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ABSTRACT: The development of high-temperature proton exchange membranes (HT-PEMs) with low cost, simple synthetic
pathways, and superior physicochemical performance is of paramount importance for their successful integration into fuel cells.
Herein, we prepare HT-PEMs by grafting alkaline side-chain groups onto poly(p-terphenyl-co-4-acetylpyridine) membranes (PTAP-
R), taking 2-chloromethylbenzimidazole (BIm) and (3-bromopropyl)trimethylammonium bromide (TAB) as functionalized
reagents. Initially, PTAP is synthesized via a straightforward Friedel—Crafts polymerization process. For the purpose of increasing
the phosphoric acid (PA) doping content along with improving conductivity, Blm or TAB with alkaline side chains is incorporated
onto the PTAP backbones. Comparative analysis reveals that the PTAP-BIm membrane accomplishes an exceptional PA doping
level of 289%, and the conductivity attains 122 mS/cm at 180 °C in nonhumidification conditions. Large amounts of PA molecules
provide numerous active sites for proton transfer, leading to the development of extensive and dynamic hydrogen bonding networks
along with densely interconnected transport pathways, which offer additional pathways for effective proton conduction.
Furthermore, the H,-air fuel cell utilizing PTAP-BIm membrane with 289%PA achieves a peak power density of 324 mW/cm? at 160
°C without backpressure. This study elucidates a cost-effective and mild approach for fabricating high-performance HT-PEM:s that
hold great potential in HT-PEM fuel-cell applications.

KEYWORDS: poly(p-terphenyl-co-4-acetylpyridine), alkaline side chain groups, proton transfer,
high-temperature proton exchange membrane, fuel cell

1. INTRODUCTION temperature conditions.”> The high-temperature proton
exchange membrane (HT-PEM) serves as the key component
in HT-PEMFCs by conducting proton and separating the fuel
gas between two electrodes at elevated temperatures.”’
Alkaline polymer membranes doped with inorganic acids can
conduct protons under anhydrous conditions. Phosphoric acid

Proton exchange membrane fuel cell (PEMFC) is a clean
energy conversion device and exhibits low pollution, high
conversion efficiency and power density, silent operation, as
well as a broad range of applications, making it well
concerned."” High-temperature PEMFCs (HT-PEMFCs)
afford several additional advantages, namely, improved
electrode reaction kinetics, simplified hydrothermal manage- Received: December 15, 2024
ment system, and higher fuel impurities tolerance at elevated Revised:  February 20, 2025
operating temperature (100—200 °C). These advantages Accepted:  February 20, 2025
greatly enhance the overall working efficiency of HT-PEMFC

