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Abstract
Poly(ether ketone sulfone)s with functionalized benzotriazole side chains are simply designed and successfully obtained by
the copolycondensation of 4,4-difluorodiphenylsulfone, 4,4’-dihydroxydiphenylamine and a benzotriazole-based difluoro
compound. The resulting polymers are identified by Fourier transform infrared spectroscopy and nuclear magnetic
resonance, and the results are consistent with the proposed polymer structures. Owing to the intermolecular hydrogen
bonding, the phosphoric acid (PA)-doped polymer membranes show encouraging mechanical properties. Taking advantage
of the flexible movement of the benzotriazole in the side chains, the resulting membranes exhibit promising proton
conductivities and fuel cell performance, which makes them a strong potential material for applications in high-temperature
proton exchange membrane fuel cells.

Introduction

The increasing severity in pollution and power consumption
associated with traditional fossil fuels have led to an ever-
increasing demand for many new environment-friendly
power sources to replace traditional fossil fuels. Recently,
proton exchange membrane fuel cells (PEMFCs) have
drawn significant attention as encouraging energy conver-
sion devices, owing to their high energy density and low
pollution [1–4]. Among the types of PEMFCs reported,
many efforts have recently been focused on developing
various high-temperature proton exchange membrane fuel
cells (HT-PEMFCs), which are functional up to 120–200 °C

[5]. HT-PEMFCs possess several advantages, including
improved fuel efficiency, low pollutant emission, easier
water management, higher tolerance to carbon monoxide
poisoning, and enhanced electrode kinetics [6–8]. The
proton exchange membrane (PEM), with its remarkable
thermal behaviors, excellent oxidative stability, excellent
proton conductivity, and mechanical properties, is the core
component in HT-PEMFCs, which can effectively separate
fuels and oxygen gas while transporting protons by its ion
exchange abilities [9]. DuPont’s Nafion is a famous com-
mercial PEM that shows extraordinarily high proton con-
ductivity and mechanical stability due to its special
chemical structure. Despite considerable progress in the
development of PEMs, their wider use is limited for some
reasons, including high methanol permeability, high pro-
duction cost, and low proton conductivity under high-
temperature conditions, resulting in dehydration [10–12].
Accordingly, the development of alternative PEMs with
good mechanical, thermal and chemical performance, as
well as high proton conductivities at high temperatures, can
be considered a promising and attractive challenge.

In recent years, several amphoteric N-heterocycles, such
as pyrazole, imidazole, triazole, and tetrazole, acting as both
proton donors and acceptors [13–16], have been shown to
be excellent proton carriers in PEMFCs. Recently, we
synthesized a benzotriazole-based polymer (PESB) using a
traditional C–N coupling reaction [9]. The PA-doped PESB
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membrane exhibited a high proton conductivity, up to
0.073 S cm−1 at 160 °C, with a maximum peak power
density of 427 mW cm−2 and an open cell voltage of 0.91 V
at 160 °C. On the one hand, a large number of benzotriazole
groups should be introduced into the polymer main chain,
which will greatly increase the production cost of the
polymer. On the other hand, the membrane’s low proton
transport efficiency is due to the limited movement ability
of the benzotriazole groups in the polymer main chains. To
reduce the production costs of the resulting polymer
membranes and promote the movement ability of the ben-
zotriazole groups, in this work, we introduced a small
number of benzotriazole groups into the polymer side
chains. It was expected that the presence of the benzo-
triazole groups in the PESB side chains would result in
efficient proton transportation in membranes, leading to the
higher proton conductivities and remarkable fuel cell per-
formances that are essential requirements for high-
temperature PEMFCs.

Experimental

The main materials, measurements, synthetic routes of the
monomer and polymers, membrane preparation (Table S1),
physical properties of the resulting membranes, and fuel cell
testing methods are described in Supporting Information.

