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cells based on phosphoric acid-doped polybenzimidazole (PBI)
materials face challenges of low power output and low Pt utilization
due to the lack of suitable electrode binders. We have developed a
sulfonated microporous polymer material (namely, SPX, i.e.,
sulfonated polyxanthene) with excellent chemical stability, to be
used as the electrode binder. The rigid and contorted polymer
structure of SPX reduces the adsorption of the ionomer on the Pt
catalyst surface, prevents phosphoric acid loss, and promotes the
rapid transport of reactant gases and water molecules within the t
catalyst layer. The cell performance is thereby significantly catalyst layer
improved, with a Pt utilization reaching 42.51%, and a peak

power density approaching 805 mW cm™ at 180 °C, surpassing the performance of cells using PBI as a binder.
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A common theme in the efforts to use PA—PBI as an

High-temperature H,/O, proton exchange membrane fuel cells ionomer in the catalyst layer has been to find an optimal

(HT-PEMFCs) based on a phosphoric acid-doped polybenzi- balance that ensures proton conduction without obstructing
midazole (PA—PBI) membrane represent the most mature fuel material transport. For instance, Mamlou and Scott” optimized
cell technology in the operating temperature range of 140 to the performance of HT-PEMFC cells by varying the PBI

180 °C.'~® However, the inefficiency of gas transport within content and the acid doping level within the electrode. The
the catalyst layer and low Pt utilization result in a relatively low optimized cells present a peak power density of about 500 mW
power output and require a high Pt catalyst loading. At 160 °C, cm™ at an operating temperature of 175 °C. However, the
the electrodes used in this scheme typically contain 0.7 mg, conventional practice of using the same polymer (for instance,
cm™2 of Pt, which delivers a peak power density of around 350 polybenzimidazole) as both the proton exchange membrane
mW cm > that does not meet the requirements of long-haul and the electrode ionomeric binder in the membrane electrode
transportation.” This significantly increases the cost of this assembly does not account for their drastically different
technology due to a low Pt-specific power density and low Pt requirements on gas permeability. The binder shall allow

utilization. To our knowledge, the Pt utilization of PA—PBI
HT-PEMFCs is at merely about 15%, far below the
approximately 75% utilization in low-temperature fuel cells.””
Identifying key factors that may help improve Pt utilization
and improve the HT-PEMFC power output is critical. In a
membrane electrode assembly (MEA), besides the proton
exchange membrane, the ionomeric binder is another critical
component.’ In the MEA catalyst layer, the ionomeric binder June 29, 2024
coats the Pt catalyst surface, forming a thin layer with an August 7, 2024
average thickness of 6—13 nm.”® The thin layer acts as a August 7, 2024
binder for the catalyst particles and participates in electro- August 15, 2024
chemical reactions by regulating the mass transport at the
electrode.

low-resistance permeation of reactant gases and product water,
while the membrane should prevent the cross-membrane
mixing of H, with O,."° In addition, the adsorption of aromatic
groups of ionomeric binders on the Pt catalyst surface will

. . 11
seriously compromise the cell performance.
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Figure 1. Properties of intrinsically microporous sulfonated ionomeric binders. Chemical structures and molecular configurations of (a) SPX and
(b) PBI control. (c) CO, sorption adsorption—desorption isotherms of the SPX ionomer (at 273.1S K). Density functional theory (DFT)
optimized interaction energy (d) of PA with SPX or PBI and adsorption energy (e) of SPX and PBI ionomers on the Pt catalyst surface (for

calculation, the system consists of an ionomer, Pt catalyst, and PA).

An ideal ionomeric binder shall have high proton
conductivity as well as high permeability to gaseous reactants
and produced water.'” The adsorption of the ionomeric binder
on the Pt surface should be mitigated to achieve high Pt
utilization. For PA-doped binders, the interaction between the
ionomeric binder and PA should also be examined since PA as
a proton carrier can promote proton conduction and is crucial
in constructing a good three-phase interface.

