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Herein, we present a hybrid polymer material with phosphonic acid
and sulfonic acid moieties on a poly(pentafluorostyrene) backbone
utilizing the SyAr Michaelis—Arbuzov and the para-fluoro-thiol
reaction. Blending the hybrid material with a benzimidazole poly-
mer yielded a mechanically stable membrane featuring proton
conductivities up to three times higher than conventional Nafion
N211 at temperatures above 120 °C.

Proton exchange membrane (PEM) materials have recently gained
significant attention because of their applications in water electro-
lyzers, CO, reduction, and fuel cell technologies.” Their unique
properties, including high proton conductivity and chemical sta-
bility, make them an attractive material for various industrial
energy conversion applications.>* The production of mechanically
robust and highly conductive PEMs is of great importance for the
high temperature PEM fuel cell technology (HT-PEMFC). Operat-
ing these fuel cell systems at high temperatures (120-170 °C) has
several advantages, including higher tolerance of impure fuel
streams, improved cathode kinetics, and a less complex water
management.” These advantages of HT-PEMFC position it as a
superior option compared to alternative fuel cell types, such as
sugar-based fuel cells.® However, developing polyelectrolyte mate-
rials that function reliably between 120 °C and 170 °C is demand-
ing. The state-of-the-art material Nafion lacks severe disadvantages
in this temperature range due to a low glass transition temperature
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(~140 °C),”® where the polymer chain partially softens. Further-
more, the proton conduction of sulfonated derivates relies on high
humidification.® Hereby, water promotes the dissociation of pro-
tons from the sulfonic acid units and provides mobile hydrated
protons. Polybenzimidazole membranes doped with phosphoric
acid are attracting attention for their use in HT-PEMFC
applications.'>"! However, the main problem with these materials
is the retention of phosphoric acids within the membrane.'” In this
study, enhanced proton conductivity at temperatures above 120 °C is
addressed with a polymer material comprising both phosphonic
acid and sulfonic acid groups, herein named hybrid material. The
two different acid segments conduct protons in a cooperative
manner at high and, hence, at anhydrous conditions.”*™® The
disadvantage of the sulfonated unit’s inability to conduct at high
temperatures is utilized as a proton donating counterpart to the
phosphonated unit, thus assisting in establishing a combined
mechanism for proton conduction. This complementary interaction
between the two ionic groups effectively mitigates the limitations of
both systems, offering the hybrid material significant potential for
the use in HT-PEMFC applications. In fact, its performance sur-
passes that of the state-of-the-art material Nafion, showcasing its
superior properties. Since the acidic moieties are covalently bound to
the polymer structure, leakage of molecules is avoided. Furthermore,
by blending the hybrid material with poly[2,2’-(p-oxydiphenylene)-
5,5’-bibenzimidazole] (OPBI) an acid-base interaction is formed,
thereby increasing the membrane’s mechanical stability.

The freeradical polymerization of poly(pentafluorostyrene)
(PPFS) was reported in a previous study.'” The post-polymerization
modification of PPFS using the Michaelis-Arbuzov and para-fluoro-
thiol reaction enables precise control over the phosphonation™®"
and sulfonation'”*° ratios. At first, PPFS was substituted to a degree
of 40% (PWN40), to achieve an optimal trade-off between membrane
mechanical stability and proton conductivity.** Afterwards, thioalk-
ylation under mild reaction conditions introduced chains termi-
nated with sulfonic acid groups (PWN40-S). This method allows for
precise control over the substitution degree and preserves the
number of sulfonic acids by preventing side reactions such as
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Fig. 1 (a) Chemical structures of PWN40-S, PWN75 and OPBI. (b) Ther-
mogravimetric analysis of the pristine polymers with the assigned onset

decomposition temperatures (heating rate: 10 K min™?, carrier gas: syn-

thetic air).

