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hobic side chains in
poly(fluorenyl-co-aryl piperidinium) ionomers for
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Durable and conductive catalyst layers are critical for anion exchange membrane fuel cells (AEMFCs) to

achieve high power density and sufficient lifespan. Great efforts have been devoted to improving the

quality of anion exchange membranes (AEMs), while research on ionomer design has rarely been

reported. Here, we propose a convenient strategy to improve the stability of fuel cells by introducing

hydrophobic side chains in poly(fluorenyl-co-aryl piperidinium) (PFAP) ionomers to promote dimensional

stability and electrochemical stability of the catalyst layers. We systemically studied the effects of

hydrophobic side chain length, grafting position, and polymer backbone on the physical and

electrochemical properties of ionomers. Specifically, ionomers with hydrophobic side chains naturally

possess decreased water adsorption and improved dimensional stability. The polymers with hydrophobic

side chains grafted on the piperidinium group (s-PFAP-Pip-Cx, x denotes the side chain carbon length)

possess limited alkaline stability and hydroxide conductivity (<90 mS cm−1 at 80 °C). Conversely,

polymers with hydrophobic side chains grafted onto the fluorene monomer (s-PFAP-FLN-Cx) possess

improved dimensional stability (swelling ratio <50% vs. reference poly(fluorenyl-co-biphenyl

piperidinium) of 90%) and conductivity (>134 mS cm−1 at 80 °C) and good mechanical properties (tensile

strength >60 MPa, Young's modulus >1000 MPa) and electrochemical stability. Importantly, s-PFBP-FLN-

C8 ionomer-based fuel cells showed a remarkable peak power density of 2.607 W cm−2 at 80 °C.

Moreover, the s-PFBP-FLN-C8 ionomer-based fuel cell exhibited a 26 times lower voltage decay rate

than the benchmark fuel cell with PFBP ionomer after operating at a constant current density of 0.6 A

cm−2 at 70 °C.
Introduction

With deterioration of living environments and shortages of
fossil fuels, hydrogen fuel cells have attracted much attention
due to their high energy conversion efficiency and
environmentally-friendly properties.1–5 Among them, anion
exchange membrane fuel cells (AEMFCs) have emerged as
a promising successor to commercial proton exchange
membrane fuel cells (PEMFCs) due to the alkaline operating
environment, which allows the AEMFCs to utilize low-cost non-
platinum group metal (PGM) catalysts and hydrocarbon-based
electrolytes.6,7 However, the majority of AEMFCs shows
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insufficient power density and in situ durability due to the lack
of qualied alkaline polymer electrolytes (APEs).4

To develop high-performance APEs, those with different
polymer backbones and cationic groups have been widely
studied in the past decades.8–12 Numerous studies have revealed
that polymer backbones containing ether groups and electron-
withdrawing groups are vulnerable to alkaline conditions,
which accelerates their degradation.13,14 Very recently, ether-free
APEs have been documented to possess exceptional chemical
stability and ionic conductivity.15–18 Tang and co-workers
designed a series of cobaltocenium-containing polyolens,
which displayed remarkable alkaline stability (maintained 95%
conductivity at 1 M NaOH, 80 °C for one month) and conduc-
tivity (90 mS cm−1 at 90 °C).11 Yan and co-workers reported
several types of poly(aryl piperidinium)-based APEs with an
outstanding conductivity of 193 mS cm−1 at 95 °C and alkaline
stability.18 Recently, our group developed a series of poly(aryl-co-
terphenyl piperidinium) copolymers that exhibited promising
conductivity greater than 150 mS cm−1 at 80 °C and durable
alkaline stability at 1, 5, and 10 M NaOH solutions for longer
than 1000 h.16,19–21 Although the state-of-the-art APEs have
J. Mater. Chem. A, 2023, 11, 2031–2041 | 2031
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Fig. 1 Chemical structure of the side chain type poly(fluorenyl-co-aryl
piperidinium).
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advanced in parallel to commercial proton exchange
membranes (PEMs), it is rare that the reported AEMFCs
simultaneously possess a power density greater than 1.5 W
cm−2 and excellent in situ durability.22–24

Water (the reactant and product of electrode reactions)
greatly affects the performance and longevity of AEMFCs.25,26 As
is widely documented, water management in AEMFCs is more
challenging than in PEMFCs.23,27 Specically, the water gener-
ation reaction at the anode and the water consumption reaction
at the cathode exacerbate the water imbalance between the two
electrodes.28 Thus, AEMFCs simultaneously face challenges of
anode ooding and cathode dehydration when the fuel cell is
operated at high current density.29 An anode ionomer with high
swelling ratio and water uptake will block the porous structure
of the catalyst layer, resulting in increased mass transport
resistance.30 Moreover, the water adsorption and dehydration
process of the ionomer will impair the stability of catalyst layers,
causing exfoliation of catalyst layers and aggregation of catalyst
particles.31,32 On the cathode side, dehydration aggravates the
nucleophilicity of OH−, which accelerates the degradation of
ionomers.33 Therefore, an ionomer with high chemical stability
and a low swelling ratio is critical for achieving high-
performance AEMFCs and long-term operation. Zhuang and
co-workers designed a series of uorine-containing polymers
for use as anode ionomers.34 The hydrophobic ionomer well
addressed the water ooding issue at the anode and greatly
promoted the stability of fuel cells. Yan and co-workers reported
a strategy to enhance the stability of ionomers by applying
a hydrophobic exible spacer on the polymer backbones.35