Ionomeric binders derived from microporous polymer
materials have recently raised broad research interest. Li et
al."® reported an effective catalyst binder material based on
intrinsic microporous polymers (PIMs) with strong hydrogen
bond functionality for HT-PEMFCs. They found that effective
catalyst binders based on PIMs'* can form strong hydrogen-
bonding interactions that improve phosphoric acid retention
and improve mass transport at the electrode. The tetrazole-
functionalized PIM binder enables a H,/O, cell to achieve a
high Pt mass-specific peak power density of 3.8 W mgp, ™" at
160 °C, with a Pt loading of 0.15 mgp, cm™> However, the Pt
utilization of this work was still not high (at ~25%). Wang et
al.'”® customized the three-phase microenvironment of low-
temperature H,/O, fuel cells by adding ionic covalent organic
framework (COF) nanosheets to Nafion to optimize the
ionomer. The Pt mass activity and peak power density (at a
cathode Pt loading of 0.07 mg p,/ cm”) of the resultant cells
are 1.6 times higher than those of an otherwise identical cell
without COF nanosheets.

Here, we report a chemically stable sulfonated polyxanthene
(SPX) as the ionomeric binder for HT-PEMFCs, which have
abundant micropore channels. The sulfonic acid groups
ensured rapid proton conduction within the channels. The
simulation results show that the rigid and twisted molecular
configuration reduces the adsorption of the ionomer on the
catalyst surface and the presence of microporous channels
enhances the retention of phosphoric acid. Benefiting from the
microporous structure, SPX allows for rapid material mass
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transport in the catalyst layer. With the SPX ionomer, the H,/
O, fuel cell achieves a Pt utilization reaching 42.51% and
improves the peak power density to 805 mW cm™ at 180 °C.
In addition, we also found that the fuel cell performance
degraded at more than 180 °C or low Pt loading conditions
and preliminarily explored the cause. Therefore, the strategy
that we propose in the present work can achieve excellent
power density and Pt utilization for H,/O, HT-PEMECs,
which will be beneficial to the further application of H,/O,
HT-PEMECs.

We synthesized a polyxanthene polymer with 4,4’-dihydrox-
ybiphenyl and 2,2,2-trifluoroacetophenone via a superacid-
catalyzed polycondensation reaction (designated as PX, Figure
Sla), according to a reported procedure.'”'” PX was then
sulfonated, resulting in a sulfonated ionomer designated as
SPX (Figure 1a). The successful synthesis of PX and SPX was
confirmed by the NMR spectra (Figure S1).

The rigid backbone and partial fluorinated structure of PX
and SPX enable them to be readily soluble in dimethyl
sulfoxide, forming a homogeneous solution'® and benefiting
the subsequent use as an ionomeric binder material in
membrane electrode assembly (MEA). The rigid and
contorted polymer backbone of SPX prevents effective
polymer chain packing, as revealed by molecular simulations
(Figure 1la). The SPX polymer chain displays a twisted
molecular conformation and cannot be densely packed,
whereas the control PBI chains are more flexible and can
pack efficiently (Figure 1b).

N, adsorption—desorption isotherms at 77.3 K were used to
analyze the microporous structure of the PX polymer (Figure
S2), and the calculated BET surface area of PX was
approximately 294.3 m* g~'. By contrast, the presence of
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Figure 2. Improved electrode triple-phase interface by the SPX ionomer. (a) Density distribution profiles recorded for SPX and PBI near the Pt
surface (0—S nm) during molecular dynamics simulations. (b) Dynamic water vapor sorption (DVS) isotherms of SPX and PBI ionomers,
measured at 25 °C and varied relative humidity (labels above the curves). (c) Three-dimensional equilibrated oxygen distribution at the ionomer—
Pt vicinity as derived from molecular dynamic simulations. The ionomers include SPX and PBI. Regions with higher O, concentrations are colored

blue. (d) Oxygen permeability across the SPX and PBI ionomers.

