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lopment of nucleobase modified
sulfonated poly(ether ether ketone) membranes for
high-performance direct methanol fuel cells†
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The development of low-cost and high-performance proton exchange membranes (PEMs) for direct

methanol fuel cell (DMFC) applications is a promising solution to the energy shortage. In this work,

a series of sulfonated poly(ether ether ketone)s (SPEEKs) modified with two nucleobases, adenine (A) and

cytosine (C) with different degrees of substitution, SPEEK-Ax and SPEEK-Cx were successfully

synthesized. The basic sites of A and C can immobilize phosphoric acid (PA) molecules through acid–

base interaction to fabricate PA-doped SPEEK membranes. In addition, the formation of ionic

crosslinking caused by basic sites enhances the thermal stability and mechanical strength of the PA-

doped membranes. As a result, the SPEEK-Ax/PA and SPEEK-Cx/PA membranes possess satisfactory

strength (>23.5 MPa) even if their elongation at break remained at a very high level (>200%) in the

hydrated state. These PA-doped membranes exhibited ultra-high proton conductivities (all beyond 220

mS cm�1) at 80 �C, while the conductivity of SPEEK was only 43.8 mS cm�1 with similar IEC values. This

may be attributed to the acid–base pairs between the acidic sites (–SO3H and H2PO4
�) and basic sites,

which can serve as efficient transportation paths for proton migration. Furthermore, the ionic crosslinked

structure decreased the methanol crossover of the membranes. The SPEEK-C50/PA membrane

possesses outstanding DMFC performance with a maximum power density of 141.7 mW cm�2 when fed

with 2 M methanol at 80 �C, more than twice as much as that of SPEEK (67.2 mW cm�2) and Nafion 115

(64.1 mW cm�2), which outperforms the majority of previously reported Nafion and SPEEK membranes.

Therefore, the prepared nucleobase modified PEMs showed promising potential for high-performance

DMFC application.
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1. Introduction

Direct methanol fuel cells (DMFCs) have great application pros-
pects in portable electronic equipment, mobile power and electric
vehicles, due to their high energy power density, rich sources of
liquid methanol, convenient fuel storage and transportation, low
environmental pollution and quick start-up.1–5 As a key component
of DMFCs, a proton exchange membrane (PEM) is mainly used to
block anode and cathode reactants and conducting protons, which
has signicant impact on the performance of the fuel cell.
Currently, the most commercially utilized PEM is a per-
uorosulfonic acid membrane, such as Naon developed by
DuPont in the 1960s, which has high proton conductivity and good
chemical, mechanical, and thermal stability.6,7 However, the
Naon membrane also has high methanol permeability (�10�6

cm2 s�1) and drastically decreases the performance of the fuel cell.8

In addition, the high cost of Naon also impedes the commercial
application of DMFCs.9,10 Therefore, the development of low-cost
and high-performance PEMs alternative to Naon membranes
has attracted extensive attention in the past few decades.

Sulfonated poly(ether ether ketone)s (SPEEKs) have been
explored as a promising alternative to commercial Naon for
DMFC applications due to their relatively low cost, high proton
conductivity, sufficient mechanical strength and appropriate
thermal stability, as well as low methanol permeability.11–13

However, the proton conductivity, methanol resistance, and
mechanical properties of SPEEK membranes are closely related
to the degree of sulfonation (DS). SPEEK membranes with low
DS have low proton conductivity. With the increase of DS, the
proton conductivity increases, which will also increase the
swelling of the membranes, reduce their mechanical properties
and dimensional stability, and dramatically decrease the life-
time of the fuel cell.14–16 In order to overcome these disadvan-
tages, two kinds of polymer modication methods have been
used to modify SPEEK membranes by researchers including
polymer blending17–19 and crosslinking.20–23 SPEEK membranes
crosslinked to a certain extent via chemical or ionic crosslinking
can not only overcome the membrane swelling problem caused
by high DS, but also inhibit methanol crossover due to the
dense network structure formed by crosslinking.24

