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branes consisting of acidic
carboxyl-containing polyimide and basic
polybenzimidazole for high-temperature proton
exchange membrane fuel cells
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A novel acid-base composite membrane consisting of acidic carboxyl-containing polyimide (PI-COOH) and

basic polybenzimidazole (OPBI) was fabricated and employed as a high-temperature proton exchange

membrane (HT-PEM). PI-COOH was used to prepare HT-PEMs for the first time. The PBI-based acid-base

composite membranes and ordinary composite membranes were investigated to elucidate the correlation

between the polymer structure and membrane properties, especially in situations where phosphoric acid

(PA) is used. The results show that OPBI-xPI-COOH composite membranes (x represents the weight

percentage of PI-COOH in the entire membrane) deliver high proton conductivities and superior PA

retention due to the continuous hydrogen bond network between OPBI and PI-COOH. The OPBI-50PI-

COOH composite membrane revealed a proton conductivity of 89 mS cm−1 under low PA uptake (109%).

Compared to the linear OPBI and OPBI-40PI composite membrane, a single cell with a low PA-doped

OPBI-50PI-COOH composite membrane presented superior durability and power density (463 mW cm−2)

at 160 °C and 0% relative humidity. In a short-term durability test of 369 h, the voltage attenuation rate

was only 119 mV h−1. These outstanding outcomes indicate that the obtained acid-base composite

membranes can be considered as capable candidates for HT-PEMs with enhanced performance.
10th Anniversary statement

Congratulations on the 10th anniversary of Journal of Materials Chemistry A! For the past few decades, environmentally friendly energy materials and technologies
have indeed revolutionized our lives, and they currently play a pivotal role in managing the energy-environment nexus, which is key to a sustainable future. In
this connection, the Journal, with its high standards and well-known reputation, has been the primary communication platform for all scientists in the world.
Beneting from the platform, our article entitled “Polymer electrolytes for lithium polymer batteries” (Journal of Materials Chemistry A, 2016, 4, 10038–10069) has
been cited over 800 times. We are interested in new types of sustainable energy materials and devices, improving the performance of green energy devices, and
enabling new concepts for the conversion and storage of energy. In this regard, we contribute this article to celebrate this grand festival and hope our journal
becomes even more popular.
1 Introduction

Currently, proton exchange membrane fuel cells (PEMFCs) have
been proven to be one of the most promising sustainable power
generation technologies. In particular, high-temperature
proton exchange membrane fuel cells (HT-PEMFCs) utilized at
low humidity (or no humidity) and high temperature (>120 °C)
are used for eco-friendly energy conversion in automobiles and
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f Chemistry 2023
xed equipment, and they are capable of enhancing the kinetics
of oxygen reduction reactions, increasing CO resistance of the
catalyst, and simplifying water/heat management systems.1–5

Considerable research has been conducted on proton
exchange membranes (PEMs), which are the paramount unit of
HT-PEMFCs.6–8 High-performance PEMs must engage in high
proton conductivity, and possess excellent thermo-mechanical
stability and durability at elevated temperatures and low
humidity (or under anhydrous conditions). Based on these
practical principles, phosphoric acid (PA)-adsorbed poly-
benzimidazole (PBI) is considered to be the most mature and
prospective PEM among various candidate membrane
materials.9–12 Nevertheless, higher PA doping amounts should
be absorbed on behalf of acquiring higher proton conductivity,
which oen results in a severe decrease in mechanical strength
J. Mater. Chem. A, 2023, 11, 12885–12895 | 12885
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Fig. 1 Overview of the properties of PA-doped OPBI-50PI-COOH
HT-PEMs.
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due to the plasticizing effect of PA.13–15 Furthermore, this may
bring about the loss of PA on account of its low molecular
weight during the period of the long-term running of the cell
and affect its overall performance. This problem may be
conquered by generating interactions with PBI to promote
proton conduction by means of substituting amphoteric poly-
acid for PA.16–20 Therefore, PA-doped PBI-type PEMs are still
facing many challenges in the process of achieving commer-
cialization, such as attaining higher proton conductivity, addi-
tional optimal mechanical properties, and PA retention ability
with increased stability.

In the past few years, several strategies, such as organic-
inorganic hybrids,21–23 chemically and physically cross-linked
membranes,24–26 and acid-base composite membranes,27–30

have been investigated to enhance the overall performance of
PBI as a PEM. Acid-base polymer blends containing an acidic
polymer and a basic polymer have been found to be excellent
candidates for acid-base blends. With the physical crosslinking
betweenN-containing basic groups and acidic groups, hydrogen
bonding was also envisaged, which can increase dimensional
stability and proton conductivity by the construction of new
proton transportation channels.