crosslinking.>® The use of ">’F-NMR allowed for precise monitoring of
the degree of functionalization for both reactions (see Fig. S1, ESIt).
Furthermore, the characteristic peaks of the phosphonation and
sulfonation were observed in the FT-IR spectroscopy, providing
evidence of the successful incorporation of the acid groups (see
Fig. S2, ESIt). As a reference material, PPFS with a phosphonation
degree of 75% was synthesized, referred as PWN75. From thermo-
gravimetric analysis measurements, the decomposition temperature
of the polymers was determined. In Fig. 1, the thermogravimetric
profiles are depicted with the respective decomposition tempera-
tures and chemical structures. PWN40-S decomposes at a tempera-
ture of 399 °C, whereas the first degradation step can be referred to
the cleavage of the Cyomatic—S bond of the alkyl side chain. After-
wards, the backbone and the phosphonic acid derivatives are
decomposed (T = 527 °C). The decomposition profile aligns with
previous studies."” Differential scanning calorimetry measurements
shows no discernible glass transition temperature for PWN40-S (see
Fig. S3, ESIT). Since OPBI has a glass transition temperature above
400 °C* the occurrence of a rubbery state within the operating
temperature range of 120 °C to 170 °C can be excluded. The high
thermal stability of the polymers, combined with their ability to
maintain a glassy state, make them well-suited for fuel cell technol-
ogies operating within this temperature range. Ionically crosslinking
for PWN40-S and PWN75 membranes was achieved by blending the
acidic polymers with the basic polybenzimidazole OPBI. We assume
that mainly ionic interaction occurs between the phosphonic acid
moieties and the imidazole group of the OPBI, as the phosphonic
acid units have a lower pK, value compared to the sulfonic acid
moieties. The pK, values, calculated using ACD/pK, DB software, are
0.5 £ 0.4 for phosphonic acid and 1.6 £+ 0.5 for sulfonic acid
moieties. A crucial consideration for membranes in HT-PEMFCs is
their resistance to oxygen radical species. Therefore, we performed
Fenton’s tests at 80 °C. The mass loss of the PWN40-S + OPBI
membrane was measured to be 0.11 £+ 0.06% after 2 hours and
1.07 £ 0.81% after 6 hours. Notably, analysis of the Fenton’s solution
revealed a sharp fluorine signal, which we refer to HF (see Fig. S13,
ESIt). Furthermore, proton conductivity measurements at room
temperature showed a slight decline in proton conductivity after
6 hours, suggesting some degradation of the membrane’s conduc-
tive properties (see Table S2, ESIT). Nevertheless, the membranes did
not fully degrade within the test time, and films remained intact
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afterward. Besides oxidative stability, the mechanical resilience of
the blend membranes was analyzed at room temperature at a
relative humidity of 23 4= 1%. PWN40-S blended with 18 wt% OPBI
shows a tensile strength of 44.5 + 9.5 MPa and an elongation at
break of 11.5 + 3.7%, while PWN75 (OPBI content of 32 wt%)
exhibits a tensile strength of 50.4 + 4.1 MPa and an elongation at
break of 8.5 + 1.2% (see Fig. S6, ESIt).The pure OPBI membrane has
a tensile strength of 58.6 + 18 MPa and an elongation at break of
7.1 + 3.3%. Overall, with increased OPBI content of the tested
membranes, the tensile strength is increased and the elongation at
break is decreased.

Another factor contributing to better elongation properties of
the blend membrane with PWN40-S is attributed to the small
aliphatic spacer between the PPFS backbone and the sulfuric acid
units of the PWN40-S polymer, leading to enhanced mobility of the
polymer segments.>*>° In contrast, the reference blend membrane
PWN?75 shows strong ionic interactions without flexible moieties
resulting in a restriction of stretching the polymer backbone and
inducing strain during extension. We conclude that the mechan-
ical strength of the synthesized polymer structure can be enhanced
not only through blending but also by incorporating flexible
aliphatic side chains."”” The nanostructure of ionomers signifi-
cantly influences their proton and water transport properties,
which are ultimately the most critical factors for reliable fuel cell
applications.*”” Therefore, the nanostructure of Ba®* stained
PWN40-S blend membrane was examined via high-angle angular
dark-field scanning transmission electron microscopy (HAADF-
STEM). Hereby, the polar acidic PWN40-S units, which do not
engage in ionic crosslinking with the basic OPBI, absorb Ba*>" ions
by an ion-exchange. The presence of the heavy Ba>* ions enhances
elastic scattering, causing the polar acidic segments to appear
brighter in the HAADF signal compared to the nonpolar regions
(see Fig. 2). Additional energy-dispersive X-ray (EDX) spectrum
imaging of the cross-section reveals superimposed fluorine signals
located in the polar segments. A comparison of the PWN40-S
blend membrane with the reference membrane (PWN75 + OPBI,
see Fig. S8, ESIt) shows that the PWN40-S blend membrane
exhibits larger domain sizes (domain size PWN40-S ~ 28.6 nm
versus domain size PWN75 ~ 2.2 nm). This indicates that the
domains of the blend membrane PWN40-S are more broadly
aligned, likely due to the sulfonic acid being attached via an
aliphatic linker rather than directly to the perfluorinated ring.
The difference in domain size is also reflected in the results of the
Brunauer-Emmett-Teller (BET) surface analysis (see Fig. S5, ESIT).