Acid–base compositing, a convenient approach of ionic cross-
linking, has been reported to improve the performance of PEMs
through acid–base interactions between the acidic groups (e.g.,
SO3H groups) and basic groups (e.g., N-atom-containing groups)
in the polymer chain.25,26 Thus, blending of a basic polymer
containing N-heterocycles with a sulfonic acid polymer is
conducive to reducing membrane swelling, improving mechan-
ical properties and decreasing the methanol crossover of
membranes.27–31 Various researches have been reported on
composite membranes of SPEEK with imidazole-group-
containing polymers, particularly poly(benzimidazole) (PBI),
which showed low methanol crossover.32–34 For example, Li et al.
reported that, by increasing the content of PBI from 2.5 to 15%,
the methanol crossover of themembranes decreased from 7.92�
10�7 to 3.10 � 10�7 cm2 s�1. Unfortunately, the proton conduc-
tivity also reduced from 1.8 � 10�1 to 1.0 � 10�1 S cm�1.34 In
This journal is © The Royal Society of Chemistry 2022
addition, some drawbacks such as decreased water uptake and
inhomogeneity of the blend caused by the poor processability of
PBI have limited the use of PBI blended membranes.35

Nucleobases such as adenine (A) and cytosine (C), the main
components of base pairs in deoxyribonucleic acid (DNA), are
composed of nitrogenous heteroatomic rings with ionic sites and
have good thermal stability up to 250 �C, and can be expected to
act as proton charge carriers in PEMs under anhydrous condi-
tions. However, it is difficult to directly utilize DNA as PEMs due
to their high water solubility and poor mechanical properties.36

The introduction of a nucleobase unit into the polymer backbone
is an interesting strategy and only a few reports have appeared so
far.37,38 In this work, two nucleobase units, A and C, were incor-
porated into the SPEEK backbone, and the structures of the
resulting nucleobase modied SPEEKs (SPEEK-Ax or SPEEK-Cx)
were characterized by 1H NMR and FTIR. A and C functionalized
SPEEKs can form ionic cross-linking between basic N atoms and
SO3H groups through acid–base interaction, which inhibit the
swelling of the membrane and improve the mechanical proper-
ties. In addition, aer doping with phosphoric acid (PA), abun-
dant acid–base pairs are developed between acidic phosphate
ions and basic aromatic nitrogen heterocycles together with NH
groups in membranes, which can serve as efficient proton
transfer active sites to enhance proton conductivity.39 The phys-
iochemical properties of the phosphoric acid dopedmembranes,
including swelling behavior, thermal andmechanical properties,
methanol permeability and proton conductivity, were investi-
gated in detail. Additionally, the DMFC performance based on
the obtained membranes has been explored and compared with
that of commercial Naon 115, modied Naon and other
previous SPEEK membranes.
2. Experimental section
2.1 Materials

Poly(ether ether ketone) (PEEK 021P) was purchased from Jilin
Jusep Special Plastics Co., Ltd (China). Adenine (A, 98%) and
dimethyl sulfoxide (DMSO) were purchased from Macklin.
Cytosine (C, 98%) and N,N0-carbonyldiimidazole (CDI, 98%)
were purchased from Aladdin Reagent Co., Ltd (China). Meth-
anol was purchased from Fluton Biochemical Technology Co.,
Ltd (China). Concentrated sulfuric acid (conc. H2SO4, 98%),
N,N-dimethylformamide (DMF) and phosphoric acid (H3PO4,
85%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (China). All chemical reagents were analytical grade and
used without further purication.
2.2 Synthesis of SPEEK

SPEEK was synthesized via direct electrophilic sulfonation of
PEEK by using conc. H2SO4 according to the literature.40 In
a three-neck ask, 10 g of PEEK was dissolved in 190mL of conc.
H2SO4 at 50 �C and an orange solution was obtained. Aer
reacting for 5 h, the resultant solution was cooled to room
temperature, followed by pouring into ice water slowly with
stirring using a glass rod. White lamentous precipitations
were collected and washed with deionized water to neutral. The
J. Mater. Chem. A, 2022, 10, 19914–19924 | 19915
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polymer was dried in an air blowing oven at 60 �C for 48 h and
SPEEK with a sulfonation degree of 60% (determined by 1H
NMR) was obtained.

2.3 Synthesis of nucleobase modied SPEEKs

Nucleobase modied SPEEKs were synthesized from SPEEK and
different nucleobases (A or C) according to the literature.21

SPEEK-A30 is given as an example. To a 100 mL three-necked
ask, equipped with a magnetic stirrer, 3.0 g of dried SPEEK
(5.35 mmol of SO3H) and 30 mL of DMSO were charged. Aer
the polymer was completely dissolved at 60 �C, 0.2864 g of CDI
(1.76 mmol) was added and stirred for 3 h, and then 0.2170 g of
adenine (1.60 mmol) was added and reacted for another 3 h.
The resultant solution was precipitated in deionized water and
the precipitation was collected by ltration, washed thoroughly
with water, and dried in an oven at 60 �C for 48 h. A series of
nucleobase modied SPEEKs with different nucleobase
contents (SPEEK-A10, SPEEK-A50, SPEEK-C10, SPEEK-C30 and
SPEEK-C50) were also synthesized by adjusting the amount of
CDI and nucleobase (A or C).

