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Introduction

Fabrication of —SOzH-functionalized
polyphosphazene-reinforced proton conductive
matrix-mixed membranes+

Jamal Afzal, © Jiashun Zhang and Haijiang Wang@*

Proton exchange membranes (PEMs) have emerged as very promising membranes for automotive
applications because of their notable proton conductivity at low temperatures. These membranes
find extensive utilization in fuel cells. Several polymeric materials have been used, but their
application is constrained by their expense and intricate synthetic processes. Affordable and efficient
synthetic methods for polymeric materials are necessary for the widespread commercial use of PEM
technology. The polymeric combination of hexachlorocyclotriphosphazene (HCCP) and 4,4-
diamino-2,2-biphenyldisulfonic acid facilitated the synthesis of PP-(PhSOzH),, a polyphosphazene
with built-in =SOsH moieties. Characterization revealed that it was a porous organic polymer with
high stability. PP-(PhSOzH), exhibited a proton conductivity of up to 8.24 x 1072 S cm™ (SD =
+0.031) at 353 K under 98% relative humidity (RH), which was more than two orders of magnitude
higher than that of its ~SOzH-free analogue, PP-(Ph), (2.32 x 10™* S cm™%) (SD = +0.019) under
identical conditions. Therefore, for application in a PEM fuel cell, PP-(PhSO3zH),-based matrix-mixed
membranes (PP-(PhSOzH),-MMMs) were fabricated by mixing them with polyacrylonitrile (PAN) in
various ratios. The proton conductivity could reach up to 6.11 x 1072 S cm™* (SD = +0.0048) at 353
K and 98%RH, when the weight ratio of PP-(PhSOzH),: PAN was 3:1, the value of which was
comparable with those of commercially available electrolytes used in PEM fuel cells. PP-(PhSOzH),-
MMM (3:1) had an extended lifetime of reusability. Using phosphazene and bisulfonated multiple-
amine modules as precursors, we demonstrated that a porous organic polymer with a highly effective
proton-conductive matrix-mixed membrane for PEM fuel cells could be produced readily by an
intuitive polymeric reaction.

efficiency and no carbon emissions. Therefore, PEMs have
a major contribution to the overall efficiency of PEM fuel cells.

The global increase in use of conventional fossil fuels has
resulted in several major environmental challenges, including
pollution of air, water, and soil, and has degraded human life
inexorably. As a result, clean and renewable energy resources
are highly demanded for a sustainable future.*”

Hydrogen is widely recognized as one of the most sustain-
able and clean energy carriers capable of permanently allevi-
ating the environmental challenges caused by conventional
fossil fuels and achieving carbon neutrality.’>® Using H, as fuel,
proton-exchange membrane (PEM) fuel cells can be used to
convert the chemical energy directly into electricity with high
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Because of their comparatively high proton conductivity at low
temperatures, PEMs are the most promising membranes for
automotive applications and are utilized in PEM fuel cells. A
range of polymeric materials have been utilized in the produc-
tion of different types of polymeric membranes, including the
Nafion® membrane (115, 117, 211, and 212). This commercially
available product, manufactured by Dupont, is commonly
employed in various applications due to its remarkable chem-
ical and thermal stability, strong mechanical properties, and
excellent proton conductivity.”® However, the widespread use of
PEMs is limited due to their high cost and the challenges
associated with their synthesis. There are some limitations
linked to this methodology, notably the cost ramifications and
the challenge of effectively managing waste. The presence of
fluorine within the structural framework may result in
substantial expenditures associated with the disposal of
outdated materials.® Hence, there is a need for the fabrication of
polyphosphazene-based membranes by cost-effective and
straightforward synthesis of alternative polymeric materials

© 2024 The Author(s). Published by the Royal Society of Chemistry
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derived from bisulfonated polyphosphazene to facilitate the
commercial utilization of PEMs. The development of innovative
proton-conductive electrolytes, namely those based on bisulfo-
nated polyphosphazene, is crucial for ensuring the practicality
and effectiveness of PEM fuel cells.'***