systems and effectively address challenges related to the

storage and transportation of pure hydrogen fuel under low-
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(PA)-doped polybenzimidazole (PBI) has been broadly
researched since they were first developed by Wainright et
al,” undergoing subsequent modifications.”**’ Acid-doped
PBI and its derivatives demonstrated outstanding proton
conductivity, exceptional mechanical property as well as
thermal stability in the operating environment of HT-
PEMFCs.'® Nevertheless, the further development can be
limited as high-molecular-weight PBI polymers can be poorly
soluble in polar solvents and exhibit a toxicity associated with
monomer synthesis.”'" Consequently, materials possessing
superior properties were developed and applied as membrane
electrolytes for polymer membrane fuel-cell applications.
Poly(aryl ether) polymers have been extensively investigated
due to their cost-effectiveness, excellent mechanical property,
and adequate thermal stability. Moreover, the molecular
structure of these polymers is highly designable and can be
regulated through chemical modifications to obtain remarkable
physicochemical properties. Various poly(aryl ether) polymers
incorporating functional groups in their backbones have been
reported for HT-PEMs, which have been further enhanced by
optimizing the molecular architecture, adjusting the content of
functional groups, synthesizing block copolymers, and employ-
ing chemical cross-linking techniques.”'>'* The structural
design of HT-PEMs with diverse alkaline groups on the side
links is more flexible. Introducing tertiary amine groups or
nitrogen heterocyclic rings into aromatic polymers represents
an alternative strategy for preparing HT-PEMs. These
polymers can be modified with alkaline groups through
halogenation substitution reactions and Sy2 nucleophilic
substitution reactions, providing acid doping sites. For
instance, imidazolium groups with various structures were
grafted onto polysulfone (PSU),""'*"> while nitrogenous
heterocyclic and tertiary amine groups were introduced on
poly(ether ether ketone) or poly(aryl ether sulfone),'®'” which
exhibited excellent PA adsorption capacity and proton
conductivities. However, the complex synthesis process
involving hazardous reagents and uncertain grafting degree
limited widespread development. Additionally, the aromatic
ether bonds in the polymer matrix easily attacked free radicals,
resulting in degradation of the membrane materials.
Polyaromatic polymers lacking aryl ether bonds or benzylic
sites can be synthesized simply through the Friedel—Crafts
acylation reaction, catalyzed by superacids under mild and
facile conditions. Furthermore, these polymers exhibited a high
degree of polymerization and exceptional thermal stability.' >
Jannasch’s group developed a series of poly(arylene
piperidinium)s used as anion exchange membranes, which
were demonstrated outstanding conductivity and stability
under alkaline solutions.”® Subsequently, polyaromatic poly-
mers have been widely used as membranes matrix in alkaline
fuel cells,*"** water electrolysis,zs’24 vanadium redox flow
battery,”>*° and HT-PEMFCs.””~** Building upon polyar-
omatic polymers, extensive efforts have been invested in
investigating the main chain structures of the polymers to
enhance their physicochemical properties for fuel-cell
applications. Chao et al. developed a range of membranes, as
well as binder materials modified with different nitrogen-
containing heterocyclic groups. Consequently, a peak power
density based on TP-4-IM reached 1004 mW cm™* at 200 °C
when utilizing hydrogen and oxygen.”” More recently, our
group synthesized a range of pyridine-containing aromatic
copolymers with different backbones incorporating rigid,
flexible, or bulky moieties. Among them, the P(TP-co-

DMF)/194%PA membrane containing 9,9-dimethylfluorene
structures achieved the best comprehensive performance, and
the peak power density reached 947 mW cm™ as tested in
hydrogen and oxygen fuel cells at 180 °C.*" Incorporating side
chain groups onto polymer backbones is a very effective way
for enhancing physicochemical properties of membranes.”>**
For instance, by introducing side chain groups into the PTP-
C5/PA membrane structure, the PA uptake was increased and
conductivity was significantly improved. Moreover, this
proposed membrane revealed a peak power density of 676
mW cm™ at 210 °C in hydrogen-air battery test without
backpressure.”*

Based on the previous studies, the two alkaline side
chain groups were grafted onto PTAP membranes through
nucleophilic substitution in order to further enhance the acid
doping content and conductivity in this work. Two different
basic groups, namely, 2-chloromethylbenzimidazole (BIm) and
(3-bromopropyl) trimethylammonium bromide (TAB), were
introduced into the original polymer backbone containing
pyridine to prepare HT-PEMs (referred to as PTAP-R). This
not only increased the density of acid doping sites for proton
transfer but also investigated the impact of different aliphatic
amine or bulky N-heterocyclic group side-chain structures on
membrane materials’ physicochemical properties. Therefore, a
more comprehensive study of the PTAP series membranes was
conducted. The membrane performance and the fuel-cell
property based on PTAP-R were assessed to investigate the
fabricated membranes’ technical feasibility in HT-PEMFCs
application.

29,33

2. EXPERIMENTAL SECTION

2.1. Materials. Trifluoromethanesulfonic acid (TFSA), trifluoro-
acetic acid (TFA), p-terphenyl (TP), 2-chloromethylbenzimidazole
(BIm), and (3-bromopropyl)trimethylammonium bromide (TAB)
were came from Adamas Reagent. Meanwhile, 4-acetylpyridine (AP)
was procured from Energy Chemical. N-methyl-2-pyrrolidone
(NMP), dimethyl sulfoxide (DMSO), dichloromethane (CH,CL,),
diethyl ether, sodium bicarbonate (NaHCOj;), hydrogen peroxide
(H,0,), and phosphoric acid were provided by Sinopharm Chemical
Reagent. These chemicals were utilized directly.