2.4 Fabrication of membranes and their phosphoric acid
(PA) doping

The fabrication of PA-doped SPEEK-Ax and SPEEK-Cx

membranes is illustrated in Scheme 1. Nucleobase modied
Scheme 1 Preparation of PA doping SPEEK-Ax and SPEEK-Cx membran

19916 | J. Mater. Chem. A, 2022, 10, 19914–19924
SPEEKs were dissolved in DMF to form an 8 wt% solution. The
solution was cast onto a clean glass plate, followed by drying for
12 h at 40 �C in an oven to produce the membranes, which were
further dried at 80 �C for another 12 h to remove excess solvent.
The thicknesses of the obtained membranes were about 60 �
5 mm.

Dried polymer membranes were immersed in 85 wt% PA at
60 �C for 72 h until the weight of the membrane remains
unchanged, and PA doping polymer membranes were obtained
by wiping the excess PA adsorbed on the surface with lter
papers. The PA doping uptake and acid doping level (ADL) of the
membranes were performed at least three times with different
pieces to examine the reproducibility. The ADL is the number of
phosphate molecules adsorbed by each repeating unit of the
polymer, and the ADL was calculated by the following equation:

ADL ¼ ðWw �WdÞ=MPA

Wd=MP

where Wd and Ww represent the masses before and aer PA
doping of the membranes, and MPA and MP are the molecular
weights of PA and the repeating unit of the polymer, respec-
tively. The measurements of three duplicates were carried out
for consistency checking.

The sample characterization and performance tests
including water uptake, swelling ratio, ion exchange capacity,
es.

This journal is © The Royal Society of Chemistry 2022
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proton conductivity, methanol permeability, and acidic direct
methanol fuel cell performance are shown in detail in the ESI.†
3. Results and discussion
3.1 Characterization of pristine and nucleobase modied
SPEEKs

SPEEK was synthesized by a post-sulfonation procedure of PEEK
with concentrated H2SO4. Fig. 1a shows the 1H NMR spectrum
of SPEEK, and the peak at 7.50 ppm is assigned to the ortho
–CH– (He) of the sulfonate substituted benzene ring. According
to the ratio between the integrated peak area of the He signal
and the peak area of the signals at 7.70–7.85 ppm (Ha+a0), the
calculated DS was about 60%. CDI was used to partially activate
the SO3H group of SPEEK, followed by reacting with nucleobase
(A and C) to obtain nucleobase modied SPEEKs (SPEEK-Ax and
SPEEK-Cx). The chemical structures were also conrmed by 1H
Fig. 1 (a) 1H NMR spectra of SPEEK, SPEEK-A30 and SPEEK-C30 in
DMSO-d6. (b) FTIR spectra of SPEEK, SPEEK-A50 (or C50) and SPEEK-
A50 (or C50)/PA.

This journal is © The Royal Society of Chemistry 2022
NMR spectra, as shown in Fig. 1a. The chemical shis of the
hydrogen attributed to –SO2NH– (Hi) appear near 9.08 ppm for
both adenine and cytosine functionalized SPEEKs. And the
characteristic peaks of the hydrogen assigned to –NH– (Hj) of
the aromatic heterocycle for adenine and cytosine are observed
at 8.46 and 8.25 ppm, respectively. The peaks at 7.72 and
8.44 ppm are assigned to the –CH– (Hf and Hf0) of the ve and
six membered rings for adenine unit, respectively. And the
peaks observed at 5.93 and 5.91 ppm are ascribed to the –CH]

CH–(Hg and Hg0) of the pyrimidine ring for cytosine. All these
characteristic peaks indicate that both adenine and cytosine are
successfully incorporated into the SPEEK backbone.

