniently
incorporated as cross-linkers or pendants.22 Although there are
considerable efforts in creating high-performing AEMs through
microscale phase segregation,23,24 previous investigations have
not pursued covalent assembly of repeating ionic cross-links to
facilitate hydroxide transport.

■ DESIGNING MONOMERS AND POLYMERS AND IN
SITU MEMBRANE PREPARATIONS

We have introduced stable cationic rings, generated from 3,5-
dichloropyrazolium, in AEMs. Our efforts were guided by
density functional theory (DFT) calculations of the pKa value

Figure 1. Design of ionic highway through a pyrazolium cross-linked triptycene polymer. (a) Schematic of conversion from poly(methoxy-
triptycene ether sulfone) (OMe-PTES) to pyrazolium cross-linked poly(triptycene ether sulfone) (PXm-Tn) via demethylation, in situ
functionalization and film casting, and anion exchange. (b) Schematic for a case of 100% degree of cross-linking. Anion transport is facilitated
through delocalized cationic charges of pyrazoliums over triptycene and homoconjugation in the triptycene. (c) Schematic for a case of 0% degree
of cross-linking. Anions would face much higher activation energy for transport. See Figures S7 and S8 for comprehensive schemes of chemical
structures.
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of the proton at the alpha methyl of 4-methyl-3,5-diphenoxy-
1,2-diphenyl-pyrazolium tetrafluoroborate (4) and the alpha
methylene of 4-butyl-3,5-diphenoxy-1,2-diphenyl-pyrazolium
tetrafluoroborate (7).17 These calculations reveal that these
pKa’s for 4 and 7 are 39.9 and 47.0, respectively (Figures S9d,
S10d, and Note S2), and both represent particularly high
values for organic cations.17 The five-membered cationic
dichloro-alkyl-diphenyl pyrazolium tetrafluoroborates were
synthesized by adaptation of literature procedures22,25 (Figures
S1 and S4). Two-step procedures from commercial materials
resulted in 4-methyl-3,5-dichloro-1,2-diphenyl-pyrazolium tet-
rafluoroborate (2) and 4-butyl-3,5-dichloro-1,2-diphenyl-pyr-
azolium tetrafluoroborate (6) with high overall yields (>72%).
The cationic nature of these intermediates makes them
excellent substrates for nucleophilic aromatic substitution of
the chlorides with oxygen- or nitrogen-based nucleophiles.
Reactions with phenol result in 4 and 7 which were used for
alkaline stability tests (Figures S3 and S5). The π-electron-
donating phenoxy groups provide additional stabilization of
the cationic pyrazolium groups. For the simplest substituted
pyrazolium, at least four different resonance structures can be
drawn with all atoms in a preferred octet resonance structure
(Figure S11).
The alkaline stability of 4 and 7 was tested by in situ NMR

monitoring solutions at 1, 2, and 5 M KOH solutions in
CD3OH at 80 °C using an internal standard.16 Periodically, the
solutions were analyzed by 1H NMR spectroscopy to
determine key cation signals relative to an internal standard.
This set of tests showed high stability of 4 and 7 under alkaline
conditions, and more than 91, 85, and 82% of the 4 and 93, 88,
and 84% of the 7 persisted after heating at 80 °C in 1, 2, and 5
M KOH solutions over 30 days (Figures 2 and S9a−c). It

should be emphasized that the NMR spectra remained
relatively clean, except the small peaks at 7.51 and 7.83 ppm
from cleavage of C−O bonds. Although 7 showed slightly
higher alkaline stability (Figure S10a−c,e), we decided to use
the methyl pyrazolium, 4, for further studies. Specifically, we
anticipate more thermal mobility with butyl pyrazolium (the
melting temperatures of 4 and 7 are 216−218 and 148−150
°C, respectively) and potentially lower conductivity with
longer butyl chains.26 We synthesized 4-methyl-3-chloro-5-
phenoxy-1,2-diphenyl-pyrazolium tetrafluoroborate (3, Figure
S2), which can be used to graft cations onto polymers without
introducing cross-linking that occurs by reaction with dichloro-
pyrazolium (2). Hence, by simply changing the ratio between
2 and 3, we can change m values in the membrane.
Additionally, 3 adds one cation for every reactive hydroxyl

on the polymer, wherein 2 adds one cation for every two
reactive hydroxyls. Hence, the ratio of these reactants also
controls the IEC.
As a core polymer structure, we focused on triptycene-