2.2. Synthesis of Polymers. The PTAP was prepared through
superelectrophilic activation, following previously reported meth-
o0ds.” TP (15.6 mmol) and AP (20.4 mmol) were dissolved in
CH,Cl, at a mole ratio of 1:1.3 under an ice bath. To adjust the
solution’s acidity, 0.8 mL of TFA was added subsequently. The
polymerization reaction was initiated by the gradual addition of
TEFSA, with continuous mechanical stirring of the cooled solution.
This reaction proceeded for 1 h under ice bath conditions and
continued at RT for approximately 48 h, resulting in a dark blue,
viscous solution. The final product was transferred to the 1 M
NaHCOj solution, then a slight yellow hue precipitate formed. The
PTAP product was extensively washed until it reached neutrality and
then dried at 100 °C for 24 h. The inherent viscosity of PTAP was
tested as 0.596 dL g~' by using a PTAP/NMP solution (0.5 g dL™")
at 25 °C with an Ubbelohde viscometer. After three testings for each
sample, the viscosity was obtained from the formula 5 = [In(t./t,)]/c.
The parameters t, and f, represents the polymer solution efflux times
and NMP solvent efflux time, respectively, and ¢ is 0.5 g dL™".

2.3. Preparation of Functionalized PTAP Membranes. The
PTAP was functionalized with BIm and TAB through a nucleophilic
substitution reaction, as depicted in Figure 1, resulting in the
formation of cationic PTAP polymers with distinct alkaline side
chains termed PTAP-BIm and PTAP-TAB, respectively. To illustrate
the preparation process of the PTAP-TAB membrane in detail, TAB
was initially added to a mixture of DMSO and NMP (1:3) under
refluxing conditions at 80 °C with magnetic stirring until it was
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Figure 1. (A) Synthesis of the PTAP and functionalized PTAP-R
polymers and (B) schematic of proton transport in the PA-doped
PTAP-R membrane.

completely dissolved. Subsequently, the mixture of the aforemen-
tioned solution and NMP solution containing the PTAP polymer
received 10 h of stirring at 80 °C to facilitate the grafting reaction.
The resulting homogeneous solution underwent precipitation course
in diethyl ether, and then was thoroughly cleaned and filtered before
vacuum drying. A 2 wt % solution was formed for membranes
preparation after the dissolution of the obtained product in DMSO.
The solution was poured onto a Petri dish for 24 h of evaporation at
80 °C. Finally, the membranes were peeled off from dish, followed by
a thorough wash using deionized water and another 48 h of drying at
50 °C to obtain homogeneous and transparent membranes with a
thickness of 45 + S um (see Figure 3, presented later in this work).

2.4. Acid Doping and Swellings. The PA doping process
involved immersing dry membranes in 75 and 85 wt % PA solutions at
a temperature of 45 °C until equilibrium was achieved. After the
removal of the excess PA on the sample surface using filter paper, the
mass gains were taken into account for calculating the respective acid
doping content (acid%), according to eq 1, and the dimensional
alternation of the raw and acid-doped membranes was considered for
calculating the area swelling (AS%) and volume swelling (VS%), using
egs 2 and 3. In the equations, m, Sy, V, and m, S, and V respectively
denote the mass, area, and volume of initial and PA-doped samples.

. m—mg
acid% (%) = ——— X 100%
mgy (1)
S — 20
AS% (%) = —— X 100%
S (2)
VS% (%) = —2 x 100%
Vo (3)

2.5. Characterizations. The '"H NMR spectra of PTAP and
PTAP-R membranes were acquired on a Bruker AVANCE 600 MHz
spectrometer, utilizing a deuterated reagent (CDCl; and DMSO-d,)
as solvent. We collected the FT-IR spectra on a Thermo Fisher
Scientific Nicolet iS20 instrument in the 4000—500 cm™. SEM
analysis was employed to characterize the surface morphology of

membranes by using a Model SU 8000 microscope after platinum
coating. Their chemical stability was determined through a Fenton
test, utilizing a solution containing 3.0 wt % H,0,, along with 4 ppm
Fe®" for a specified duration at 68 °C. After each exposure period, the
collected samples were cleaned and then underwent drying treatment
at 80 °C until their mass remained constant. Subsequently, the dried
films were replaced into the refreshed Fenton solution, and this
process was repeated to assess their chemical stability, based on mass
loss and membrane integrity during the stability test. The
thermogravimetric analysis (TGA) served for assessing the mem-
branes’ thermal stability under the assistance of a NETZSCH STA
449FS instrument. We conducted TGA measurements at 30—800 °C
within a nitrogen atmosphere. In this process, the heating rate is 10
°C/min. In addition, a tensile strength instrument (CMT200) was
employed for evaluating the membrane mechanical properties, and
the curves were collected under RT conditions when the stretching
speed was set at 5 mm min~". Prior to testing, the membranes were
made into dumbbell shapes according to the mold specifications, with
a length of 25 mm and a width of 4 mm.