Typically, porous materials permit the loading of bulky
visitors and endow composites with multiple functionalities.
Numerous porous materials based on coordination, covalent,
and hydrogen bonds have been synthesized and put to exten-
sive use.™® Nafion, a perfluorinated sulfonated polymeric
electrolyte, has been utilized as a PEM material recently due to
its high proton conductivity and durability. However, its
prospective large-scale practical application is hampered by its
high cost, synthetic hitches, and restricted working
conditions.” ' In response to the success of Nafion, numerous
inorganic metal compounds, graphdiynes,>**  poly-
oxometalates,>** and materials with —-SO;H functionalities®*->*
have been incorporated into porous materials as Nafion
substitutes to address their fabrication and application
issues.?*** Using the Cu(1)-CAAC click reaction,**° we grafted -
SO;H groups into the skeletons of two robust porous materials,
a triazole-based porous organic polymer (TaPOP-1) and
a metal-organic framework (UiO-66), during an in situ
synthesis or by post-treatment, respectively. In both sulfonated
porous samples, TaPOP-1-SO;H and UiO-66-SO;H, remark-
able enhancements in proton conductivity were attained.***”
Even though numerous porous materials have been developed
and studied for the application of proton-conduction, effective
proton-conductive electrolytes derived from inexpensive reac-
tants and prepared by simple methods are essential to meet
the large-scale production of PEM fuel cells.

Polyphosphazenes are a class of robust polymers that can
be produced at large scale for various applications. Usually,
phosphazene units are connected by rigid linkers to form
porous materials by incorporating -SO;H functionalities
simultaneously into their skeletons to form porous poly-
phosphazene for efficient proton conduction. Herein, we
demonstrated fabrication of a porous organic poly-
phosphazene with -SO;H constituents, designated PP-
(PhSO3H),, as an efficient PEM. PP-(PhSO3H), was synthesized
by combining hexachlorocyclo-triphosphazene (HCCP) and
4,4-diamino-2,2-biphenyldisulfonic acid in a simple, one-pot
polymeric reaction. Physical characterizations showed that it
is an organic polymer with a porous structure and a high
degree of stability. It exhibited a proton conductivity of 8.24 x
107> S em ™! at 353 K under 98% relative humidity (RH), which
is more than two orders of magnitude greater than its -SO;H-
free analogue, PP-(Ph), (2.32 x 10~ * S ecm '), at the same
temperature and humidity. When incorporated into matrix-
mixed membranes with varying proportions of poly-
acrylonitrile (PAN), values comparable with those of commer-
cially available proton-conductive electrolytes were observed
under practical operating conditions. This result demon-
strated that by incorporating -SO;H moieties into the scaffolds
of phosphazene-based porous organic polymers, proton-
conductive electrolytes suitable for use in PEM fuel cells
could be manufactured.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Materials and reagents

All the chemicals, reagents, and solvents used for the syntheses
of materials were available commercially and were used as
received unless stated  otherwise. 4,4-Diamino-2,2-
biphenyldisulfonic acid (85%), potassium carbonate (99.5%),
benzidine (98%), and polyacrylonitrile (98%) were purchased
from Aladdin Bio-Chem Technology (Shanghai, China). Anhy-
drous DMSO, anhydrous DMF, and H,SO, were purchased from
Shanghai Macklin Biochemicals (Beijing, China).

Experimental methods

Synthesis of PP-(PhSO;H),. In a two-necked round-bottomed
flask (100 mL), 3.1 g of 4,4-diamino-2,2-biphenyldisulfonic acid
(9 mmol), 0.62 g of potassium carbonate (4.5 mmol), and 45 mL
of anhydrous DMSO were added. Then, 1.043 g of
hexachlorocyclo-triphosphazene (HCCP) (3 mmol) in 20 mL of
anhydrous DMSO was added dropwise to the flask under stir-
ring. After stirring and reflux at 125 °C for 6 h in a N, atmo-
sphere, a solid powder was generated (Fig. 1). Collection by
centrifugation and washing by an aqueous solution of 0.1 M
H,S0,, ethanol, and then acetone (three times for each solvent)
and drying overnight in a vacuum oven at 75 °C was done. A fine
blackish powder of PP-(PhSO;H), was obtained in a yield of 76%
based on the starting reactants.

Synthesis of PP-(Ph),. The synthetic procedure was similar to
that of PP-(PhSO;H),. Benzidine (9 mmol, 1.67 g), potassium
carbonate (4.5 mmol), and 45 mL of anhydrous DMSO were
added to a two-neck round-bottomed flask, followed by drop-
wise addition of an anhydrous DMSO solution of HCCP
(3 mmol, 1.043 g) under stirring in a N, atmosphere. After 6 h of
reflux at 125 °C, the particulate was collected by centrifugation
and washed with an aqueous solution of 0.1 M H,SO,, ethanol,
and then acetone (three times for each solvent). After drying
overnight at 75 °C in a vacuum oven, fine PP-(Ph), powder was
ultimately obtained.