containing poly(ether sulfone), which has been previously
shown to produce molecularly defined porosity (free volume)
and facilitated ion transport while promoting solubility and
enhancing mechanical properties.27,28 In this case, we
introduced modified triptycenes that can present a free
hydroxyl group on each pendant benzene ring. This structure
enables attachment of pyrazolium groups by nucleophilic
substitution as pendants or as a cross-linking group (Figure 1).
The proximate nature of the hydroxyl groups is key to the
creation of the ionic highway. The polymer synthesis begins
with 1,8-dimethoxy-benzenoanthracene-13,16-dione (10, Fig-
ure S6), wherein the hydroxyls are protected as methoxy
groups.29,30 Monomer 10 was synthesized in three steps from
commercially available and low-cost 1,8-dihydroxyanthraqui-
none with a high overall yield of 73%. Copolymers were
synthesized using 10, with bisphenol A and bis(4-fluorophen-
yl) sulfone, via nucleophilic aromatic substitution (SNAr), with
K2CO3 as a base and dimethylacetamide as a solvent (Figure
S7). Bisphenol A was introduced to lower Tg of the resulting
polymer for increased film compliance. The SNAr reaction
produced high molecular weight poly(methoxy-triptycene
ether sulfone), OMe-PTES (n = 50; Mn: 107 kDa, Mw: 250
kDa, and PDI: 2.33) (Figure S12; molecular weight
information on polymer of n = 75 is also included).
Subsequently, the OMe-PTES was quantitively demethylated
(1H NMR, Figure S7) by reaction with BBr3 at −78 °C to yield
poly(hydroxy-triptycene ether sulfone) (OH-PTES).
We fabricated membranes by in situ reactions of OH-PTES

(n = 50, 12) and pyrazolium dichloride (2) and monochloride
(3) during film casting from dimethylformamide/triethylamine
solution (Figure S8). By simply changing the amount of each 2
and 3 added, we produced three pyrazolium cross-linked
poly(triptycene ether sulfone) membranes with different m,
PX75-T50, PX40-T50, and PX10-T50 (Table S1, Figure S13,
and Figure S14 for solid-state NMR spectra of membranes).
The substitution reaction between hydroxy on the polymer
and chlorides of 2 and 3 resulted in quantitative loss of
chlorides as determined by energy-dispersive X-ray spectros-
copy, and the final membranes were subjected to ion exchange
of BF4

− to OH− (Figure S15). We found that polymers with n
of equal to or greater than 63 result in too brittle of
freestanding membranes. Also, for n = 50, 100% and 0% cross-
linking did not result in freestanding membranes (Tables S1
and S2). Within these restrictions, we studied three
membranes, PX75-T50, PX40-T50, and PX10-T50, that
showed a good balance of material properties (Figures 1 and
3). Membranes prepared via slow drying in a vacuum oven
have uniform thickness: 53 ± 4, 55 ± 3, and 64 ± 5 μm for
PX75-T50, PX40-T50, and PX10-T50, respectively (Figure
S13). Our in situ preparation method has distinct advantages
and allows simultaneous functionalization and cross-linking to
tune the polymer’s properties. The cross-linked freestanding
membranes showed satisfactory mechanical properties (Figure
S16) with sufficiently high Young’s moduli (172 and 117 MPa
for PX75-T50 and PX10-T50, respectively) and ultimate
tensile strengths (264 and 144 MPa for PX75-T50 and PX10-
T50, respectively). Hence, these materials were robust enough
for fuel cell testing wherein they must be compressed without
fracturing under the pressure of high-torque bolts (5.5 N m).

Figure 2. Long-term alkaline stability of 4 at 80 °C. Percent
remaining of 4 in 1, 2, and 5 M KOH solutions in CD3OH at 80 °C,
determined by 1H NMR spectroscopy relative to an internal standard.
See Figure S9 for the time-tracking NMR data.
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■ IONIC CROSS-LINKS REDUCE WATER UPTAKE
BUT ENHANCE OH− CONDUCTIVITY

Hydroxide conductivity over a temperature range of 30−80
°C, measured every 5 °C, reveals that PX75-T50 achieved 95.7
and 101.2 mS cm−1 at 65 and 70 °C (Figure 3a). A
conductivity of ≈100 mS cm−1 at a working temperature of
fuel cells (generally 60−80 °C) satisfies the standards of U.S.
Department of Energy for reliable operation. PX75-T50
showed a conductivity of 52.1 mS cm−1 at 30 °C, and PX40-
T50 and PX10-T50 showed progressively lower values of 28.8
and 9.0 mS cm−1 at the same temperature. At 80 °C, PX75-
T50, PX40-T50, and PX10-T50 showed conductivities of
111.6, 73.1, and 26.5 mS cm−1, respectively. Activation
energies (Ea) calculated from conductivity data using an
Arrhenius equation (Figure S17) show the highly cross-linked
membrane, PX75-T50, to have lower Ea of 13.7 kJ mol−1 than
those of PX40-T50 and PX10-T50, which are, respectively,
17.6 and 18.9 kJ mol−1. Low Ea value for PX75-T50 is
attributed to facilitated ion transport along cross-linked ionic
highways.
To probe the long-term alkaline stability, membranes were