2.6. Proton Conductivity. We measured the proton conductivity
by virtue of the four-probe technique at a frequency of 4 kHz.>> For
eliminating the influence of moisture, the membrane samples
underwent 1 h of drying treatment at 100 °C before testing.
Conductivity measurements were conducted from 100 to 180 °C in a
nonhumidified environment. The conductivity values were calculated
according to eq 4, where the 6 and R denote conductivity and
resistance, respectively, and [ and S represent the distance between
two electrodes and membrane’s cross-sectional area.

1
T RXS 4)

2.7. Fuel Cell Tests. Membrane electrode assemblies (MEAs)
were fabricated via a hot pressing process at 120 °C under 2 MPa
pressure for 3 min. Following fabrication, the performance of fuel cell
was evaluated to assess the application potential of the membranes
prepared. Each MEA featured an active area of 1 cm?, incorporating a
Pt/C catalyst and PBI binder with loadings of 1.5 mg/cm” and 0.07
mg/cm? The single-cell performance evaluation employed hydrogen
(80 mL/min) and air (200 mL/min) as reactants. The experiment
process was conducted at temperatures spanning from 120 °C to 160
°C, without humidification or backpressure applied.

3. RESULTS AND DISCUSSION

3.1. PTAP-R Membrane Structures. 'H NMR spectros-
copy was employed to verify the chemical structures of PTAP,
PTAP-TAB, and PTAP-BIm membranes, as illustrated in
Figure 2A. For the PTAP spectrum, the methyl proton (H;)
exhibited a chemical shift at 2.24 ppm, while the pyridine ring
H (peak 2 and peak 3) appeared at 7.13 and 8.55 ppm,
respectively. The characteristic peaks among 7.20—7.67 ppm
were ascribed to the H in the aromatic phenyl groups of
polymer main chain, aligning with findings from prior
studies.”® Comparing with the characteristic signals of PTAP,
following the introduction of TAB and Blm, the hydrogen peak
(H, and Hj,) associated with the pyridine ring moved to higher
chemical shifts. This shift can primarily be attributed to the
electron-withdrawing effect exerted by grafting side chains.
Furthermore, the signals at 4.67 ppm (H,) and 3.15 ppm (Hg)
emerged due to the methylene llnka?ge and terminal methyl
groups —N*(CH,); in PTAP-TAB.”” Meanwhile, the peaks
observed at 13.36 (Hy) and 7.00~7.40 ppm (Hg),) were both
correspond1n7g to the grafted benzimidazole ring structure in
PTAP-BIm."”** Moreover, peak “¢” in —CH,— of PTAP-BIm
(6 = 6.25 ppm) was higher than that of the PTAP-TAB,
possibly because of the more electrophilic activity of the
imidazolum group.” Notably distinct characteristic signals
were observed in both PTAP-TAB and PTAP-BIm NMR
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Figure 2. (A) 'H NMR spectra and (B) FT-IR spectra of PTAP and
its functionalized PTAP-R membranes.

spectra, confirming successful grafting onto the main chain.
The grafting degrees of PTAP-TAB and PTAP-BIm were
calculated as 97% and 92%, respectively, which was determined
by integral area ratio of the methylene group (H,,.) to pyridine
ring (Hj).

In addition, we focused on examining membrane samples in
terms of the chemical structure using FT-IR spectroscopy data.
According to Figure 2B, the signal at 3027 cm™" is indicative of
the stretching vibrations of aromatic C—H. Meanwhile, the
signals at 1006 and 796 cm™' indicate the deformation
vibrations of the C—H bonds.””*' The peak observed at 1591
cm™' results from the C—N stretching vibration of pyridine
rings in PTAP, which shifts to 1637 cm™ in the PTAP-R
membranes spectra. This phenomenon can be explained by the
impact of quaternization on the pyridine ring conjugated
structure.””*” Moreover, the bending vibration of methylene
and stretching vibration of quaternary ammonium appears at
1458 and 1383 cm™, respectively.””*" Consequently, 'H NMR
and FT-IR analyses validate the chemical structures of all
fabricated membranes.