FTIR spectra were also used to conrm the chemical struc-
tures of the pristine and modied SPEEKs, as shown in Fig. 1b.
The asymmetric and symmetric stretching vibrations assigned
to the SO3H group are observed at 1094 cm�1 and 1019 cm�1.
The peaks that appeared near 1650 cm�1 and 1220 cm�1

correspond to the C]O group and C–O bonds for the SPEEK
backbone, respectively. And the peaks at 1591 cm�1 and
1495 cm�1 are ascribed to the characteristic skeleton vibrations
of aromatic rings.41 Aer adenine and cytosine are introduced
into SPEEK, two new characteristic peaks emerge near
1475 cm�1 and 1075 cm�1, which can be attributed to the
stretching vibrations of sulfonamide groups. And the out-of-
plane bending vibrations of C–H groups for purine and pyrim-
idine rings (about 845 cm�1) are overlapped by the C–H bending
vibration of the aromatic ring at 840 cm�1. Interestingly, the
asymmetric stretching vibration peaks of SO3H groups
(1094 cm�1) almost disappear, indicative for ionic crosslinking
between SO3H groups and basic adenine or cytosine units
through acid–base interaction.42 When PA is doped, the inten-
sities of the SO3H stretching vibration at 1019 cm�1 and SO2NH
characteristic vibration at 1075 cm�1 decrease and a weak signal
can be observed at 1105 cm�1, and it infers the formation of
acid–base pairs between PA molecules and the basic NH groups
from sulfonamide groups, purine and pyrimidine rings.43
3.2 Phosphoric acid (PA) doping level

As previously reported,44 the PA doping level has a strong
inuence on proton transport in PEMs. Generally, for mere PA-
doped alkaline polymers (represented by PBI), high PA uptake
means more PA molecules including bonded PA through basic
groups as well as free PA can participate in the process of proton
migration. However, high PA loading inevitably results in severe
leaching of PA especially in a humidied environment. There-
fore, PA-doped PEMs are usually used in high-temperature
PEMFCs, but rarely as low-temperature polymer electrolytes.
In this work, two kinds of biological bases were introduced into
SPEEK backbones to provide PA adsorption sites and the PA
doping level was tested using the PA uptake and acid doping
level (ADL) (as shown in Table 1). For the SPEEK-Ax/PA
membranes, the PA uptake and ADL slightly increased up to
64.7% and 2.4 with the graing content of adenine, mainly due
to the introduced more basic sites. As for the SPEEK-Cx/PA
membranes, they did not exhibit an obvious increase in the PA
uptake values. Such a phenomenon may be related to the
J. Mater. Chem. A, 2022, 10, 19914–19924 | 19917
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Table 1 PA uptake, ADL, hydration coefficient (l), and mechanical properties of SPEEK, SPEEK-Ax/PA and SPEEK-Cx/PA membranes

Samples
PA uptake
(%) ADL l

Tensile strength (MPa)
Elongation at break
(%)

Dry Wet Dry Wet

Naon 115 — — — 30.4 � 2.2 25.8 � 0.3 294.4 315.2
SPEEK — — 7.8 68.7 � 4.9 25.3 � 0.7 92.0 120.2
SPEEK-A10/PA 55.8 2.1 15.5 76.8 � 4.5 23.7 � 3.2 251.1 251.0
SPEEK-A30/PA 56.0 2.1 15.0 74.0 � 3.4 28.1 � 2.7 207.5 218.4
SPEEK-A50/PA 64.7 2.4 14.2 70.3 � 0.2 30.7 � 2.1 237.9 301.5
SPEEK-C10/PA 51.2 2.0 13.2 78.1 � 7.1 36.5 � 2.8 210.1 195.9
SPEEK-C30/PA 56.3 2.1 14.9 76.4 � 4.8 35.4 � 8.7 199.3 307.8
SPEEK-C50/PA 56.0 2.1 18.1 76.6 � 4.7 36.6 � 6.6 153.0 323.8
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electron receptor effect of carbonyl (–C]O), which decrease the
basicity of the –NH group in the unit of cytosine. Overall, the PA
uptake and ADL of these two kinds of zwitterionic polymers
both remained at a low level.
3.3 Thermal properties

Thermal stability is important for the durability of a PEM
because it should withstand hot pressing to prepare the
membrane electrode assembly (MEA) and long-term operation
at different temperatures. Fig. 2 shows the TGA curves of SPEEK,
SPEEK-Ax/PA, and SPEEK-Cx/PA to compare their thermal
stability in the temperature range of 100–800 �C at a heating
rate of 10 �C min�1 in a N2 atmosphere. No weight loss around
100 �C can be found because the isothermal pretreatment of the
membranes at 100 �C removed the physically absorbed water.
Pristine SPEEK showed a three-step weight loss behavior: the
rst stage in the range of 195–270 �C is considered to be the
volatilization of the hydrogen-bonded water and a small
amount of residual DMF solvent. The second step from 285 to
400 �C is the decomposition of sulfonic acid groups, and the last
step is the degradation of the main chains of SPEEK. In the case
of PA-doped membranes, two weight loss steps were observed.
The rst weight loss, including the dehydration of PA and
hydrogen-bonded water, started later at about 250 �C and
Fig. 2 TGA curves of SPEEK, SPEEK-Ax/PA and SPEEK-Cx/PA
membranes.