Fabrication of matrix-mixed membranes. Polyacrylonitrile
was used to form casting solutions as a polymer matrix. PAN
(300 mg) was first dissolved in DMF (2 mL) and placed in an
oven overnight at 70 °C to obtain a clear slurry. Then, the
fabricated PP-(PhSO3;H), or PP-(Ph), was mixed with the clear
PAN slurry in different ratios to obtain a homogeneous solution.
The latter was placed across the surface of aluminium foil with
a casting knife at a 100 um gap to enable formation of a film.
After natural drying for 1 day, followed by immersion in water
for an additional day to eliminate additives and solvents,
matrix-mixed membranes were produced. These membranes
could be preserved at room temperature provided they are well
wrapped with aluminium foil (Fig. S47).

Results and discussion

Hexachlorocyclotriphosphazene and a rigid organic diamine
with a -SOz;H functional group, 4,4-diamino-2,2-
biphenyldisulfonic acid,*****> were chosen as precursors for
the fabrication of a polyphosphazene-based porous organic

RSC Adv, 2024, 14, 14456-14464 | 14457
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Fig. 1 Synthetic scheme of PP-(PhSO3zH).

polymer. Fig. 1 depicts the PP-(PhSO;H), fine black powder
obtained after a simple one-pot polymeric reaction.**** As
a control, a sample of its -SO;H-free analogue, PP-(Ph),, was
also synthesized using the same method.

X-ray diffraction measurements revealed the amorphous
morphology of powder samples (Fig. S1T). Scanning electron
microscopy (SEM) images and energy dispersive X-ray (EDX)
spectroscopy mapping analyses of PP-(PhSO3;H),, showed C,
O, N, P, and S to be disseminated uniformly in the amorphous
polymer (Fig. 3 and S2t). FTIR spectroscopy of PP-(PhSO;H),
and PP-(Ph), demonstrated that the samples exhibited N=P
bond vibrations at 1200 em™~" and 1264 em™", indicating the
presence of polyphosphazene moieties in PP-(PhSO3;H), and PP-
(Ph), (Fig. 2 and S$31).*** The peaks at 3448 cm ' and
3352 ecm ™' in PP-(PhSO;H), and PP-(Ph), were the stretching
bands of N-H groups, indicating that the amino groups (-NH)
had been incorporated into both samples. A peak at 1036 cm™*
(-SO3H) unambiguously indicated a sulfonic acid group in PP-
(PhSO3H),, whereas PP-(Ph), (ref. 33-35) lacked a correspond-
ing peak. The incorporation of -SO;H functional groups into

the synthesized PP-(PhSO;H), was confirmed by FTIR
spectroscopy.
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Fig. 2 FTIR spectra of PP-(PhSOzH), and PP-(Ph),.
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N, sorption measurement showed a surface area of 28 m> g ~"
for PP-(PhSO;H), and 35 m> g~ ' for PP-(Ph), (Fig. 4a).** Ther-
mogravimetric analyses were carried out to examine their
thermal stability. Weight losses were observed in both samples
along with a temperature increase (0-120 °C) attributed to
evaporation of absorbed water and solvent molecules (Fig. 4b).
Significant weight losses up to ~400 °C were due to polymer
degradation, which revealed the thermal stability of poly-
phosphazenes below 120 °C, which is working temperature of
a PEM fuel cell.***

The proton conductivities of the two samples were evaluated
using electrochemical impedance spectroscopy (EIS) under
different temperatures (303 K to 353 K) and RH (75%RH to 98%
RH) after they had been pressed into tablets. The obtained
curves revealed that the proton conductivity of PP-(PhSO;H),
exhibited a positive connection with temperature and RH (Fig. 5
and Table 1). At 80 °C and 98% RH, the proton conductivity of
PP-(PhSO3H), increased to 8.24 x 10> S cm ™, which was more
than two orders of magnitude greater than the proton conduc-
tivity of PP-(Ph), under the same circumstances (2.32 X
107" S ecm™').»% Following that, Arrhenius plots based on
proton conductivity were built, and activation-energy values
were obtained using the least-squares fitting approach. Values
were 0.28, 0.22, and 0.16 eV for the synthesized PP-(PhSO;H),
when measured at 98%RH, 85%RH, and 75%RH, respectively
(Fig. 5d). We concluded that proton transport within the
synthesized =~ PP-(PhSO;H),  followed the  Grotthuss
mechanism.*** The insertion of in situ-produced amine groups
caused the synthesized PP-(PhSO;H), to have an affinity link to
the water molecule adsorbed in its pores. Concurrently, the
built-in -SO;H moieties could offer exceptionally active free-
moving protons, which improved the efficiency of proton
conduction. As a result of the synergistic impact of the in situ-
generated amine groups and in-built -SO;H moieties, the
manufactured PP-(PhSO3;H), had high proton conductivity,
making it a very promising prospective electrolyte for use in
PEM fuel cells.