Through a straightforward solution-casting method, mem-
branes of PTAP, PTAP-TAB, and PTAP-BIm were prepared.
In fuel-cell applications, the integrity of the membrane is

essential for efficiently isolating the anode from the cathode. As
depicted in Figure 3, the resulted membranes were uniform,

Figure 3. Surface morphologies by SEM and photographic images of
(A) PTAP, (B) PTAP-TAB, and (C) PTAP-BIm membranes.

transparent, presenting a yellow or brown hue, and also
exhibited excellent resilience. The surface morphologies images
and photographs of the three membranes confirmed their
dense and nonporous microstructures without phase separa-
tion, which were crucial for reducing gas crossover in MEAs
and essential for fuel-cell applications.”"***>**

3.2. Chemical and Thermal Stabilities. The membrane
is inevitably attacked by hydroxyl radicals and peroxyl (eOH
and eOOH) when assembled in fuel cells.** Therefore, the
chemical stability of HT-PEM is a key factor in evaluating
membrane materials because it directly determines the
battery’s performance and service life. The chemical stability
of PTAP, as well as its grafted membranes, was normally
evaluated using Fenton’s reagent. Figure 4A shows the mass
retention rates of membrane samples during the chemical
stability test over time. The inserted photos depict the
appearance changes in the membrane materials before and
after undergoing the oxidative test. The PTAP membrane still
maintained its original shape with a mass retention rate of
86.4% at the end of this experiment. The PTAP-TAB
membrane broke into fragments after 10 h Fenton test while
the PTAP-BIm membrane remained relatively intact with
crimp after being subjected to Fenton test for 234 h. These
results indicated that grafting quaternary ammonium and
imidazolium groups onto polymer main chains significantly
influences the oxidative stability of the films.'"** The PTAP-
BIm membrane exhibited better chemical stability, while the
PTAP-TAB membrane was more vulnerable to free radical
attack, leading to degradation due to its alkane chain.
Consequently, considering comprehensive comparison results
suggested that the PTAP-BIm membrane held more promise
for fuel-cell applications.

Thermal stability is a critical attribute for evaluating
membranes designed for HT-PEMs. As shown in the TGA
curves in Figure 4B, PTAP and PTAP-R membranes exhibit
good thermal stabilities until to 200 °C. At approximately 100
°C, the observed minor mass change does not exceed 1.5%,
which is mainly because of the evaporation of absorbed
moisture.'" The breakdown of the grafted side-chain functional
groups results in a reduction in weight near 300 °C,** while the
subsequent mass reduction results from the polymer main
chain decomposition. Thermogravimetric analysis indicates
that these synthesized PTAP-R membranes demonstrate
sufficient thermal stability under the working conditions of
HT-PEMEFCs.

3.3. Acid Doping and Swellings. The PTAP and PTAP-
R membranes were doped in 75 and 85 wt % PA solution,
respectively, and subsequently placed in a 45 °C oven until the
membrane mass presented no more change. The PTAP
membrane can absorb PA via interactions involving acid—base
reactions and hydrogen bonding, because of the pyridine
groups present within the polymer’s repeating units. In
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Figure 4. (A) Fenton test at 68 °C (reagent: 3 wt % H,0,, 4 ppm of Fe**) and (B) TGA curves in nitrogen gas of PTAP, PTAP-TAB, and PTAP-

BIm membranes.

comparison with PTAP, the PA absorption was significantly
increased for the PTAP-R membranes at different concen-
trations of PA solution, resulting from the attached alkaline
groups in their side chains. It was observed that the acid
percentage in the PTAP-BIm membrane exceeded that in the
PTAP-TAB membrane when the membrane grafting degree
was similar; i.e,, PTAP-BIm soaked in 85 wt % PA displayed a
highest acid doping content up to 289%, while under identical
conditions, the acid% for PTAP-TAB membrane was only
246%. This difference could be attributed to the presence of
benzimidazole group, which not only increased the interaction
site of PA, but also generated more free volume within the
membrane. The acid doping results illustrated that grafting
alkaline side chain groups is an available method to increase
the membranes acid doping content.