Results and discussion

Characterization of the BTAPEKS

Different molar percentages of the benzotriazole-based
difluoro compound (BTADF) were used for the construc-
tion of the benzotriazole functionalized poly(ether ketone
sulfone)s (BTAPEKS) by its condensation polymerization
with 4,4-difluorodiphenylsulfone and 4,4’-dihydrox-
ydiphenylamine, and the polycondensation proceeded
smoothly with high yields (Scheme 1, Figs. S1, S2 and
Scheme S1, S2, S3). The molecular weights of the linear
BTAPEKS polymers were measured by gel permeation
chromatography using DMF as an eluent. The Mn and Mw

values are shown in Table S3. The Mn values were
101,000–148,000, and the Mw values were 246,000–312,000.
The chemical structures of the BTAPEKS polymers were
identified by Fourier transform infrared spectroscopy and
nuclear magnetic resonance (NMR). The 1H NMR spectra of
BTAPEKS polymers in DMSO-d6 are shown in Fig. 1. The
aromatic proton signal intensity of the benzotriazole increased
with the content of BTADF, and the value of “n” was cal-
culated according to integration of the signal peak area.
BTAPEKS-20/40/60, the number corresponding to the in-

feed ratio of the molar percentage of BTADF, were found to
have actual incorporations of 22/36/63 from the 1H NMR,
close to the actual in-feed ratio. Figure 2 displays the FT-IR
spectra of BTAPEKS, with a characteristic peak at approxi-
mately 1590 cm−1, attributed to the C=C unit of the benzene
ring [17]. The absorption band of C=O appeared near 1657
cm−1. The characteristic peak of NH appeared at approxi-
mately 3385 cm−1. The results of these spectra confirmed the
successful synthesis of the polymer BTAPEKS.

Phosphoric acid uptake of the BTAPEKS membranes

At room temperature, the BTAPEKS membranes were
steeped in 85% concentrated PA solution for 5 days
(Fig. 3). PA could be absorbed by the BTA groups in the
polymer side chains (i.e., H2PO4-H and -N atoms in
benzotriazole). With increases in the content of BTADF,
the Wdoping of BTAPEKS membranes increased. PA
uptakes of the BTAPEKS-20, BTAPEKS-40, and
BTAPEKS-60 membranes reached their maximum
uptakes in 85% PA after 5 days (Table 1). The Wdoping

value of BTAPEKS-20 was 97%, while the value of
BTAPEKS-60 reached as high as 178%. Doped PA
played a dual role in the PA-doped BTAPEKS membranes
[18]. One part of the doped PA was adsorbed onto the
polymer backbone by acid-base interactions. The other
part existed in the free form of the polymer, and those
free-form PA groups could form a hydrogen bond network
to transfer protons. Compared to our previous work [9],
the PA uptake of BTAPEKS was lower than that of PESB
membranes due to the lower benzotriazole content in the
polymer chains, whereas in this work, we expected that
PA-doped BTAPEKS membranes would result in high
proton conductivities benefiting from the flexible move-
ment of the benzotriazole in the side polymer chains.

Thermal properties

The thermal behavior of the BTAPEKS polymers was
tested by thermogravimetric analysis (TGA) (Fig. 4), and
all polymers with different contents of benzotriazole
groups exhibited high decomposition temperatures (Td,5%

up to ~450 °C). Compared to the pristine BTAPEKS
polymers, the PA-BTAPEKS membranes showed an
earlier mass loss at ~160 °C, due to dehydration of the
doped PA molecules in the membranes. Due to the easier
decomposition of the benzotriazole side chains,
BTAPEKS-60 started to decompose faster than BTA-
PEKS-20/40. Compared with the previous work on
PESB and m-PBI materials (Fig. S3) [9], the PA-doped
materials showed a loss at ~160 °C due to the
existence of PA and some distilled water, and the side
chain of BTAPEKS started to decompose at ~300 °C
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(Fig. 4 and S3). PESB and m-PBI with benzotriazole or
benzimidazole in the backbone—the introduction of

aromatic compounds would improve the polymers’
thermal performances—showed better relative thermal
stabilities. However, at 240 °C, well above fuel cell
operating temperatures, BTAPEKS-60 178% materials
showed a very slight decay with time in air (Fig. S4).
Taken together, the testing results demonstrated that the
BTAPEKS membranes showed excellent thermal stabi-
lities in nitrogen and air, and could be considered pro-
mising high-temperature PEMs.
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Fig. 1 1H NMR spectra of the BTAPEKS polymers, collected in sol-
vent DMSO-d6

Fig. 2 FT-IR spectra of the BTAPEKS membranes

Fig. 3 PA uptake of BTAPEKS membranes (room temperature, 25 °C)

Table 1 PA uptake of BTAPEKS membranes at room temperature,
proton conductivity and maximum power density at 180 °C

Polymers PA uptake
(%)

Proton
conductivity
(S∙cm−1)

Maximum power
density
(mW cm−2)