sulfonic acid groups within SPX resulted in hydrogen bonding
between sulfonate groups, leading to stronger interchain and
intrachain interactions and preventing the N, molecules from
entering the free volume elements. Therefore, the free volume
of SPX was probed by the CO, adsorption—desorption
experiments. Based on the CO, adsorption—desorption
isotherms (Figure 1c), density functional theory (DFT)
calculations revealed that SPX has a micropore free volume
of 0.091 cm® g™! and a pore size distribution ranging from 0.45
to 0.9 nm (Figure S3), indicating the microporous structure of
the sulfonated polymer.'®

SPX can form strong interactions with PA,"® but not with Pt,
as revealed by DFT calculations. Our calculation results
showed that the interaction energy between SPX and PA is
—528 kecal mol™’, higher than that for PBI (Figure 1d). This
can be explained by the hydrogen bonds formed between PA
and the sulfonic acid groups of SPX within its micropores,
which strongly adsorb PA molecules. By contrast, only acid—
base interactions are present between the benzimidazole units
and PA. This implies the strong confinement effect of

micropore free volume elements and may help prevent PA
loss during battery operation. DFT calculations also suggested
that the extremely rigid and twisted molecular conformation of
SPX could mitigate the adsorption of ionomer on the Pt
catalyst surface (Figure S4, Figure le).

To compare SPX with the PBI control, we fabricated gas
diffusion electrodes (GDEs) with both ionomeric binders and
analyzed the pore volumes of GDEs. The SPX-based GDE had
a pore volume of 1.48 mL g™, compared to a value of 1.30 mL
g™! for the PBI-based GDE (Figure SS). Scanning electron
microscopy (SEM) images revealed that the surfaces of both
the SPX-based GDE and PBI-based GDE were smooth and
free of cracks (Figure S6). In addition, we find that the SPX-
based GDE exhibited more uniform catalyst particle
distribution without agglomerations, as compared to the PBI-
based GDE following the same preparation procedure. To
note, our simulated distribution of ionomers on the Pt catalyst
surface (Figure S7) and the density distribution curves near the
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Figure 3. Electrochemical properties measured for SPX-based and PBI-based MEAs. (a) Linear sweep voltammograms (LSVs) and (b) Tafel
curves of SPX-based and PBI-based MEAs obtained from TF-RDE at 1600 rpm. The Tafel slopes are indicated. (c) Pt utilization and
electrochemical surface area (ECSA) of SPX-based and PBI-based MEAs calculated from the cyclic voltammograms. (d) Nyquist plots recorded at
160 °C and 0.6 V for MEAs prepared with SPX or PBI as the ionomeric binder, Pt/C (0.50 mg cm™>) as catalysts, and PA-doped PBI as the
membrane. The inset shows the equivalent electrical circuit model for EIS analysis. Measured data points are indicated by “-md”, while calculation

results are indicated by “-cal”.

Pt surface (0—S nm) (Figure 2a) shows that SPX has a
relatively low density near the Pt catalyst surface, and the wide
distribution indicates that SPX exhibits a weaker adsorption on
the Pt surface and a more loosely packed chain conformation.