19918 | J. Mater. Chem. A, 2022, 10, 19914–19924
overlapped with the stage of the –SO3H groups splitting-off.
Moreover, the degradation of SPEEK-Ax and SPEEK-Cx main
chains obviously moved to higher temperature when compared
to that of SPEEK, mainly due to the formed sulfonamide ionic
bond and other ionic interactions between acid groups and
basic sites. The TGA result proved that these PA-doped
membranes are thermally stable enough to be used as PEMs
in PEMFCs and DMFCs.

3.4 Mechanical properties

Sufficient mechanical strength of PEMs is essential for the
battery assembly and long-term fuel cell operation. Besides,
PEMs should also possess high toughness because the poor
exibility resulting from rigid aromatic polymer backbones and
uctuation of the environment (e.g. working temperature and
humidity) oen makes them brittle, which can destroy the
integrity of PEMs and cause the short circuit of fuel cells. In
order to better evaluate the mechanical properties of the ob-
tained PEMs, a tensile test under dry and wet conditions was
performed. The representative stress–strain curves and the
corresponding data are shown in Fig. 3 and Table 1, respec-
tively. In the dry state, the pure SPEEK membrane exhibited
a tensile strength of 68.7 MPa and an elongation at break of
about 92%, while the two values for commercial Naon 115
membranes were 30.4 MPa and 294.4%, verifying that SPEEK is
a typical rigid material. However, unlike the decrease in tensile
strength in typical PA-doped PEMs, the strength values of
SPEEK-Ax/PA and SPEEK-Cx/PA and membranes did not show
a downward trend but increased slightly. The two series of
membranes both demonstrated a strength higher than 70 MPa.
The slightly increased strength of these two zwitterionic poly-
mers is related to the ionic crosslinking between the acidic
groups (–SO3H) and basic sites (adenine or cytosine) as well as
the negligible free PA molecules due to the low doping level of
PA. What's more, the two series of membranes exhibited
dramatically enhanced exibility. For example, the highest
elongation values of these SPEEK-Ax/PA and SPEEK-Cx/PA
membranes can reach 207.5% and 210.1%, respectively. The
fracture energy, which can be calculated from the integral area
of the stress–strain curve and is usually used to characterize the
toughness of materials, and can also prove the enhanced exi-
bility. The introduction of PA molecules which are mainly
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Typical tensile stress–strain curves of SPEEK, commercial Nafion 115, and the as-prepared PA-doped membranes in (a) the dry state and
(b) the wet state.
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anchored on the basic sites of the polymer chains weakens the
ionic crosslinking between SO3H groups and the basic sites,
thus contributing to a signicantly improved toughness.

Considering that the obtained membranes can be used as
PEMs in low-temperature PEMFCs, the mechanical properties
of these membranes in their hydrate state aer soaking in water
for 24 h were also evaluated. As expected, all membranes
including SPEEK showed decreased strength and increased
elongation because the absorbed water molecules play a plasti-
cizer role. However, it is important to note that the SPEEK-Ax/PA
and SPEEK-Cx/PA membranes still possessed satisfactory
strength (>23.5 MPa) even if their elongation at break remained
at a very high level (>200%). The high strength as well as
excellent toughness of the SPEEK-Ax/PA and SPEEK-Cx/PA
Fig. 4 Water uptake and swelling ratio of (a) SPEEK-Ax/PA, and (b) SPEEK
Ax/PA and (d) SPEEK-Cx/PA membranes.

This journal is © The Royal Society of Chemistry 2022
membranes in dry and wet states guaranteed their mechanical
reliability during battery operation.
3.5 Water uptake, swelling and ion exchange capacity (IEC)

The transport of protons in low-temperature PEMFCs strongly
depends on the H2O molecules around ion exchange groups.
According to the dominant Grotthuss mechanism, protons
diffuse along the hydrogen bond network of water molecules or
other hydrogen-bonded liquids through the formation/cleavage
of these hydrogen bonds.45 In addition, the vehicle mechanism
proposes that H+ ions combine with surrounded water mole-
cules to form water-solvated ions (H+(H2O)x) and then transport
by the aid of electro-osmotic drag and concentration gradient.46

However, high water absorption oen brings about excessive
-Cx/PA membranes. Measured and theoretical IEC values of (c) SPEEK-