soaked in 1 M KOH solution at 80 °C, and conductivity values
were tracked for 720 h. PX75-T50 has an initial conductivity of
111.6 mS cm−1, which decreased to 84.3 mS cm−1 after 720 h,
thereby retaining 76% of the initial performance (Figure 3b).
The initial decrease is likely due to hydroxide-induced
degradation of residual pyrazolium chlorides or nucleophilic
cleavage of cross-links activated by stress on the polymer films.
PX10-T50 retained 26.5 mS cm−1, 61% of its initial value, after
the same test conditions. PX75-T50 displayed a slow decrease
of conductivity to be plateaued after 532 h and stabilized at 84
mS cm−1 after 30 days. NMR studies of the model cations (4
and 7) and membrane stability data support two operative
degradation mechanisms: cleavage of the ether linkages and
deprotonation of alpha protons of the pyrazolium 4-
substituents (Figures 2, 3b, S9, and S10). We do recognize

that C−N or C−C bonds may offer additional stability relative
to the phenolic C−O bonds, and previous studies have pointed
to ether linkages as potentially having limited alkaline stability
(see Figures S9 and S10 and Note S1 on the use of polyaryl
ether and alkaline stability).8,11,32,33,37 It is important to note
that the ether linkages in the polymer main chain are also a
potential point of reactivity.
Highly cross-linked membranes are mechanically resistive to

water uptake (swelling). Our cross-linked membranes display
low water uptakes of less than 10% (Figures 3c and S18a) with
values of 7.9, 8.5, and 8.8% at 80 °C observed for PX75-T50,
PX40-T50, and PX10-T50, respectively. As expected, the water
uptake is inversely correlated to m, and in accord, swelling
ratios of 2.6, 4.3, and 5.8% at 80 °C were observed for PX75-
T50, PX40-T50, and PX10-T50, respectively (Figure S18b). As
can be seen from data summarized from the literature (Figure
3c), hydroxide conductivity generally increases with water
uptake because of the hydration of cationic centers. The
literature reports that samples having higher conductivity over
100 mS cm−1 and water uptake of greater than 50% are
common. Excessive water uptake membrane swelling leads to
decreased fuel cell output through compromised contact with
the two electrodes. Membranes that are highly conductive with
minimal water uptake and swelling are desired, and finding
systems that do not suffer from reduced conductance at low
water uptake levels is rare. In this context, PX75-T50, which
has reduced water uptake and the highest conductivity, is a key
advancement. The effectiveness of our design is also revealed
by IEC analysis. All of our cross-linked membranes have low
IECs of 0.91, 1.03, and 1.12 mmol g−1 for PX75-T50, PX40-
T50, and PX10-T50, respectively, but all maintain high
conductivity (Figure 3d and Table S3). PX75-T50 has the
remarkable property of having conductivity higher than 100
mS cm−1 with an extremely low IEC of 0.91 mmol g−1. Also
within our series, it has the highest conductivity and lowest
IEC, which supports the concept that the assembly of the

Figure 3. Hydroxide conductivity of pyrazolium cross-linked poly(triptycene ether sulfone) membranes. (a) Temperature-dependent conductivity
of samples. (b) OH− conductivity of PX75-T50 and PX10-T50 in 1 M KOH solution at 80 °C. (c) Hydroxide conductivity versus water uptake.
Data points at 80 °C were collected to be compared. (d) Hydroxide conductivity versus IEC. Experimental data points at 20 °C were collected to
be compared. Legends for (c) and (d) are in (d). References for data points in (c) and (d): QPAEN,31 TQAPEK,32 XE-Imd,11 LDPE-AEM,33

PF,34 R4-C12,35 and C6D40 and BTMA20.36 For all experiments, mean values from triplicate experiments are used unless otherwise noted.
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cations in chains through a combination of cross-linking and
grafting creates the facilitated transport we refer to as an ionic
highway.
These observations prompted us to investigate the internal

sample morphology and structures of the three samples having
a different m linking. X-ray scattering experiments revealed that
although the lightly cross-linked membrane, PX10-T50, had
structures with d-spacing of 16.8 nm the more highly cross-
linked membranes, PX40-T50 and PX75-T50, displayed
featureless scattering patterns (Figure S19). The X-ray
scattering data suggest that a high m may remove nanoscale
phase segregations in the membrane. Thermogravimetric

analysis (Figure S20) showed slightly higher char yields with
heating to 1000 °C for PX75-T50 of 51% relative to PX40-T50
and PX10-T50 with 49 and 46%, which is also consistent with
a higher m. Overall, achieving the highest conductivity with the
lowest water uptake and IEC (Figure 3) demonstrates that the
formation of ionic highways is a promising approach for
efficient hydroxide transport (Figures 1, 3, and S17).