An appropriate electrode binder should facilitate rapid mass
transport and help establish efficient triple-phase boundaries.'
Dynamic vapor sorption (DVS) isotherms reveal a water
sorption rate of 5.28 X 107 mg s™! for SPX, while that of PBI
is approximately 3.07 X 107 mg s~ (Figure 2b). We then
evaluate the transport of O, at the three-phase interface,
considering that the permeability of H, through a typical PIM
membrane is about 20 times that of O,.”" Molecular dynamics
(MD) simulations were conducted to characterize the
transport of O, across the SPX matrix and its distribution at
the ionomer/catalyst interface. The three-dimensional O,
density distribution map shows that most of the O, molecules
can penetrate through the SPX film and distribute at the
catalyst surface. By contrast, when PBI is used as the ionomeric
binder, the transport of O, is blocked by the polymer film and
cannot reach the catalyst surface (Figure 2c). Two-dimensional
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oxygen equilibrium snapshots confirm this observation (Figure
S$8). Interestingly, the O, molecules diffuse across the SPX
ionomer/Pt catalyst interface at a relatively constant rate,
whereas a plateau is observed in the PBI system (Figure S9a).
This may be attributed to the accumulation of O, near the PBI
film, which may lead to O, starvation at the Pt catalyst surface.
We confirmed this assumption by comparing the oxygen
density distributions near Pt. With SPX as the binder, 41% of
O, can reach within 2 nm of the Pt catalyst, whereas the value
is only 23% for the PBI system (Figure S9b). The O,
permeation rate measured by a homemade gas permeation
device also supports this conclusion (Figure S10). With the
same thickness of 25 ym, for the SPX film, an O, permeation
rate of 73.9 Barrer is obtained under an external pressure of 2
bar, while for the PBI film, an external pressure of 6 bar leads
to an O, permeation rate of only 0.789 Barrer (Figure 2d).

We employed the rotating disk electrode (RDE) experiments
to reveal the effects of SPX and PBI binders on the electrode
oxygen reduction reaction (ORR).”" We recorded the linear
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Figure 4. H,/O, fuel cell performance. Power density of the H,/O, fuel cell assembled with different ionomeric binders at (a) 160 and (b) 180 °C.
Polarization curves of different ionomeric binders at (c) 160 °C and (d) 180 °C. The ionomeric binders include PA-SPX, SPX, PA-Nafion, and
PA—PBL H,/0, flow rate: 0.5/0.5 L min™", without backpressure and under anhydrous conditions. Pt/C (0.50 mg cm™2) as the catalyst and PA-

doped PBI as the membrane.

sweep voltammograms (LSVs) of both SPX-based and PBI-
based catalyst inks at different rotation speeds (Figure SI11).
We observed that under the same conditions, the half-wave
potential (E,/,) for both binder systems is 0.85 V, while a
significantly different limiting current density (j_) was
observed.”” The j; is 2.77 mA cm™ for the SPX-based catalyst
ink, while it is only 2.07 mA cm™? for the PBI-based catalyst
ink (Figure 3a). We calculated the Tafel slopes of the two
catalyst ink systems at a current density region where mass
transport reaches the limit (Figure 3b). The rigid and twisted
structure of the SPX ionomeric binder facilitates more efficient
O, transport, resulting in a Tafel slope of 225.51 mV dec™’,
which is lower than that for the PBI system (275.03 mV
dec™).

The electrochemically active surface area (ECSA) was
derived from the cyclic voltammograms (CVs) of the SPX-
based MEA and PBI-based MEA, assembled with the PA—PBI
membrane, Pt/C catalyst, and SPX or PBI as the ionomeric
binder (Figure S12, Figure 3c). The ECSA of the catalyst in
the SPX-based MEA is 36.13 m? g_l, with Pt utilization as high
as 42.5%. By contrast, with PBI as the binder, the ECSA of the
same catalyst is reduced to 8.49 m* g~' and Pt utilization is less
than 10%.
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The reduction in interfacial charge transfer resistance (R) is
a key factor in improving the performance of fuel cells.”** We
measured the electrochemical impedance spectroscopy (EIS)
of MEA to investigate the impact of the binders on MEA
performance (Figure 3d). Since both MEAs use the same PA—
PBI membrane, the total ohmic resistances (Rg) of the MEAs
are similar. However, because of the high ECSA and Pt
utilization enabled by SPX, the R, of the SPX-based MEA is
0.11 Q cm? significantly lower than that of the PBI-based
MEA (0.60 Q cm?, Table S1).