J. Mater. Chem. A, 2022, 10, 19914–19924 | 19919
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swelling and thus results in mechanical damage during the
operation. Therefore, moderate water absorption is needed and
the water uptake and swelling ratio of the as-prepared SPEEK
and PA-doped membranes are shown in Fig. 4a and b.
Compared to SPEEK (water uptake of 28.1% and swelling ratio
of 16.5%) and commercial Naon 115 (water uptake of 16.1%
and swelling ratio of 7.2%) membranes, the SPEEK-Ax/PA and
SPEEK-Cx/PA membranes exhibited obviously increased water
absorption and a relatively high swelling ratio. Such an increase
is due to the hygroscopicity of the doped PA, which possesses
high water binding energy. Moreover, the increased hydrogen
bond networks formed among different “acid–base” pairs, such
as –SO3H and –NH–, and PA and –NH–, also contribute to
enhance the water absorption capacity to a certain extent. In
addition, by comparing the H2O absorption and swelling
behavior of these two series of membranes with the same
graing ratio, the SPEEK-Cx/PA membranes demonstrated
slightly higher water uptake but a lower swelling ratio, and it is
probable that the smaller cytosine molecule is more conducive
to the formation of ionic crosslinking. Although the SPEEK-Ax/
PA and SPEEK-Cx/PA membranes demonstrated higher swelling
behavior than SPEEK, it is still acceptable because their swelling
ratio values are far below the values (usually beyond 70%) re-
ported in many PA-doped PEMs.47,48

IEC refers to the molar content of ions that can be exchanged
in ion conductive membranes per unit mass and is generally
used to evaluate the ability of membranes to exchange ions. The
measured IEC values through acid–base back titration and
theoretical IEC values calculated from the SO3H content per
gram of polymer are presented in Fig. 4c and d. Since the basic
sites are not used to calculate the theoretical values, in fact,
a large number of PA molecules are immobilized in membranes
through acid–base interaction, and the measured IEC values are
higher than the theoretical IEC values for all modied SPEEK
membranes. With the increase of the degree of substitution of
nucleobase, the number of SO3H groups gradually decreases,
and the theoretical IEC values decrease, but the measured IEC
values for all these membranes are similar (�2.0 mmol g�1).
Therefore, the difference between the measured and the theo-
retical values increases with the increase of the degree of
substitution.
Fig. 5 (a) Proton conductivity vs. temperature at 100% R.H., and (b) p
temperature up to 30 days.

19920 | J. Mater. Chem. A, 2022, 10, 19914–19924
3.6 Proton conductivity, PA retention stability, and
methanol permeability

The foremost role of PEMs is to conduct working ions (H+) from
the anode to the cathode. The temperature-dependent proton
conductivities are shown in Fig. 5a. All membranes including
SPEEK and Naon 115 showed a monotonic upward trend as
a function of temperature, mainly ascribed to the thermally
activated H+ transport process. By comparing the conductivities
at the same temperature (e.g. 80 �C), the SPEEK-Ax/PA and
SPEEK-Cx/PA membranes exhibited ultra-high conductivities
(all beyond 220 mS cm�1), while the conductivity of SPEEK was
only 43.8 mS cm�1. The highest conductivity obtained for the
SPEEK-C30/PA membrane was 276.0 mS cm�1 at 80 �C, which
was 5.3 times higher than that of SPEEK and even 31% higher
than that of Naon 115 (210.7 mS cm�1) under the same
conditions. Such a signicant increase in the proton conduc-
tivity of the PA-doped membranes might be not only affected by
the increased number of acidic groups due to their similar IEC
values to that of SPEEK. In order to nd out the reasons for the
excellent proton transport ability, we also tested the conduc-
tivity of the SPEEK-C30 membrane without PA doping. In
contrast to the super high conductivities of the PA-doped
membranes, the un-doped membrane showed a conductivity
value as low as 10 mS cm�1 (80 �C). Based on this result, the
absorbed PA molecules plays a vital role in the improvement of
proton conductivity. Therefore, due to a higher water uptake
and hydration coefficient l (as shown in Table 1) in the hydrate
state, the acidic sites (–SO3H and H2PO4

�) and basic sites
(adenine or cytosine) can be easily linked by intermediate H2O
bridges to form loose acid–base pairs.49 Thus protons continu-
ously transfer through the alternative formation and breaking
of the hydrogen-bonding network among these acid–base pairs
via the Grotthuss (or hopping) mechanism.50,51 Additionally,
some protons are solvated by free water molecules and then
dragged by “vehicles” (H3O