Over the last few years, different types of sulfonated aromatic
polymer materials, including sulfonated polyarylene ether
sulfone (SPAES),31,32 sulfonated polyimide (SPI),33 sulfonated
polybenzimidazole (SPBI),34,35 sulfonated polyether ether ketone
(SPEEK),36 sulfonated poly(uorenyl ether ketone) (SPFEK),37

and sulfonated polyether sulfone (SPES),38 have been developed
and applied in HT-PEMs due to their remarkable structural
stability and mechanical strength. For instance, Ye et al.39 re-
ported noncovalent cross-linked membranes using one uracil-
terminated telechelic sulfonated polyimide (SPI-U) and
another adenine-based crosslinking agent (SMA-A) to form bio-
complementary hydrogen bonding, and the modied
composite membranes presented improved proton conductivity
and more optimal antioxidant performance. However, the
common feature of these materials is that their comprehensive
properties are strongly dependent on the degree of sulfonation,
and when the degree of sulfonation increases, the chemical and
mechanical properties will deteriorate.40

Polyimide (PI) is a high-performance polymer material with
a trapezoidal structure that possesses high mechanical
strength, and outstanding thermal and chemical stability. Thus,
it has been widely applied in engineering plastics, advanced
composite materials, bers, lms, proton transfer membranes,
coatings, microelectronics, and in other elds.41–43 However,
because many polyimides are insoluble in common organic
solvents, it is difficult to directly process them for large-scale
production. In this situation, it is necessary to rst treat
a polyamide acid, and then heat-treat it for imidization. On the
contrary, excellent solubility in organic solvents has been
observed for polyimides containing uorinated or ether-bonded
monomers, for example, 4,4'-(hexauoroisopropylidene)diph-
thalic anhydride (6FDA) and 4,4′-oxydiphthalic anhydride
(ODPA).44 Because of the above-mentioned properties, there is
considerable demand for copolymerized PIs with satisfactory
solubility in organic solvents.
12886 | J. Mater. Chem. A, 2023, 11, 12885–12895
In this work, PI with functional groups, i.e., carboxyl groups,
was prepared to form a high-molecular-weight acidic polymer
(PI-COOH), which was used as a dopant for OPBI to form an acid-
base polymer blend PEM with the capability to retain the proton
transfer ability of OPBI under high temperatures and low
humidity. The hydrogen bond network generated between the
carboxylic acid group (–COOH) in PI-COOH and the imidazole
group in OPBI can further prevent the leaching of low-molecular-
weight PA, so as to increase the proton transport of the acid-base
composite membranes through a hopping mechanism.
Compared to the pristine linear OPBI, the as-prepared OPBI-
50PI-COOH membrane presented higher proton conductivity
under much lower PA-doping amounts. Moreover, it delivered
improved H2/O2 single cell performance and excellent fuel cell
stability (Fig. 1).

As far as we know, such a composite membrane has not been
reported in the relevant literature or patents, implying its great
potential as a HT-PEM. As a comparison, the proton conductivity,
mechanical performance, thermal and antioxidative stabilities,
and electrochemical performance of acid-base composite
membranes between unfunctionalized PI and OPBI (OPBI-40PI)
were also prepared and characterized as the control in this study.
2 Experimental
2.1 Materials

Poly[2,2′-(p-oxdiphenylene)-5,5′-benzimidazole] with a dynamic
viscosity of 6000 Pa.S (OPBI) was supplied by Shanghai Sheng-
jun Plastic Technology Co., Ltd. 3,5-Diaminobenzoic acid
(DABA), 4,4'-(hexauoroisopropylidene)diphthalic anhydride
(6FDA), 4,4′-oxydianiline (ODA), 4,4′-oxydiphthalic anhydride
(ODPA), phosphoric acid solution (85 wt%), and N,N-dimethy-
lacetamide (DMAc) were supplied by Aladdin Chemical Co. Ltd.
2.2 Synthesis of soluble polyimide (PI) and acidic carboxyl-
containing polyimide (PI-COOH)

A typical synthetic route for PI and PI-COOH was carried out
using a two-step polycondensation reaction, as depicted in
Scheme 1. The detailed preparation process is as follows.
This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis of PI-COOH and PI membranes.
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2.2.1 PI membrane. In a 100 mL three-neck ask, ODA
(1.20 g, 6 mmol) was added and dissolved with 30 mL DMAc by
continuous magnetic stirring under nitrogen. Then, 6FDA
(2.67 g, 6 mmol) was added in batches for mixed dissolution to
control a solid content of 12 wt%. Aer the solid was dissolved,
polyamide acid (PAA) was obtained aer magnetic stirring for
72 h at room temperature. Then, the PAA membrane was
formed by solution casting and volatilizing the solvent. Finally,
the PAA membrane underwent thermal imidization using
a muffle furnace at temperatures of 100 °C, 200 °C, and 300 °C
for 1 h each to obtain the PI membrane. The chemical reaction
process is shown in Scheme 1a.