BTAPEKS-20 97 0.074 240

BTAPEKS-40 144 0.099 450

BTAPEKS-60 178 0.118 562
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Mechanical properties

The mechanical properties of BTAPEKS membranes were
tested, and the testing data are shown in Table 2. As seen in
Table 2, compared with the PA-doped membranes, the
undoped BTAPEKS membranes exhibited better mechan-
ical properties, including higher Young’s modulus and
higher tensile strength, which are essential for the high-
performance polymer membranes. After doping with PA,
the mechanical properties of BTAPEKS membranes
declined. For instance, the Young’s modulus of PA-
BTAPEKS membranes decreased to 0.18–0.65 GPa, while
the tensile strength of PA-BTAPEKS membranes decreased
to 6.8–17.3 MPa. The testing data suggested that doping
with PA had an important influence on the mechanical
properties of BTAPEKS membranes, which was a normal
and reasonable phenomenon due to the plasticizing effect of
the phosphoric acid [19], which increased the separation of
the polymer chains and in turn reduced the intermolecular
forces of the polymer. According to our previous work [3],
owing to the intermolecular hydrogen bonding (Fig. 5,
Supporting Information), the PA-doped BTAPEKS mem-
branes showed improved tensile strength and Young’s
modulus, and PA-doped BTAPEKS membranes possessed
a comparable level of the mechanical properties to some
typical PA-doped PEMs [19–23] used for high-temperature
applications in PEMFCs. Compared with the previous work
on PESB and m-PBI materials (Table S2) [9], benzotriazole

and benzimidazole, as aromatic compounds introduced into
the rigid skeleton to improve mechanical properties such as
tensile strength and Young’s modulus, were better in the
skeleton than in the side chains, due to increased space
between polymer chains, and consequently weakened
intermolecular forces between polymer backbones and
deteriorated the tensile strength of the membrane.

Proton conductivity of the PA-doped BTAPEKS

Proton conductivity of the PA-doped BTAPEKS mem-
branes was successfully tested at high temperatures (from
120 to 180 °C) (Fig. 6). As expected, with the BTADF
content and the temperature increasing, the proton con-
ductivities of the PA-doped BTAPEKS membranes steadily
increased. At 180 °C, the proton conductivities of PA-doped

BTAPEKS-20, BTAPEKS-40, and BTAPEKS-60 were
0.074 S∙cm−1, 0.099 S∙cm−1 and 0.118 S∙cm−1, respec-
tively. Compared with the previous work on PESB and m-
PBI materials (Fig. S5) [9], the proton conductivities of
BTAPEKS-60 were obviously higher than those of PESB
and m-PBI. In the application of PA-doped BTAPEKS
membranes, the functional benzotriazole groups acted as a
proton transfer media, and the proton conductivity of the
polymer membranes was greatly influenced by the move-
ment ability of the benzotriazole in the polymer chains.
Compared to our previous work [9], first, a smaller number
of benzotriazole groups were introduced to construct the
BTAPEKS polymers, which reduced their production costs.
Second, BTAPEKS membranes showed encouraging pro-
ton conductivities due to the flexible movement of the
benzotriazole in the side polymer chains.

Oxidative stability of the BTAPEKS

The oxidative stability of PEMs has a major effect on the
lifetime of HT-PEMFCs. During operation of HT-PEMFCs,
the degradation of the polymer membrane was due to
attacks by hydroxyl (HO∙) or hydroperoxy (HOO∙) ions,
which were generated from the incomplete reduction of
oxygen [24–26]. Fenton’s reagent (3% H2O2 containing 4
ppm FeSO4) was considered the most effective method to
test the oxidative stability of the polymer membranes.
Herein, we immersed the BTAPEKS membranes into the

Fig. 4 TGA thermal curves of BTAPEKS and PA-BTAPEKS
membranes

Table 2 The tested physical
properties of PA-undoped and
PA-doped BTAPEKS
membranes

Polymers Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%)