+) via the vehicle mechanism.
Although our PA-dopedmembranes showed excellent proton

conductivity under hydration conditions, a key issue, which is
the leaching of PA with water in low-temperature PEMFCs
during long-term work, is also needed to be considered. To
determine the PA retention ability, all SPEEK-Ax/PA and SPEEK-
Cx/PA membranes were soaked in water at room temperature
for 30 days and then tested their conductivities at 80 �C and the
roton conductivity (tested at 80 �C) after soaking in water at room

This journal is © The Royal Society of Chemistry 2022
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obtained results are shown in Fig. 5b. Unlike the severe PA loss
in most PA-doped PEMs, the SPEEK-Ax/PA and SPEEK-Cx/PA
membranes showed negligible conductivity change even aer
soaking for 30 days, verifying the good PA stability in the
membranes. This result indicated that there are few free PA
molecules in these membranes, and most PA molecules are
immobilized around the polymer chains through ionic inter-
action and hydrogen bonding when at a low PA doping level
(Table 1).

In addition to proton conductivity, methanol crossover of
a PEM is another key parameter to affect the performance of
a DMFC due to many negative effects (e.g. fuel waste, mixed
potential to reduce the open circuit voltage, catalyst poisoning,
etc.) caused by methanol permeability. From the result of
methanol permeability (Fig. S2†), Naon showed a severe
methanol permeability value of about 14.5 � 10�7 cm2 s�1,
which was also conrmed in our previous work.17 The large
hydrophilic ion clusters of Naon series membranes, which are
originated from their highly phase separated morphology,
enable many small polar ions or molecules (e.g.H+ and CH3OH)
to easily transport through Naon, thus leading to high
conductivity but serious permeability.52,53 In comparison with
Fig. 6 Polarization and power density curves of SPEEK, SPEEK-Ax/PA (a–
(a and d), 2 M (b and e), and 5 M (c and f) methanol as the fuel at 80 �C (me
30 mL min�1).

This journal is © The Royal Society of Chemistry 2022
the permeability of SPEEK (7.4 � 10�7 cm2 s�1), the nucleobase
modied SPEEK membranes possess lower methanol perme-
ability and the permeability value of the SPEEK-C50/PA
membrane decreases to 1.75 � 10�7 cm2 s�1. The obviously
improved methanol barrier ability of our PA-doped membranes
is mainly ascribed to the ionic crosslinking as discussed in the
section of mechanical properties.

The ratio of the proton conductivity to the methanol
permeability, dened as relative selectivity, is a useful predictive
performance parameter to evaluate the potential application in
DMFCs.54 Compared to commercial Naon 115 and SPEEK, the
nucleobase modied SPEEK membranes have exhibited
enhanced selectivity. The relative selectivity of the SPEEK-C50/
PA membrane is up to 66.4 � 104 S s cm�3, which is about 9.0
times and 21.9 times higher than that of SPEEK and commercial
Naon 115 membranes, respectively.17 The high relative selec-
tivity means a low methanol crossover.

3.7 DMFC performance

To further prove the practical feasibility of the as-prepared
membranes, pure SPEEK, commercial Naon 115, SPEEK-Ax/
PA and SPEEK-Cx/PA membranes were each assembled in
c), SPEEK-Cx/PA (d–f) and commercial Nafion 115 membranes with 1 M
thanol fuel with a flow rate of 1 mLmin�1 and oxygen with a flow rate of

J. Mater. Chem. A, 2022, 10, 19914–19924 | 19921
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Table 2 DMFC performance for different PEMs reported in the literature

Samples T (�C) CMeOH (M) OCV (V) Pmax (mW cm�2) Ref.

Naon 117 60 2 0.70 51.2 54
CBA/Naon-PVA4h 80 2 0.81 68.7 10
Naon/FDPA-10 60 2 0.72 47.3 44
p-BPAF@Naon-7.5 80 2 0.836 111.53 52
Naon/SNPAEK-7.5 80 2 0.77 47 53
SDF-PAEK@Naon-15% 80 2 0.730 139 3
SPEEK/PDA@PVDF 70 5 0.64 104.0 17
SPEEK-PSSA-CNT 60 2 0.799 93 55
SPEEK-Sfu 60 2 0.81 103 56
C-PEEK-25 25 4 0.8 35.3 21
SPEEK-C50/PA 80 2 0.70 141.7 This work