PAN was chosen as the casting solution in membrane
fabrications with the PP-(PhSO;H), as the core electrolyte mixed
in various weight ratios to form matrix-mixed membranes PP-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Energy-dispersive X-ray mapping of PP-(PhSOzH),.
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(PhSO3H),-PAN (n: m) (where n : m represents the weight ratios
of PP-(PhSO3;H),:PAN) after painting, drying, and
soaking.”*?%%>> When the ratio of PP-(PhSO;H), to PAN in
matrix-mixed membranes exceeded 4:1, membrane fragility
began to set in. Therefore, membranes with PP-(PhSO;H), and
PAN weight ratios of 1:1 and 3 : 1 were manufactured (Fig. 6a).
The morphology of the fabricated PP-(PhSO3;H),~-PAN (3 : 1) was
determined by SEM. It showed a smooth and uniform surface
with the thickness of ~60.20 pm (Fig. 6b).

The physical properties of the membranes were evaluated
using documented standard procedures.”*****-*¢ To identify the
active -SO3;H groups in manufactured membranes, their ion

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(@) N2 sorption isotherms and (b) TGA curves of PP-(PhSOzH), and PP-(Ph)..

exchange capacity (IEC) was first determined by acid-base
titration.”**°*%* Using an aqueous solution of 0.01 M NaOH as
the titrant solution and phenolphthalein as the indicator,
titration experiments were conducted after ion exchange to
exchange the proton in the membranes with sodium ions in the
prepared NaCl solutions (see the experimental section of ESIT
for additional information). According to Table 2, the calculated
results of titration experiments revealed that the IEC of manu-
factured matrix-mixed membranes increased from 0.58 mmol
g ' of PP-(PhSO;H),-PAN (0.1:1) to 2.81 mmol g ' of PP-
(PhSO3H),-PAN (3:1).

RSC Adv, 2024, 14, 14456-14464 | 14459
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Fig. 5 Nyquist plots of PP-(PhSOzH), measured at different temperatures and different relative humidities. (a) 98%RH, (b) 85%RH, (c) 75%RH. (d)

Arrhenius plots of proton conductivity for PP-(PhSOzH), at 98% RH (green), 85% RH (cyan), and 75% RH (blue).

Table 1 Proton conductivities (S cm™) of synthesized PP-(PhSO3H), under different conditions of temperature and relative humidity

T 98%RH SD” = +0.031 85%RH SD = £0.0026 75%RH SD = 40.005
80 °C 8.24 x 1072 8.11 x 1072 3.65 x 10°
70 °C 5.16 x 102 6.58 x 10 2.83 x 10°
60 °C 3.25 x 1072 5.79 X 10> 1.38 x 1074
50 °C 1.89 x 1072 4.55 x 10 9.85 x 10 *
40 °C 8.81 x 1073 3.91 x 107° 8.66 x 107+
30 °C 6.29 x 1073 1.84 x 10° 6.57 x 10°*

% SD denotes the standard deviation of the values of proton conductivity.

Water uptake (WU) is a critical factor for matrix-mixed
membranes because it determines proton conduction. WU is
analyzed by weight differences between dry and hydrated
samples after overnight immersion in deionized H,O at 30 or
80 °C.?%285356 Ag shown in Table 2, at the same temperature, all
of the manufactured membranes had enhanced water absorp-
tion as the temperature increased, with the WU value of PP-
(PhSO3H),-PAN (3:1) increasing up to 23% at 80 °C. The
dimensional stability and swelling ratios of all membranes were
measured by comparing dried and hydrated samples (see the
experimental section of ESIt for additional
information).>*2%53*¢ The dimensional differences demon-
strated that all the fabricated membranes were less than 2.8%
and 3.2% at 30 and 80 °C, respectively, indicating high

14460 | RSC Adv, 2024, 14, 14456-14464

dimensional stability. All membranes swelled less than 1.70%
and 2.65% at 30 and 80 °C, respectively, indicating their strong
dimensional stability.

The chemical and hydrolytic stability of all matrix-mixed
membranes was investigated by treatment with different
reagents (see the experimental section of ESI{ for additional
information). Their oxidative chemical stability was tested after
immersion in Fenton reagent (FeSO, in 3% H,0,, 3.0 ppm)
based on the time (¢) it took for the membranes to totally
disintegrate at various temperatures.****** As indicated in Table
3, the elapsed periods (¢) increased from 8 h of PP-(PhSO;H),-
PAN (0.1:1) at 80 °C to 36 h of PP-(PhSO;H),-PAN (3:1) at 30 °
C. The prolonged time it took for the membranes to lose their
mechanical capability was also evaluated by submersion in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6

(a) Photographs and (b) SEM images of PP-(PhSOzH),—PAN (3: 1) showing its upper surface (left) and its thickness (right).