2.2.2 PI-COOH membrane. Acidic carboxyl-containing
polyimide (PI-COOH) was synthesized by introducing the dia-
mino monomer of DABA containing carboxylic acid groups. The
molar ratio of DABA to ODA was controlled at 9 : 1. First, DABA
(1.37 g, 9 mmol) and ODA (0.20 g, 1 mmol) monomers were
added to a 50 mL round-bottom ask containing 23 mL DMAc,
and a transparent solution was then obtained by magnetic
stirring at room temperature. Aer cooling to below 5 °C in an
ice water bath, ODPA (3.10 g, 10 mmol) was gradually added.
The solution was stirred for 5 h below 5 °C to acquire a viscous
homogeneous transparent polyamide acid solution containing
carboxylic acid (PAA-COOH) with a solid content of 20 wt%. The
PAA-COOH solution was uniformly cast onto a clean glass sheet,
and the solvent was removed at 80 °C for 6 h to form a PAA-
COOH membrane. Finally, the PAA-COOH membrane was
transferred to a muffle furnace for thermal imidization and
treated step-by-step at 100 °C for 1 h, 200 °C for 2 h, and 250 °C
for 0.5 h to form a light-yellow brown PI-COOH membrane. The
synthesis of PI-COOH is shown in Scheme 1b.
2.3 Preparation of PI-COOH and OPBI acid-base composite
membranes

As described in Scheme 2, the acid-base composite membranes
composed of PI-COOH and OPBI in different proportions were
This journal is © The Royal Society of Chemistry 2023
prepared by dint using the solution casting method. The as-
prepared membranes were named OPBI-xPI-COOH, where x
denotes the weight percentage of PI-COOH in the composite
membranes. In contrast, pure linear OPBI and OPBI-40PI
composite membranes in Scheme 2 (40 represents the weight
percentage of PI in the composite membrane, which is 40%)
were also prepared. The preparation process is described as
follows.

2.3.1 OPBI membrane. 1.0 g OPBI powder was dissolved in
10 mL DMAc by magnetic stirring for 12 h at 80 °C to form
a homogeneous solution. The OPBI membrane was obtained by
casting the cooled solution, and aer volatilizing the solvent for
12 h at 80 °C, then drying it in an oven for 24 h at 100 °C.

2.3.2 OPBI-xPI-COOH acid-base composite membrane.
Four OPBI-xPI-COOH membranes were prepared by acid-base
blending of OPBI and PI-COOH at mass ratios of 5 : 5, 6 : 4, 7 :
3, and 8 : 2. The detailed preparation process of the OPBI-50PI-
COOH membrane is illustrated below as an example, and the
other ratio composite membranes were prepared in a similar
manner. OPBI (0.29 g) powder was dissolved in 7 mL DMAc
under vigorous magnetic stirring at 80 °C. Subsequently, the PI-
COOH membrane was mixed with OPBI solution for 1 h at 80 °
C. The OPBI-50PI-COOH membrane was formed by casting the
mixed solution, and aer volatilizing the solvent for 8 h at 60 °C,
then drying it in an oven for 24 h at 100 °C.
2.4 Characterization

2.4.1 Characterization of the chemical structure. The
chemical structure of PI and PI-COOH were analyzed via Fourier
transform infrared (FT-IR) spectroscopy and 1H nuclear
magnetic resonance (NMR) spectroscopy. The FT-IR spectros-
copy was performed using an attenuated total reectance
spectrometer (ATR-FT-IR, Scientic Nicolet 6700) over a wave-
number range of 4000–650 cm−1. 1H NMR spectroscopy were
performed using a spectrometer (Bruker DRX-500), and tetra-
methylsilane (TMS) and deuterated dimethyl sulfoxide (DMSO-
J. Mater. Chem. A, 2023, 11, 12885–12895 | 12887
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Scheme 2 Preparation of OPBI-xPI-COOH and OPBI-xPI membranes.
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d6) were used as the internal standard and solvent, respectively.
The molecular weights of the synthesized PI and PI-COOH were
measured by gel permeation chromatography (GPC) using
a Waters 1515 isocratic HPLC pump, a Waters 717 plus auto-
sampler, and a waters 2417 refractive index detector. Dime-
thylformamide (DMF) was used as the solvent at a ow rate of 1
mL min−1 at room temperature. The concentration of the
polymer dissolved in DMF was 1 mg mL−1.