Fig. 2 Nanostructure analysis of PWN40-S blend membrane cross-
section stained with Ba?*. HAADF-STEM images and diffractogram for
nanostructure size determination with corresponding fluorine EDX spec-
trum and simplified chemical structure with crosslinking and assignment of
polar and nonpolar segments.
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The PWN40-S + OPBI membrane shows a surface area of
19.9 m> g, whereas the PWN75 + OPBI membrane exhibits a
larger surface area of 31.0 m* g~ *. Based on these findings, we
infer that a higher surface area is associated with a smaller average
domain size. Overall, a clear distinction between polar and non-
polar domains is evident in the PWN40-S blend membrane, which
is considered to improve proton conductivity by focusing ion-
conducting groups into nanochannels, thereby facilitating the
formation of well-defined ion transport pathways."

The water uptake and the proton conductivity of the blend
membranes were investigated to obtain detailed information if the
hybrid material is suitable for PEMFC application (Fig. 3). As
expected, the trend applies that an increased water uptake
enhances the proton conductivity (PWN75 < PWN40-S). In gen-
eral, dimensional swelling and the formation of broader proton
conductive channels are related to water absorption. Herein, the
PWN40-S membrane gravimetrically absorbs approximately three
times more water than the PWN75 blend membrane (see Fig. 3c).
However, the volume swelling (swelling in width and length) of the
hybrid membrane is only slightly higher than the reference
membrane (10.8 + 2.5% for PWN40-S and 6.8 + 0.7% for
PWN75 blend membrane). This difference may be attributed to
the varying domain sizes of the two blend membranes. PWN40-s
exhibits a larger domain size (28.6 nm), whereas PWN75 shows a
smaller domain size of 2.2 nm. Herein, larger domains in the
PWN40-S membrane can absorb more water without significant
expansion in width and length. This suggests a further hypothesis:
the nonpolar segments of the PWN40-S allow increased compres-
sibility, reducing volume swelling despite higher water uptake.
Enabling greater compression highlights the previously noted,
more flexible polymer structure of PWN40-5.>® Both membranes
were blended to achieve the same IEC, (3.0 meq. g ), yet the
proton conductivity measured at room temperature with 0.5 M
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Fig. 3 (a) IECiotal and IECgirect. (b) proton conductivity at room tempera-
ture in 0.5 M H,SO4, and (c) water uptake (gravimetric) and volume
swelling after 1 day at 85 °C of PWN40-S + OPBI and PWN75 + OPBI.
Proton conductivity of N211 and the PWN40-S OPBI blend membrane (d)
at a temperature range from 30 °C to 120 °C with high relative humidity
level, (e) at elevated temperature ranging from 120 °C to 170 °C with
anhydrous conditions.
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H,S0, is markedly higher for the blend membrane PWN40-S
(Gpwaos = 69.9 £ 8.1 mS cm ™ ') compared to the blend membrane
PWN75 (0pwnys = 2.7 = 0.7 mS em™'). A possible explanation,
namely the cooperative proton conduction of the hybrid materials,
is discussed in the following.