Higher doping levels of PA molecules were beneficial to the
increase in anhydrous proton conductivity; however, the
increased phosphoric acid doping resulted in larger swellings
and reduced dimensional stability. As displayed in Figure 5, the
membranes with higher acid doping content exhibited more
area and volume swellings. For instance, the PTAP-TAB/246%
membrane showed 73% area swelling and 115% volume
swelling, while the PTAP-BIm/289% membrane had values of
92% and 138%, respectively. Furthermore, after immersion in
an 85% PA solution, the PSF-Im-70/235.8%PA membrane,

Value/%

Acid

Volume swelling

<

< Area swelling

»© XN
Q/\P?'/\ ?«P"g’

& ¥ < P o

W

Membranes ¢

Figure 5. Acid percentage, area, and volume swellings of the
membranes after immersed in different PA solutions.

poly(arylene ether sulfone) including pendent imidazole
groups,45 and (DAP-PSU-99)/235.90% membrane grafting
with three tertiary amine groups onto polysulfone'* experi-
enced volume swellings of 194% and 155.15%, respectively.
Compared to previously reported results, the PTAP-R
membranes expressed better dimensional stability with a
similar acid doping content, which was beneficial for
promoting battery performance.

3.4. Mechanical Property. Long-term operation of fuel
cells necessitates that HT-PEMs possess adequate mechanical
stability to ensure consistent and reliable performance.”® The
PTAP and PTAP-R films tensile strength and elongation were
investigated at room temperature after immersing them in PA
solutions, as depicted in Figure 6. Generally, higher acid
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Figure 6. Tensile strength curves of PTAP and PTAP-R membranes
immersed in 75 and 85 wt % PA solutions at RT.

doping content in membranes leads to lower tensile strength
due to the reduced intermolecular forces caused by the
plasticizing effect of phosphoric acid.”"" The tensile strength of
the PTAP or PTAP-R membrane doped in 75 wt % PA was
better than that of doped in 85 wt % PA. For instance, the
tensile strength decreased from 4.8 MPa for PTAP-BIm/242%
PA to 3.3 MPa for PTAP-BIm/289%PA, respectively.
Although the tensile strength of PTAP-TAB/246%PA
membrane was similar to that of PTAP-BIm/242%PA
membrane, their elongation at break was different, probably
resulting from the rigid structure in the PTAP-BIm membrane,
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but the flexible alkyl side chain in the PTAP-TAB membranes.
These results indicated that the mechanical properties were
not only influenced by the plasticization of PA,** but also
related to the structure of the polymer. It has been reported
that the membrane is suitable for fuel cells when its tensile
strength is greater than 1.5-2 MPa.*** Therefore, the
mechanical properties of the prepared PTAP-R/PA films
could meet the requirements for assembling fuel cells.

3.5. Proton Conductivity. Figure 7 shows that the proton
conductivities of all measured membranes increased as
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Figure 7. Conductivities of PA doped PTAP and PTAP-R
membranes.

operating temperature elevated due to the enhanced proton
mobility at high temperatures.*® For example, at 100 to 180
°C, the conductivity of the PTAP-BIm/289%PA membrane
elevated from 0.063 to 0.122 S cm™'. As reported in the
literature everywhere, higher levels of PA doping content
resulted in greater proton conductivity. The anhydrous proton
conductivity of PTAP-BIm/289%PA reached 0.122 S cm™! at
180 °C, while the PTAP-TAB/246%PA membrane showed a
value of 0.093 S cm™" at the same temperature. A large number
of PA molecules provided more active sites for proton transfer,
promoting extensive dynamic hydrogen bonding networks and
dense transport channels to be formed,” which offered
additional proton pathways for proton conduction as
illustrated schematically in Figure 1B. It should be noted
that, while increasing PA uptake enhanced proton con-
ductivity, it also compromised dimensional stability and
mechanical strength, thereby affecting the membrane electro-
lyte durability in fuel cells. Therefore, addressing comprehen-
sive requirements for both high proton conductivity and
satisfactory mechanical stability continues to present a
challenge, necessitating additional investigation.