2.4.2 Thermal stability. Thermogravimetric analysis (TGA)
curves of membranes were obtained using a Pyris 1 TG instru-
ment from PerkinElmer under a N2 atmosphere. The samples
were heated from room temperature to 800 °C at a rate of 10 °
C min−1.

2.4.3 Proton conductivity, PA uptake, and retention. The
four-electrode AC impedance method was utilized to measure
the proton conductivity of PA-doped membranes at different
temperatures. An electrochemical workstation (AUT50992,
AUTOLAB, 0.1 Hz-100 MHz) was employed to test the
membrane's impedances. Conductivities were acquired from
the change in direct current voltage between the two internal
electrodes, which was performed from 80 °C to 180 °C without
humidication. The conductivity s (S cm−1) was computed on
the basis of eqn (1):

s ¼ L

R�W �D
(1)

where L (cm) refers to the distance between the electrodes, and
W (cm) and D (cm) denote the width and depth of the
membrane, respectively. R (U) values were obtained from the
Nyquist plots.

The dry membranes were soaked in 85 wt% PA solution for
12 h at 120 °C. Aer removing the membrane from the PA
solution, surplus PA was wiped from the surface of the
membrane with tissue paper, and the corresponding weight was
measured. At least three samples were obtained from each
12888 | J. Mater. Chem. A, 2023, 11, 12885–12895
membrane, and the average value was calculated. The adsorp-
tion capacity of PA and the volumetric swelling ratio for
membranes was measured by eqn (2) and (3):

PA uptake ð%Þ ¼ W1 �W0

W0

� 100 (2)

Swelling ratio ð%Þ ¼ V1 � V0

V0

� 100 (3)

where W0 and W1, V0 and V1 represent the dry membrane and
PA-doped membrane weight and volume, respectively.

The PA retention of PA-doped membranes was measured by
means of the water vapor method.45 Relative membranes were
placed in water vapor at 80 °C and 30% relative humidity for
36 h employing a programmable constant temperature and
humidity testing machine, PT-2090DZ0, and the weights of PA-
doped membranes were measured at 16 h, 28 h, 32 h, and 36 h.
The PA retention rate of the membrane was computed accord-
ing to eqn (4):

PA retention ð%Þ ¼ WR

WA

� 100 (4)

where WR and WA denote the weights of PA-doped membranes
before and aer the PA retention testing, respectively.

2.4.4 Mechanical testing. The mechanical strength of the
produced membrane samples (width: 5–10 mm, length: 40–50
mm) was measured by a tensile strength testing machine (New
SANS, Shenzhen, China) with an operating rate of 5 mm min−1

up to sample failure at room temperature. Each membrane was
subjected to at least three parallel experiments.

2.4.5 Oxidative stability. The oxidative stabilities of entire
membranes before and aer PA adsorption were investigated
with Fenton's reagent. PA undoped membranes were
submersed in Fenton's reagent (3 wt% H2O2, 4 ppm Fe2+) for
48 h at 80 °C. Aerwards, the membranes were extracted via
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 FT-IR spectrum of PI and PI-COOH.
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ltering, washed with distilled water, dried for 24 h at 120 °C,
and weighed. To more closely match reliable fuel cell condi-
tions, the oxidation stability of the PA-doped membranes was
also tested. The procedure was conducted by setting a gradient
every 0.5 h in Fenton's reagent to observe the time of membrane
breakage. To ensure the accuracy of the results, experiments
were conducted in parallel on three samples from each
membrane. The oxidative stability (OS, %) was determined by
the remanent weight aer the dip using eqn (5).

OS (%)=W3/W2×100 (5)

where W2 and W3 denote the weight of the sample before and
aer immersion, respectively.

2.4.6 Single cell performance characterization. The
membrane electrode assemblies (MEAs) directly contacted the
gas diffusion electrodes (GDEs) with Pt catalyst (1 mg cm−2 Pt
loading; the catalyst consisted of 40 wt% Pt and 15% PTFE as
the binder) and PA-doped membranes in single cells without
hot pressing. The single cell (active area/5 cm2) was assembled
by PET gaskets and two metallic polar plates containing single
serpentine ow elds, in which they were xed by two stainless
steel plates. The single cell measurement was executed with gas
ows of 80- and 160 mL min−1 for non-humidied H2 and O2 at
160 °C without backpressure, respectively.