To compare the hybrid polymer with state-of-the-art polymer
material, temperature dependent through-plane conductivity
measurements were performed with a Nafion 211 (N211)
membrane. At the low temperature range from 30 °C to 120 °C
with high relative humidity (around 87%), the N211 membrane
shows a better proton conductivity than the in-house made
hybrid blend membrane. However, at a temperature of 120 °C
the N211 membrane exhibits a noticeable decline in conductivity
(¢ = 54.0 + 11.5 mS cm™ "), whereas the PWN40-S membrane
exhibits an enhanced conductivity of 76.3 + 9.3 mS cm . At a
low relative humidity level of about 20%, the hybrid membrane
outperforms the N211 membrane in the high temperature range
(120-170 °C). These results confirm the well-known limitations of
Nafion, including its restricted application temperature range
due to its dependence on hydration for proton conduction.?*~*
The analysis of the activation energy (E,) provides insights into
the proton conduction mechanism (see Fig. S10, ESIt). In gen-
eral, a lower Ea corresponds to easier proton conduction within
the membrane, facilitating faster proton transport.>* At tempera-
tures between 30-100 °C and relative humidity of approximately
87%, the N211 membrane exhibits an E, of 14.4 + 0.8 k] mol™*
(see Table S2, ESIt). This suggests a proton conductivity based
on a hopping mechanism, which is more dominant at high
water content.**** At elevated temperatures (120-170 °C) and
low relative humidity (20%), N211 displays an E, of 19.4 +
1.1 kJ mol !, consistent with previously reported values.*®
In contrast, the PWN40-S + OPBI blend membrane shows an E,
of 32.7 + 0.9 k] mol " between 30-75 °C (87%RH), whereas at
higher temperatures (75-100 °C) at the same relative humidity,
the Ea decreases to 9.0 + 0.5 kJ mol . Notably, within the
temperature range of 120-150 °C and low relative humidity
(20%), the PWN40-S + OPBI membrane exhibits a significantly
lower E, of 5.4 & 1.9 k] mol ™", indicating a relatively low energy
barrier for proton conduction. We relate this behaviour to the
cooperative conduction of sulfonic and phosphonic acid groups,
where sulfonic acid units act as proton donors to the phospho-
nated units, facilitating a combined proton conduction mecha-
nism. As a result, this interaction enhances proton conductivity
compared to the reference membrane, N211. However, at tem-
peratures exceeding 150 °C, the Ea rises sharply to 40.3 +
7.0 k] mol™!, suggesting a shift in the proton conduction
mechanism. Based on these findings, we propose that the
optimal operating temperature range for the PWN40-S + OPBI
membrane is between 100 °C and 150 °C. This range bridges the
gap between LT and HT operations, offering a promising solution
for applications requiring efficient proton conduction within this
temperature window. In addition, temperature-dependent con-
ductivity measurements of the reference membrane PWN75 +
OPBI could not be performed due to its diminished conductivity,
showing ultimately that improved proton conduction can be
achieved by a combined ionic acid system. To confirm that no
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acid moieties leach from the membrane and thus reduce proton
conductivity, a long-term conductivity test was performed at 120 °C
for 50 hours. Only minor variations in proton conductivity (47.7 +
3.2 mS em™ ') were observed, which may also be caused by fluctua-
tions in humidity (see Fig. S11, ESIt). This result is in good
agreement with a stability test in an aqueous environment.
Membrane pieces were immersed in 10 wt% H,SO, solution at
85 °C for 504 h. A mass loss of 6.1 + 0.4% for the PWN40-S blend
membrane is observed. Herein, the minor mass loss might be
attributed to weighing inaccuracies or dissolution of solvent resi-
dues in the membrane. The investigation of the sulfuric acid
solution after the treatment via NMR reveals no polymer peaks,
verifying the retention of water-soluble acidic polymer units via
electrostatic interactions with basic moieties of OPBIL

To conclude, the temperature-dependent conductivity test and
subsequent analysis of the activation energy reveal a distinct
difference in proton conduction behaviour compared to N211,
particularly above 100 °C at anhydrous conditions. This suggests
a cooperative conduction mechanism between the phosphonic
acid and sulfonic acid units, which is further supported by the
improved performance observed at these elevated temperatures.
These results strongly emphasize the usage of hybrid membranes
in HT-PEMFCs, closing the gap between low temperature and
high temperature PEM applications. Further approaches can use
these results as a blueprint and enhance the general membrane
properties by adjusting the sulfonic acid and phosphonic acid
units in terms of the length of the aliphatic chain, ratio, and
finally, the blend ratio with OPBI.
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