Undoped PA PA doped Undoped PA PA doped Undoped PA PA doped

BTAPEKS-20 93.2 ± 0.4 17.3 ± 0.2 1.9 ± 0.01 0.65 ± 0.03 13 ± 1.6 97 ± 3.5

BTAPEKS-40 89.6 ± 0.5 13.2 ± 0.1 1.8 ± 0.02 0.42 ± 0.01 11 ± 1.2 125 ± 4.3

BTAPEKS-60 91.6 ± 0.3 6.8 ± 0.6 2.0 ± 0.04 0.18 ± 0.03 12 ± 0.9 174 ± 5.1
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Fenton’s reagent at 70 °C for 120 h. We evaluated the
degradation of the membranes by determining their weight
loss, and the test results are shown in Fig. 7. The BTAPEKS
membranes with a higher BTADF content displayed a lower
weight, which can be explained by the fact that the mem-
brane with higher BTADF content would provide more
chances for oxidative radicals to attack the resulting poly-
mer chains. After 120 h of Fenton’s reagent testing, the
BTAPEKS membranes remained intact and exhibited a
weight loss less than that of m-PBI (65%) [23]. These
testing results suggested that the BTAPEKS polymers
showed excellent and encouraging oxidative stability.

Fuel cell performance of PA-doped BTAPEKS
membranes

Fuel cell performance is the most important factor for the PA-
doped BTAPEKS membranes. In this work, PA-doped

BTAPEKS membranes with good thermal and mechanical
properties, high proton conductivity and good oxidative sta-
bility inspired us to investigate their fuel cell performance.
The PA-doped BTAPEKS membranes were fabricated into
membrane electrode assemblies, and were measured in fuel
cells with H2/O2 at 180 °C under anhydrous conditions. Fig. 8
shows the polarization and power density curves of HT-
PEMFCs using PA-doped BTAPEKS membranes as the
PEMs. As we expected, as the BTADF content increased in
the polymer side chains, the maximum power density
increased. The maximum power density of PA-doped BTA-
PEKS-20, PA-doped BTAPEKS-40, and PA-doped BTA-
PEKS-60 were 240mW cm−2, 450mW cm−2 and 562mW
cm−2 at 180 °C, respectively. Compared with our previous
work (Fig. S6) [9], BTAPEKS-60 among the membranes
showed 562mW cm−2 at 180 °C, which is higher than PESB
and m-PBI with similar PA-doping levels (~180%), and the
PEMs containing functionalized benzotriazole groups had

Fig. 5 The hydrogen bonds
between the PA-doped
BTAPEKS polymer

Fig. 6 Proton conductivities of PA-BTAPEKS membranes at different
temperatures Fig. 7 Oxidative stability of BTAPEKS membranes without PA
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higher maximum power density, due to their flexible move-
ment in the side polymer chains. In addition, the open circuit
voltages of HT-PEMFCs based on PA-BTAPEKS mem-
branes were found to be above 0.90 V, indicating that the
BTAPEKS membranes were highly dense, with considerably
low gas permeability, and could prevent H2 and O2 gas
crossover. Fuel cell performance evaluations during the
long-term operations were performed at high temperatures of
180 °C without external humidification as shown in Fig. S7.
The results showed the voltage remained nearly constant
throughout the long-term testing, with an average of 0.6 V at
0.4 A/cm2. The phase separation behavior can be seen in
Fig. S8; benzotriazole in the side chain made it easier to
achieve phase separation, so the phosphoric acid transport
channel can be formed after doping with phosphoric acid,
which further increased proton conductivity and improved
battery performance. The encouraging comprehensive prop-
erties of the PA-BTAPEKS membranes indicated that the PA-
BTAPEKS membranes can be considered a new promising
PEM used in HT-PEMFCs.

Conclusions

In summary, poly(ether ketone sulfone) with functionalized
benzotriazole side chains (BTAPEKS) has been success-
fully synthesized by copolycondensation of 4,4-difluor-
odiphenylsulfone, 4,4’-dihydroxydiphenylamine and
BTADF. Owing to the intermolecular hydrogen bonding,
the PA-doped BTAPEKS membranes showed high
Young’s modulus and high tensile strength. Taking
advantage of the flexible movement of the benzotriazole in
the side chains, the BTAPEKS membranes exhibited
encouraging proton conductivities and fuel cell perfor-
mances. The proton conductivities of BTAPEKS-20,
BTAPEKS-40, and BTAPEKS-60 were as high as 0.074
S∙cm−1, 0.099 S∙cm−1 and 0.118 S∙cm−1 at 180 °C,

respectively. PA-doped BTAPEKS-60 showed a maximum
peak power density of 562 mW cm−2, making it one of the
most promising materials for application in high-
temperature PEMFCs. The testing results suggested that
introducing the functional benzotriazole groups into the
polymer side chains could be considered an important and
encouraging method to promote the PEM properties for HT-
PEMFC applications.
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