We tested the performance of MEAs assembled with SPX in
high-temperature H,/O, fuel cells. We evaluated the H,/O,
fuel cell performance at 160 °C, and the SPX-based MEA
renders the corresponding cell a peak power density of 730
mW cm ™ at a current density of 1.83 A cm ™, exceeding the
416 mW cm™ peak power density achieved with PBI-based
MEAs (Figure 4a). When the operating temperature was
increased to 180 °C, the peak power density was increased to
805 mW cm ™ for the SPX-based MEA at a current density of
1.96 A cm™ (Figure 4b). The improvement in the cell output
power can be attributed to improved mass transport, as shown
in Figure 4c. Since all MEAs used the same PA—PBI
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membrane and the same catalyst, their open-circuit voltages
were similar (approximately 0.98 V). Similar voltage drops at a
current below 0.3 V cm™ were observed. However, at a
current density range of 0.3 to 1.5 A cm™?, limitations due to
mass transport arise. At 1.5 A cm ™, the voltage of the SPX-
based MEA is 0.45 V, while it is 0.27 V for the PBI-based
MEA, probably due to the differences in conductivity within
the catalyst layer. A similar trend is maintained at 180 °C
(Figure 4d). The above results support our hypothesis that
using SPX as an ionomeric binder can facilitate mass transport
and improve fuel cell performance.

Our control experiments show that PA with the SPX-based
MEA is critical for a high cell performance. When no PA is
added to the electrode and only a small amount of PA migrates
from the membrane to the electrode, the cell performance is
poor. We also found that when Nafion is used as a binder, its
poor acid absorption properties cause PA to leach out easily,
combined with the strong adsorption of sulfonic groups on Pt
surfaces, resulting in the worst cell performance.”>”°

We tested the H,/O, fuel cell performance at temperatures
ranging from 160 to 220 °C (Figure S13a,b). As the operating
temperature is elevated from 160 to 180 °C, the peak power
density slightly increases from 730 to 805 mW cm™
Surprisingly, as the temperature continues to rise to 200 °C,
the output peak power declines to 552 mW cm™?, which
further drops to 490 mW cm ™2 at 220 °C. This decline may be
due to the formation of pyrophosphoric anhydride at
temperatures above 180 °C, severely compromising proton
conduction.””**

We also attempted to reduce the catalyst loading in the SPX-
based MEA. When the Pt loading was reduced to 0.3 mg cm ™2,
the peak power density was suboptimal (Figure S13c,d). This
could be attributed to the poisoning effect of phosphate anions
within the electrode on the Pt catalyst.””’" At this stage,
reducing the catalyst loading results in insufficient active sites
for electrode reactions, and further efforts are thus demanded.

In summary, we investigated the changes brought about by
using sulfonated microporous polymer SPX as a binder for
HT-PEMEFCs based on the PA-doped PBI membrane. This
polymer features a rigid and contorted backbone, preventing
effective polymer chain packing and resulting in abundant free
volume elements. The adoption of SPX as a binder enhances
mass transport within the MEA, benefiting from the abundant
free volume and microporous channels, which allow fast
transport of reactant gases and product water. The micro-
porous channels also enhance PA retention and facilitate
proton conduction. Molecular simulations demonstrate that
the rigid, twisted molecular conformation of the SPX ionomer
significantly reduces its adsorption on the Pt catalyst surface.
The above characteristics of SPX improve electrode reaction
kinetics, reduce mass transfer resistance, and increase Pt
utilization (~42.5%). The MEA assembled with SPX as the
binder achieved a peak power density of 805 mW cm™ at 180
°C, far exceeding that with PBI. In conclusion, our theoretical
and experimental studies indicate that sulfonated microporous
polymer SPX is an ideal choice for a catalyst layer binder. This
concept may be broadly applicable to other types of electrode
reactions involving a three-phase boundary. Future efforts
should be devoted to further improving the thermal stability of
SPX, ideally to withstand temperatures above 250 °C and

prevent anhydride formation within the MEA at temperatures
above 200 °C.
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https://pubs.acs.org/doi/10.1021/jacsau.4c0056S.

Additional experimental details, materials, methods, and
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