Table 2 lon exchange capacity, water uptake, dimensional stability, and swelling ratios of fabricated membranes
Dimensional stability (%)
Swelling ratio
IEC (mmol g~ ) WU (%) (AL (AW (%)

Membranes IECp IECgsp, 30 °C 80 °C 30 °C 80 °C 30 °C 80 °C 30 °C 80 °C
PP-(PhSO;H),~PAN (3:1) 2.86 2.81 13.13 22.61 1.92 2.83 2.50 3.15 1.65 2.62
PP-(PhSO;H),-PAN (1:1) 1.98 1.91 8.73 14.68 1.55 1.93 1.63 2.09 0.95 1.42
PP-(PhSO;H),~PAN (0.4:1) 0.87 0.83 6.59 9.91 0.81 1.07 1.44 1.97 0.51 0.97
PP-(PhSO;H),-PAN (0.1:1) 0.63 0.58 3.66 7.22 0.66 0.89 0.71 0.90 0.32 0.63
distilled water at 50 °C (Table 3).2°2%% These values were >96 h, PP-(PhSO;H),-PAN (3:1)wasup to 6.11 x 10 >Scm "at 80°

and the membrane of PP-(PhSO;H),-PAN (3 :1) had an elapsed
duration of up to 120 h, which revealed excellent physico-
chemical features towards PEM fuel cells.

Finally, the proton conductivity of constructed
membranes was measured via EIS where the conductivity of

Table 3 Chemical and hydrolytic stability of fabricated membranes

Chemical Hydrolytic

stability/t (h) stability/t (h)
Membranes 30 °C 80 °C 50 °C
PP-(PhSO;H),-PAN (3:1) 36 18 120
PP-(PhSO;H),-PAN (1:1) 36 18 120
PP-(PhSO;H),-PAN (0.4:1) 36 12 9%
PP-(PhSO;H),-PAN (0.1:1) 36 8 9

© 2024 The Author(s). Published by the Royal Society of Chemistry

C and 98% RH (Fig. 7a and Table 4). This value is close to that
of the PEM membranes Nafion-type electrolyte and marketed
Nafion®117,°7%% j.e., 5 x 10 2 and 1.5 x 10°' S cm™ ' at 30
and 80 °C, respectively, at 98% RH (Table S1+t). Similarly, the
graph of proton conductivity versus time for PP-(PhSO3zH),-
PAN (3:1) suggested that it had long-term stability (Fig. 7b).
Other matrix-mixed membranes (1:1, 0.4:1, 0.1:1) also
showed adequate proton conductivity with long-life dura-
bility (Table 4). Bisulfonated polyphosphazenes have
appealing potential as proton-conductive electrolytes for
PEM fuel cells due to their excellent proton conduction, low
cost, and facile production. Our study may provide a simple
polymeric process employing bisulfonated modules as
precursors for effective and economically feasible proton-
conductive electrolytes for PEM fuel cells.

RSC Adv, 2024, 14, 14456-14464 | 14461
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Table 4 Proton conductivity (S cm™) of synthesized membranes under 98%RH

PP-(PhSO;H),-PAN (0.1:1)

PP-(PhSO;H),~PAN

PP-(PhSO;H),~PAN PP-(PhSO;H),~PAN

Temperature SD% = +0.0065 (0.4:1) SD = +0.0045 (1:1) SD = +0.0032 (3:1) SD = +0.0048
80 °C 8.52 x 1073 2.32 x 1072 4.22 x 102 6.11 x 102

70 °C 7.98 x 107 2.06 x 107> 3.83 x 107> 5.64 x 1072

60 °C 7.22 x 103 1.82 x 102 3.07 x 102 4.92 x 102

50 °C 6.08 x 10 1.11 x 1072 2.75 x 107> 4.61 x 1072

40 °C 5.85 x 103 9.88 x 10 2.02 x 1072 4.05 x 1072

30 °C 5.13 x 1073 9.17 x 107 1.87 x 1072 3.93 x 1072

“ SD denotes the standard deviation of the proton conductivity.
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A bisulfonated polyphosphazene-based porous organic poly-
mer with built-in -SO;H moieties was produced as a proton-
conductive electrolyte for use in PEM fuel cells using
a simple one-pot polymeric method. Experiments on proton
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use in PEM fuel cells.
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