Fig. 7 long-term durability test of the DMFC with the SPEEK-C50/PA
membrane under a current density of 300mA cm�2 with 2 MMeOH at
80 �C.
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a DMFC single cell as the electrolyte to evaluate the cell
performance. Fig. 6 shows the potential–current density and
power density–current density curves obtained at 80 �C with
1 M, 2 M, and 5 M methanol as the anode fuel respectively.
Generally, a high concentration of the anode fuel means a fast
electrode kinetic reaction, but it also leads to the problem of
methanol permeability, which brings about many negative
effects on the cell performance and fuel utilization. It can be
seen that both the SPEEK-Ax/PA and SPEEK-Cx/PA membranes
showed higher open-circuit voltages (OCVs) when compared to
those of SPEEK especially at higher methanol concentration.
For example, the OCVs of SPEEK-A50/PA were 0.75 V (1 M
MeOH), 0.70 V (2 MMeOH) and 0.60 V (5 MMeOH), while these
values were 0.72 V, 0.66 V and only 0.48 V for SPEEK. This result
indicated that the introduction of basic sites into the structure
of SPEEK can inhibit the methanol crossover because fuel
permeability is the main factor to decrease the OCVs of DMFCs
under the same conditions (e.g. catalyst loading, the ow rates
of the anode fuel and cathode O2, etc.).55,56 As for the maximum
power density (Pmax), the DMFC containing the SPEEK-C50/PA
electrolyte output the highest Pmax of 141.7 mW cm�2 among all
the samples when feeding 2 M methanol at the anode, whereas
Naon 115 and SPEEK demonstrated a Pmax of only 64.1 and
67.2 mW cm�2, respectively. Such amore than doubled increase
in the power density benets from the ultra-high proton
conductivity together with the good methanol barrier ability of
the SPEEK-Ax/PA and SPEEK-Cx/PAmembranes. In addition, the
DMFC performance of this work is compared with those of
recently reported PEMs and the results are summarized in Table
2. The reported SPEEK-C50/PA membrane exhibits signicantly
higher performance compared with other previously reported
PEMs such as commercial Naon, modied Naon and other
SPEEK membranes, indicating their great potential as PEMs in
high-performance DMFCs.

In order to further assess the long-term stability of nucleo-
base modied SPEEK membranes in DMFCs, the durability of
the optimized membrane SPEEK-C50/PA was tested with 2 M
MeOH at 80 �C by chronopotentiometry. As shown in Fig. 7, the
DMFC with the SPEEK-C50/PA membrane could provide a rela-
tively stable OCV, and it had 89.7% of the initial voltage aer
100 h operation at 80 �C. The good stability was mainly due to
the acid–base pair interaction between PA molecules and the
19922 | J. Mater. Chem. A, 2022, 10, 19914–19924
basic sites on the SPEEK-C50 matrix. As reported, commercial
Naon115 as the PEM in DMFCs was tested at 80 �C under
a current density of 400 mA cm�2 and showed a 29% loss of
voltage aer 2.8 h.57 This indicates that the SPEEK-C50/PA
membrane has better stability than Naon 115 and possesses
excellent durability for DMFC applications.
4. Conclusions

In summary, two kinds of nucleobase modied SPEEKs with
different degrees of substitution, SPEEK-Ax and SPEEK-Cx, were
successfully synthesized. Then PA molecules are immobilized
through acid–base interaction to fabrication PA-doped polymer
membranes. All these PA-doped membranes exhibit sufficient
thermal stability and mechanical strength for DMFC applica-
tions. In particular, due to the formation of ionic crosslinking
caused by the basic sites of nucleobases, the SPEEK-Ax/PA and
SPEEK-Cx/PA membranes possess satisfactory strength (>23.5
MPa) even if their elongation at break remained at a very high
level (>200%) in the hydrated state. These PA-doped
membranes exhibited ultra-high proton conductivities (all
beyond 220 mS cm�1) at 80 �C, while the conductivity of SPEEK
was only 43.8 mS cm�1 with similar IEC values. The acid–base
pairs between the acidic sites (–SO3H and H2PO4

�) and basic
This journal is © The Royal Society of Chemistry 2022
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sites (adenine or cytosine) could serve as efficient trans-
portation paths for proton migration and enhance the meth-
anol resistance. The DMFC containing the SPEEK-C50/PA
electrolyte output the highest Pmax of 141.7 mW cm�2 when
feeding 2 M methanol, more than twice as much as that of the
SPEEK membrane (67.2 mW cm�2) and Naon 115 membrane
(64.1 mW cm�2). Therefore, these results demonstrate that the
nucleobase modied membranes have great potential as PEMs
for high-performance DMFCs.
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