Polarization curves were collected from a HT-PEMFC testing
system by gradually controlling current densities from 0 (open
circuit) to 1600 mA cm−2 or until the voltage dropped below
0.3 V. The short-term durability was also tested for PA-doped
OPBI-50PI-COOH membrane fuel cells at an identical current
density of 150 mA cm−2 operated at 140 °C without humidity or
backpressure.
Fig. 3 1H NMR spectra of PI-COOH (in red) and PI (in black) in DMSO-
d6.
3 Results and discussion
3.1 Structural characterization of PI and PI-COOH

To obtain soluble polyimide polymers, the dianhydride mono-
mers (6FDA and ODPA) and diamino monomer (ODA) con-
taining exible groups (–C(CF3)2– or O–) were used for PI and PI-
COOH, respectively. A carboxylic acid group-containing dia-
mino monomer (DABA) was used to copolymerize with ODA to
synthesize PI-COOH. The molar ratio of DABA to ODA was
controlled at 9 : 1 to produce an optimal interaction between PI-
COOH and OPBI in the composite membranes.

With regard to the characterization of molecular weight
correlation, the GPC results showed that the weight-average
molecular weights of the synthesized PI and PI-COOH were
305 700 g mol−1 and 490 500 g mol−1, respectively, suggesting
that a highmolecular weight was acquired. The structures of the
synthesized PI and PI-COOH were conrmed by FT-IR spec-
troscopy. PI and PI-COOH generally represent specic vibra-
tional bands, including C]N symmetrical stretching vibration,
symmetric and asymmetric vibration of C]O, and deformation
vibration from the imide ve rings. As revealed in Fig. 2, for PI
and PI-COOH, some distinct characteristic absorption peaks for
imide appear at approximately 1791 cm−1 (imide asymmetric
C]O stretching vibration), approximately 1714 cm−1 (imide
This journal is © The Royal Society of Chemistry 2023
symmetric C]O stretching vibration), approximately
1354 cm−1 (C-N stretching vibration), and approximately
722 cm−1 (deformation vibration from the imide ve rings). The
absorption band at approximately 1503 cm−1 denotes C]C
bonds in aromatic rings, and the noticeable vibration band at
approximately 1081 cm−1 was assigned to the ArO–Ar linkage
structure. Additionally, both polymers exhibited a broadband
absorption between 3200 cm−1 and 3700 cm−1, which can be
ascribed to the symmetrical stretching vibration of O–H from –

COOH and H2O.
The 1H NMR (500 MHz, DMSO-d6) spectra of the prepared PI

and PI-COOH are depicted in Fig. 3 to further conrm their
structure. The chemical shi of the aromatic protons of both
polyimides clearly appear at 7.0–8.5 ppm. Moreover, for PI-
COOH, the hydrogen resonance signal of carboxylic acid
groups is at 13.5 ppm. According to the data analysis of the FT-
IR and NMR spectra, both polyimides were successfully
synthesized.
3.2 Thermal stability

TGA was used to measure the thermal stability of OPBI-xPI–
COOH–10% blend membranes under a N2 atmosphere at
J. Mater. Chem. A, 2023, 11, 12885–12895 | 12889
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Fig. 4 TGA curves of all the membranes under N2 atmosphere at
a heating rate of 10 °C min−1.

Fig. 5 (a) Proton conductivity plots of PA-doped OPBI, OPBI-xPI-
COOH. and OPBI-40PI membranes at different temperatures without
humidification; (b) PA retention of PA-doped OPBI, OPBI-xPI-COOH,
and OPBI-40PI membranes at 80 °C with 0% relative humidity.
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a heating rate of 10 °C min−1. As represented in Fig. 4, the PI-
COOH and OPBI-xPI-COOH composite membranes decom-
posed in two stages. In terms of the PI-COOH membrane, the
rst weight loss at 400 °C or so is ascribed to the disintegration
of carboxyl acid groups, while the second major weight loss at
approximately 500 °C results from the decomposition of the
main chains of PI-COOH. For the OPBI-xPI-COOH composite
membranes, the addition of PBI can lead to decomposition at
higher temperatures regardless of the presence of carboxyl acid
groups or PI-COOH main chains. Furthermore, with increasing
OPBI content, the residual free carboxyl acid groups decreased
due to the acid-base interaction between the carboxyl acid
group and the active sites (–NH– and –N = groups) on the
imidazole ring. Therefore, the rst step becomes decreasingly
obvious or even disappears when the weight percentage ratio of
OPBI increases from 20% to 50%.