■ COMPUTATIONAL STUDIES ON CHARGE
DELOCALIZATION AND IONIC HIGHWAYS

Motivated by these findings, we decided to investigate the
microscopic origin of charge transport in ionic highways using

Figure 4. Computational studies. (a−d) DFT analysis of charge delocalization in triptycene-connected pyrazolium cations. (a) Electrostatic
potential (ESP) mapped on the 0.01 e·Å−3 isodensity surface of model structures where two pyrazoliums (Pyr) are connected to a triptycene (Trp)
and the corresponding non-cross-linked reference. (b) LUMO of the chemical structure in (a). (c) ESP mapped on the 0.01 e·Å−3 isodensity
surface of model structures where three pyrazoliums and two triptycenes are connected in an alternating way and the corresponding non-cross-
linked reference. For (a) and (c), the arrows and associated numbers point at the maximum value of the ESP map, and ESP was projected on an
isosurface of the electron density (0.01 e·Å−3). (d) LUMO of the chemical structure in (c). The ends of all methyl or methoxy groups are supposed
to have phenyls. However, they were all omitted for the convenience of calculation. See Figure S21 and Files S2−S5 for chemical structures and the
ones with coordinates, used in (a−d). (e−j) 2D-LMC studies of ion hopping. (e) Anion hopping probability distribution map for a polymer
network constructed by orderly placed cross-linkers for m = 75%. (f, g) Calculated OH− diffusivity and conductivity at different m as a function of
temperature, respectively. (h) Anion hopping probability distribution map for a polymer network constructed by randomly placed cross-linkers for
m = 10%. (i, j) Calculated OH− diffusivity and conductivity at different m values as a function of temperature, respectively. Probability maps of the
entire cases are in Figure S23 and see SI for details of the calculation.
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atomic-scale simulations. We focused first on molecular models
of pyrazolium cations cross-linked with triptycene units, which
we could compare directly to non-cross-linked structures. An
analysis of the electrostatic potential (ESP) of model
geometries, which was derived from electronic structure
calculations based on DFT, indicates that the connections of
the pyrazolium (Pyr) to triptycene (Trp) lead to a significant
lowering of the maximum of the electrostatic potential,
corresponding to a softening of the charge density (Figure
4a,c, Note S3; Figure S21 for model chemical structures).
Compared to the corresponding non-cross-linked control
systems, the doubly (Pyr-Trp-Pyr) and triply charged (Pyr-
Trp-Pyr-Trp-Pyr) systems, respectively, show a decrease of 0.2
and 0.5 eV of the ESP maximum. Assuming that a hydroxide
can be reasonably well approximated as a point charge, this
results in weaker hydroxide interactions with the cross-linked
cations, which leads to a lowering of the activation energy for
the hopping between adjacent cationic sites in our molecular
models and improved alkaline stability. Furthermore, the
extensively delocalized lowest unoccupied molecular orbital
(LUMO) of both doubly charged and triply charged cross-
linked systems provides additional evidence of charge
delocalization over the basal benzene wings of the triptycene
units (Figure 4b,d).
To further investigate the system, we constructed model

systems of ionic networks using the 2D lattice Monte Carlo
(2D-LMC) model,38,39 wherein we simulated ionic con-
ductivity in differently formed channels with varying m (Figure
4e−j, Note S4). We built two systems where conducting
channels are orderly or randomly aligned. In the two systems,
m values were changed to be 75, 40, and 10% (Table S1 was
used for equivalence of monomers). The probability of
hydroxide transport between cross-linked and non-cross-linked
sites was determined by the Arrhenius equation, where the
activation energies for transport between linked cations and
nonlinked cations were extrapolated from our experimental
hydroxide conductivity data (see SI for details). Diffusivity and
conductivity values were higher in the ordered systems (Figure
4f, g, i, and j). The conductivity from an ordered system with
10% cross-linking was higher than a random system with 75%
cross-linking. This observation implies that construction of
ionic highways is necessary for the significant improvements in
the conductivity of the network. At a lower m, the cross-links
were scattered, making it challenging to form ion transport

pathways (highways) throughout the entire polymer network.
At the same time, a higher m formed longer cross-linked path
lengths, which should significantly boost the global diffusion of
the anions. The conductivities predicted by the 2D-LMC
model are in good agreement with the experimental measure-
ments, capturing both the positive correlations between
conductivity and m and the Arrhenius dependence of
conductivity on temperature (Figure 4g, j, and Figure S22
and S25). The fact that the ordered channel model gives a
more accurate prediction for m = 75% and the random channel
model gives an accurate prediction for m = 10% reveals the
nature of our membranes at different degrees of cross-linking.