3.6. Fuel-Cell Performance. With the objectives of
validating whether the PA-doped PTAP-R membrane was
technically feasible as a promising HT-PEM candidate, the
MEA was assembled and the battery performance curves were
measured. Fuel-cell tests based on the PTAP-BIm/289%PA
membrane (63 pm in thickness) was carried out over
temperatures from 120 to 160 °C in environments supplied
with H, and air without humidification. As depicted in Figure
8, the open circuit voltage (OCV) is stable at approximately
0.90 V across the tested temperature range and did not exhibit
a decrease with increasing temperature, indicating the low gas
crossover throu%h the membranes that hindered the gas fuels
effectively.”**** The performance of the MEA exhibited
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Figure 8. Fuel-cell performance based on the PTAP-BIm/289% PA
membrane fueling with H, and air at 120—160 °C without
humidification and back pressure.

substantial improvement at higher temperatures, ascribed to
the accelerated proton transfer and enhanced electrode kinetics
resulting from elevated operating temperatures.”*” The peak
power density reached 324 mW cm™ at 160 °C, but it was
only 205 mW cm™? at 120 °C. Compared with the results in
the literature, the PTAP-BIm/289%PA membrane exhibited
comparable performance in HT-PEMs. For instance, the
PTP—PMIm membrane featured the long side-chain imida-
zole-based ionic liquid-based fuel cell achieved a peak power
density of 318 mW cm™ at 160 °C in an unhumidified
hydrogen and air atmosphere.”® The performance comparison
of hydrogen-air fuel cells using various polymer membrane
electrolytes at 160 °C is summarized in Table 1. It is evident
that PTAP-BIm/289%PA showed better fuel-cell performance
among the investigated membranes. It should be remarked that
further optimization on fuel-cell testing should be done,
including the test system, MEAs fabrication, hot-pressing
procedure, electrodes and operating condition to improve the
battery performance. Fuel-cell tests were regarded as an initial
indication of the membrane applications feasibility and the test
results based on PA doped PTAP-BIm membrane demon-
strated its technical feasibility for HT-PEMFC applications.

4. CONCLUSION

Ether-free PTAP with alkaline side chain groups were
fabricated using 2-chloromethylbenzimidazole (BIm) and (3-
bromopropyl) trimethylammonium bromide (TAB) as func-
tionalized reagents. PTAP was prepared via Friedel—Crafts
polymerization at first. "H NMR results confirmed that PTAP
was synthesized as well and BIm and TAB were grafted onto
the polymer backbones successfully. SEM images and
membrane photographs showed that the PTAP-R membranes
were uniform and dense. The membrane properties were
influenced by the molecular structure of the side chains groups,
with Fenton testing demonstrating better chemical stability for
PTAP-BIm compared to PTAP-TAB membrane. Incorporating
alkaline side chain groups led to gradual increases in PA
doping content and proton conductivity, resulting in excellent
comprehensive properties for the PTAP-BIm membrane,
which achieved a high acid doping content, i.e.,, 289%, and a
remarkable conductivity of 122 mS/cm at 180 °C while
possessing an acceptable tensile strength of 3.3 MPa. The
membrane which contained a large number of PA molecules
provided more active sites for proton conduction. As a result,
extensive dynamic hydrogen bond networks as well as dense

https://doi.org/10.1021/acsapm.4c04024
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.4c04024?fig=fig8&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.4c04024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Table 1. Comparisons of the Physicochemical Properties and H,—Air Single Cell Performance at 160 °C of Acid-Doped

Membranes
Physicochemical properties

Membrane Acid% [%] o [S em™!] (T [°C]) Mechanical strength [MPa] Power density [mW cm™] ref
PTAP-BIm 289 0.117 (160) 3.3 324 This work
PTP—PMIm 323 0.138 (180) 45 318 35
QOPBL-15 167 0.049 (160) 27.0 260 44
PTP-CS 202 0.096 (180) 46 316 34
PPT 160 0.096 (180) 12.0 4877 30
PBI-Ben (15) 356 0.122 (180) 8.80 <225 48
PAEK,,-85%VIm 233 0.117 (180) 72 <250 49
QAS0 387 0.085 (160) 7.1 584° 50

“Cathode: 0.15 MPa backpressure. ¥200 kPa backpressure.

proton channels would be formed within the membranes,
offering additional pathways for proton transfer. The hydro-
gen—air single cell assembled with a PTAP-BIm/289%PA
membrane exhibited a peak power density of 324 mW/cm? at
160 °C without backpressure or humidification. Our present
work provided a low-cost and easy-to-operate synthesis route
for preparing high-performance HT-PEMs, and the proposed
membrane was expected for fuel-cell applications.
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