It is noteworthy that the TG curve of OPBI-xPI-COOH is
signicantly inconsistent with OPBI-0.4PI. With regard to the
latter, its degradation trend and platform are nearly the same as
that of the pure PI membrane. The reason for this is because
there is no internal interaction between PI and OPBI, which
results in poor stability of the OPBI-0.4PI composite membrane.
These results imply that the thermal stability of the OPBI-xPI-
COOH composite membranes is superior to that of pure PI-
COOH. Moreover, the greater the amount of OPBI, the
stronger the acid-base internal interaction, i.e., the greater the
stability. In addition, the temperatures at 5% weight loss (T−5%)
for each sample from the TG curves are all greater than 400 °C,
which shows that they canmeet the application requirements of
HT-PEMs.
3.3 Proton conductivity, PA uptake, and retention

Fig. 5a compares the temperature dependence of the proton
conductivity for different PA-doped membranes without
humidication. The results show that the proton conductivity is
positively correlated with temperatures between 80 °C and 160 °
C, whereas the slight decrease above 160 °C is mainly
12890 | J. Mater. Chem. A, 2023, 11, 12885–12895
dependent on the dimerization of PA.46 Signicantly, as it is
clear in Fig. 5a, the PA-doped OPBI-xPI-COOH composite
membranes exhibited higher conductivities than the PA-doped
OPBI and OPBI-40PI membranes on the basis of the same test
criteria.

Table 1 shows the proton conductivities and volume swelling
ratios of the PA-doped membranes at 160 °C. Interestingly, the
proton conductivity of the OPBI-50PI-COOH acid-base
composite membrane with 109% PA uptake was as high as 89
mS cm−1, which is superior to that of the OPBI membrane with
250% PA uptake (49 mS cm−1). Moreover, the volumetric
swelling ratios of the OPBI-50PI-COOH composite membrane
were reduced to only 34% of that of OPBI, and high proton
conductivity continued. This realizes the goal of higher proton
conductivity of the membrane at lower PA adsorption capacity,
which can alleviate the deterioration of cell performance caused
by loss of excessive free PA.

For HT-PEMFC systems with PA as the medium, once the
acid overows, it cannot be retrieved. Under long-term opera-
tion, PA loss may occur because of the formation of water at the
cathode end. Therefore, the retention capacity of PA is critical to
maintaining the performance of PEMs. PA leaching tests were
carried out to identify their retention, and PA retention of all the
PA-doped membranes is shown in Fig. 5b. According to the
calculation results at different times, it can be concluded that
This journal is © The Royal Society of Chemistry 2023
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Table 1 Proton conductivities (d) of different PA-doped membranes

Sample PA uptake/% Svolume (%) Proton conductivity/mS cm−1 (160 °C)

PA-OPBI 250.0 128 � 12 49
PA-OPBI-40PI 145.0 50 � 2 45
PA-OPBI-80PI-COOH 41.0 12 � 2 66
PA-OPBI-70PI-COOH 85.7 25 � 5 76
PA-OPBI-60PI-COOH 86.4 27 � 7 85
PA-OPBI-50PI-COOH 109.0 43 � 4 89
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there was more rapid PA loss in all the PA-doped membranes
during the rst 16 h, with stability at 28 h, and the difference
was small compared with 36 h. It should be noted that the
composite membranes presented much higher PA retention,
compared to the neat OPBI membrane.

The above results are considered to be caused by the inter-
molecular interaction among the nitrogen groups of PBI,
carboxyl acid groups, and free PA. The active nitrogen sites (–
NH– and –N] groups) of the imidazole ring in the OPBI skel-
eton play a vital role in such phenomenon, because nitrogen
can serve as a proton donor and acceptor, promoting proton
conduction by a Grotthuss-type mechanism via acid-base
intermolecular interaction without humidication. Also, the
proton conductivity increases with the increase in the OPBI
content, which further demonstrates the formation of a more
continuous hydrogen bond network that will facilitate proton
transport and high PA retention.

The possible proton transport mechanism for OPBI-xPI-
COOH membranes under anhydrous conditions is revealed
in Scheme 3, where the proton exchange between ]NH+– on
the OPBI backbone and -COO– carboxylate groups on the PI-
COOH is helpful for the transport of protons through the
Grotthuss mechanism. At the same time, the intermolecular
proton jumping occurring between acidic –COOH groups of PI-
COOH also facilitates the movement of protons within
membranes.
Scheme 3 Proposed proton transporting mechanism for OPBI-xPI-
COOH membranes.