■ FUEL CELL PERFORMANCE

Membrane electrode assemblies using PX75-T50 demonstra-
ted high power density and stability, generating typical
polarization curves that include an activation region, an
Ohmic region, and a mass transport region (Figures 5a and
S26). AEMFC performance progressively improved by
changing catalyst for the anode and increasing gas flow rate.
A reference condition (Pt/C, 0.5 mgPt cm−2, for both
electrodes, flow rate of 0.2 L min−1 for both gases, 80 °C,
100% RH, and zero backpressure) enabled a peak power
density of 0.26 W cm−2 at 0.59 A cm−2 (Figure 5a), which is
comparable to benchmark systems at the same working
conditions.6,11,40 Changing the anode catalyst to Pt−Ru/C
(0.5 mgPt cm

−2 and 0.25 mgRu cm
−2) increased the peak power

density to 0.45 W cm−1. Increasing gas flow rate to 1.0 L min−1

for both gases, while keeping Pt−Ru/C for the anode, further
increased the peak power density to 0.73 W cm−2. As can be
seen from previous studies, more active catalysts reduce
activation barriers for the hydrogen oxidation reaction, and
faster gas transport gives higher rates (Figure S27).6,33 We also
demonstrated that the fuel cells with PX75-T50 give high
performance with more economical silver catalysts. Ag/C, 0.5
mgAu cm

−2, on cathode resulted in 0.47 W cm−2 peak power
density, with Pt−Ru/C for the anode and the high flow rate.
Although a greater voltage drop was observed from the
polarization curve with the Ag/C cathode, this is a promising
result considering substantial power output and significantly
lower price of silver (the price of Ag is ≈2% of that of Pt).
To test single-cell durability, a constant current discharge of

0.40 A cm−2 was applied at 80 °C, for 400 h under the
conditions used for “Pt−Ru/C Anode & High Flow”. Although

Figure 5. H2/O2 AEMFC performance with PX75-T50. (a) Polarization curves with different catalysts and higher flow rates. Data points with filled
circles and dotted lines are for cell voltage and power density, respectively. (b) AEMFC durability test at a constant current density of 0.4 A cm−2 at
80 °C, with Pt−Ru/C anode, Pt/C cathode, and high gas flow. Reference condition means Pt/C for both electrodes, 0.2 L min−1 for both gases, 80
°C, 100% RH, and zero backpressure. Besides the reference, the legend contains variables changed compared to the reference. High flow means 1.0
L min−1 for both gases. Catalyst loading for all electrodes is 0.5 mg of metal (or bimetal) per unit cm2.
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there is some initial loss, only a 10% voltage decrease was
observed (Figure 5b) over this entire test. This reliable long-
term cell operation is consistent with the membrane stability
data (Figure 3b), and the mechanical stability of the
membrane. PX75-T50 displays only 8% water uptake and 3%
swelling ratio at 80 °C. This improved mechanical stability, as
compared to the previous reports,7,11,13 results in reliable long-
term operation by maintaining conformal contact between the
membrane and the electrode assembly.

■ CONCLUSIONS AND OUTLOOK
We synthesized a new generation of AEMs from pyrazolium
cross-linked triptycene copolymers, wherein charges are
delocalized to construct ionic highways for lower conduction
barriers and increased chemical/mechanical stability. The
membranes achieve enhanced properties with decreased
water uptake and lower IEC, features that diverge from the
present trends among AEMs. These rare features are the result
of ionic highway networks that are formed from the unique
cross-linked structures in the membranes. Computational
studies on ESP and 2D-LMC reveal how extended networks
of pyrazolium and triptycene produce ionic highways by
lowering diffusion barriers. The peak power density of 0.73 W
cm−2 from platinum-group-metal electrodes, 0.47 W cm−2

from the silver-based cathode, and stable long-term cell
operation make the materials further qualify this approach as
promising. The concept of assembling an ionic highway using
charge-delocalized cations as cross-linkers is herewith estab-
lished to develop new generations of high performing AEMs
for cleaner energy generation.
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