This journal is © The Royal Society of Chemistry 2023
3.4 Mechanical and oxidative stability

The excellent mechanical performance and chemical stability of
the PA-doped membranes are necessary for cell operation. The
stress–strain curves of membranes are illustrated in Fig. 6. The
tensile strengths of the PA-doped OPBI-xPI-COOH composite
membranes increase with the increasing OPBI content. The
mechanical strength of the PA-doped OPBI-50PI-COOH
membrane is comparable to that of the PA-doped OPBI
membrane, and it is assigned to the generation of hydrogen
bond interactions. The existence of PI-COOH results in disarray
in the OPBI chains, and the generation of hydrogen bonds
between the –N](or –NH–) groups of OPBI and the –COOH
group of PI-COOH enhances the blended cohesion.47 These
parameters are adverse and balance out their inuence, and
thus no obvious change in tensile strength was viewed between
PA-doped OPBI-50PI-COOH and the OPBI membranes. For the
PA-doped OPBI-40PI composite membrane, its sturdiness was
derived from the addition of high-strength PI. These results
imply that the mechanical properties of OPBI-xPI-COOH
composite membranes are strengthened by the increase in
OPBI content due to the acid-base interaction, which assists in
the utilization of the membrane under acidic operating
conditions.

Another pivotal factor that affects the performance of HT-
PEMs is the oxidative stability. As given in Fig. 7, the oxidative
stability of the OPBI-50PI-COOH composite membrane is
slightly poorer than that of the OPBI membrane. The
Fig. 6 Stress–strain curves of the different PA doped membranes.
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Fig. 7 Residual weights of the membranes after treatment in Fenton's
reagent for 48 h at 80 °C.

Table 2 Elapsed time for all PA-doped membranes to begin to break
into pieces

Sample Time/h

PA-OPBI 2.0
PA-OPBI-80PI-COOH 2.5
PA-OPBI-70PI-COOH 4.0
PA-OPBI-60PI-COOH 6.0
PA-OPBI-50PI-COOH 7.0
PA-OPBI-40PI 2.5

Fig. 8 (a) Polarization and power density profiles of PA-doped
membranes for HT-PEMFCs at 160 °C, and (b) in situ impedance
spectra of the MEAs with different PA-doped membranes at a cell
voltage of 0.7 V and 160 °C.
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aforementioned results are attributed to the high hydrophilicity
of PI-COOH and its poor chemical stability as a result of the
attack of hydroperoxyl and hydroxyl free radicals (cOOH and ]

OH) because of the presence of its ether bonds and carboxyl
groups. Similarly, OPBI-40PI composite membranes also
exhibited a similar phenomenon. Table 2 presents the elapsed
time for all PA-doped membranes to begin to break into pieces,
and the PA-doped composites exhibit increased antioxidant
stability. The data show that the oxidative stability of PA-doped
membranes is the result of the combined effect of PA adsorp-
tion and mechanical properties, which is also consistent with
our previous research.48
3.5 HT-PEM fuel cell performance

The fuel cell performances of PA-doped membranes were
investigated at 180 °C without humidication, and the match-
ing polarization curves are depicted in Fig. 8a. As shown in
Fig. 8a, the OPBI-50PI-COOH composite membrane displayed
a superior fuel cell performance as compared to the OPBI and
OPBI-40PI membranes. The OPBI-50PI-COOH composite
membranes with lower PA uptake (109%) exhibited a high peak
power density of 463 mW cm−2 with a ow rate of 80- and 160
mL min−1 for non-humidied H2 and O2 without backpressure,
respectively. However, under the same testing conditions, the
pure OPBI and OPBI-40PI membranes with higher PA uptake
(250% and 145%) delivered only 422 mW cm−2 and 402 mW
12892 | J. Mater. Chem. A, 2023, 11, 12885–12895
cm−2 of the peak power density, respectively. Indeed, the
formation of hydrogen bond interactions between OPBI and PI-
COOH contributed to increased proton conductivity and high
PA retention, which then enhanced the fuel cell performance.
The comparison of the power density indicates that the ob-
tained OPBI-50PI-COOH acid-base composite membrane is
a promising candidate PEM for HT-PEMs.

To further analyse the inuence of different feature combi-
nations on the electrochemical reaction performance of the
MEA, the impedance of a single cell was tested at a voltage of
0.7 V (Fig. 7b). The Nyquist diagram shows that a decrease in the
high-frequency resistance (HFR) at 0.7 V follows the trend of PA-
doped OPBI-40PI membrane > PA-doped OPBI membrane > PA-
doped OPBI-50PI-COOH membrane. This indicates that the
lower HFR of the MEA with the PA-doped OPBI-50PI-COOH
membrane can be assigned to increased proton transfer
resulting from the use of PEM, with consequently a lower
proton transport resistance. The lowest charge transfer resis-
tance (RCT) was achieved by the MEA with a PA-doped OPBI-
50PI-COOH membrane, which is consistent with the polar-
isation and power density curves in Fig. 8a.

For the purpose of assessing the working stability of the PA-
doped composite membrane fuel cell, the short-term durability
of constant current discharge for the PA-doped OPBI-50PI-
COOH membrane with optimal comprehensive performance
was tested by a startup/shutdown procedure, as shown in
Fig. 9a. The cell experienced a rapid voltage drop in the rst 24 h
short-term durability test, which may have been caused by the
redistribution of PA in the membrane electrode49 and the
agglomeration of Pt catalyst nanoparticles.50 The distribution of
PA in the membrane electrode subsequently reached
This journal is © The Royal Society of Chemistry 2023
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equilibrium, thus exhibiting a stable discharge behaviour,
which is in accordance with the results for the PA retention rate.

Additionally, the working voltage of a single cell with PA-
doped OPBI (1.0 mV h−1) and OPBI-40PI membranes (1.2 mV
h−1) rapidly decreased, and the attenuation rate was approxi-
mately 2 times that of the PA-doped OPBI-50PI-COOH
membrane (0.56 mV h−1) during the stability test of 50 h.
This further indicates that the addition of PI-COOH can
lengthen the working lifetime of a single cell with a PA-doped
OPBI-based membrane. Moreover, the working voltage decay
rate of the PA-doped OPBI-50PI-COOH membrane HT-PEMFC
was 119 mV h−1 during the stability test of 369 h. Remarkably,
the voltage can be restored to the same level as that during the
initial state aer each shutdown/startup procedure. That is, the
performance of the PA-doped OPBI-50PI-COOH membrane HT-
PEMFC was not affected by a shutdown during the different
stages, indicating that the PA-doped OPBI-50PI-COOH
membrane possesses admirable stability.

The peak power densities of the PA-doped OPBI-50PI-COOH
membrane fuel cell at different operating times are shown in
Fig. 9b. The peak power densities decrease from the initial 456
mW cm−2 to 441 mW cm−2 aer 117 h, and the calculated
Fig. 9 (a) Short-time durability test of a PA-doped membrane fuel cell
with an identical current density of 150 mA cm−2 operated without
humidity and backpressure at 140 °C; (b) polarization and power
density curves at different operating times for cells with a PA-doped
OPBI-50PI-COOHmembrane at 140 °C with gas flows of 80- and 160
mL min−1 for dry H2 and O2 without backpressure. T
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attenuation rate was approximately 3.3%, which also suggests
that its stability is excellent. Overall, the integral performance of
the novel acid-base polymer composite membranes in this work
is superior to that of the HT-PEMs listed in Table 3, with lower
PA adsorption, higher proton conductivity, and superior single
cell performance and stability. The above results demonstrate
the promising application of the OPBI-50PI-COOH membrane
for HT-PEMFCs.

4 Conclusions

In this work, PI-COOH with carboxyl functional groups was
prepared and blended with OPBI for application as HT-PEMs.
Some crucial performance indicators were characterized,
including thermo-chemical stability, mechanical property,
proton conductivity, PA uptake, and single cell performance.
The OPBI-50PI-COOH acid-base composite membrane exhibi-
ted remarkable proton conductivity under lower PA uptake. The
continuous hydrogen bond network between OPBI and PI-
COOH promoted proton transport and resulted in high
proton conductivity. In comparison with the neat OPBI, the
OPBI-50PI-COOH acid-base composite membrane with low
uptake (109%) displayed a power density of up to 463 mW cm−2

and proton conductivity of 89 mS cm−1 at 160 °C without
humidication. Moreover, it exhibited excellent stability in
short-term durability tests for HT-PEMFCs. The integral
performance of the as-prepared acid-base composite membrane
was far superior to that of HT-PEMs as recently reported, and
was characterized by lower PA adsorption, higher proton
conductivity, and more optimal single cell performance and
stability, thus demonstrating that it is a promising candidate
for HT-PEMFC application.
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