Similarly, Kim et al. revealed that the formation of harsh alka-
line environments in the cathode mainly caused degeneration
of fuel cell performance, and applying a hydrophobic alkyl
spacer in the cathode ionomer backbone greatly improved the
durability of AEMFCs.33

In this work, we prepared a series of poly(uorenyl-co-aryl
piperidinium) (PFAP)-based ionomers with different lengths of
hydrophobic alkyl spacers located at different positions to
realize highly durable AEMFCs, as shown in Fig. 1. Poly(-
dibenzyl-co-terphenyl piperidinium) (PDTP) was selected as the
AEM due to its high ionic conductivity (166 mS cm−1 at 80 °C),
durable alkaline stability, and mechanical properties.16,36,37

Introduction of hydrophobic spacers greatly limited the
swelling and water adsorption of ionomers. The effects of
hydrophobic alkyl spacer length and location in PFAP ionomers
on water uptake, swelling ratio, ionic conductivity, alkaline
stability, power density, and in situ durability were studied.
Results and discussion
Polymer synthesis and characterization

To verify the effects of the location of alkyl side chains on the
properties of ionomer, PFAP ionomers with alkyl spacers
attached to piperidinium groups and uorenyl monomers were
synthesized. These are referred to as s-PFAP-Pip-Cx and s-PFAP-
FLN-Cx (x = 6, 8), respectively, where x denotes the carbon
length of the alkyl spacer (see Fig. 1). The synthesis processes of
2032 | J. Mater. Chem. A, 2023, 11, 2031–2041
these polymers are displayed in Scheme S1,† which are similar
to our previous reports.16,19

The chemical structures of the synthesized polymers were
conrmed via 1H NMR using DMSO-d6 as solvent (see Fig. S1–
3†). Specically, the peaks that appeared at 0.4–0.8 ppm are
associated with the protons from the alkyl side chain, suggest-
ing successful introduction of the side chain monomer into the
s-PFAM-FLN-Cx polymers (before quaternization) (see Fig. S1†).
Aer quaternization, the characteristic peak of protons from the
methyl group appeared at 3.11 ppm, conrming the successful
reaction (Fig. S2†). Similarly, the characteristic peaks of s-PFAP-
Pip-Cx showed a one-to-one correspondence with chemical
structures, indicating successful polymer synthesis (Fig. S3†).
Good solubility is critical for ionomers to prepare catalyst inks.
Table S1† summarizes the solubility of ionomers in common
organic solvents. All the polymers were well dissolved in DMSO
and DMF.
Water uptake, swelling ratio, and conductivity

The water uptake (WU,%), swelling ratio (SR,%), and hydroxide
conductivity of PFAPs (benchmarks, poly(uorenyl-co-terphenyl
piperidinium) (PFTP), and poly(uorenyl-co-biphenyl piper-
idinium) (PFBP) without side chains) and s-PFAPs (side chain
type polymers presented in this work) are displayed in Fig. 2 as
a function of temperature. Due to the introduction of hydro-
phobic side chains, s-PFAPmembranes possess much lowerWU
than that of benchmarks (see Fig. 2a and b). Particularly, the s-
PFBP-Pip-C8 membrane achieved a WU of 25.2% at room
temperature, which is around 1/12th that of the benchmark
PFBP (WU: 300% at room temperature) and 1/9th that of s-
PFBP-FLN-C8 (WU: 230% at room temperature). The low WU
of s-PFBP-Pip-Cx was attributed to their low ion exchange
capacity (IEC, see Table 1). A similar phenomenon was observed
in s-PFTP polymers (Fig. 2b). Generally, the introduction of
hydrophobic side chain on PFTP polymers shows a smaller
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Water uptake (a and b), swelling ratio (c and d), and hydroxide conductivity (e and f) of PFAP and s-PFAPs in OH− form as a function of
temperature.
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impact on SR than that of PFBP polymers, which attributes to
pristine PFTP's low SR and rigid backbone.

The dimensional stability of an ionomer is critical for long-
term operation of the fuel cell.31,32 Ionomers with excessive SR
will degrade the physical stability of catalyst layers, causing
collapse and detachment. Additionally, excessively swollen
ionomers will block the gas channel, resulting in high mass
transfer resistance.30 As displayed in Fig. 2c, the SR of s-PFBP
membranes was lower than 60% at 80 °C, which is half of the
PFBP. Specically, the s-PFBP-Pip-C8 membrane achieved the
This journal is © The Royal Society of Chemistry 2023
lowest SR of 9.6% at 80 °C due to its low IEC and the long
hydrophobic side chain, which decreases the hydrophilicity of
expected. A similar trend was observed in s-PFTP membranes,
as shown in Fig. 2d. Compared to s-PFBP membranes, s-PFTP
membranes showed much lower SR (<25% at 80 °C) due to
the rigid terphenyl monomer in the backbone, which prohibits
swelling of the membranes.

Fig. 2e and f shows the hydroxide conductivity of PFAP and s-
PFAPs as a function of temperature. s-PFAP-Pip-Cx membranes
show an obvious conductivity loss (<85 mS cm−1 at 80 °C) aer
J. Mater. Chem. A, 2023, 11, 2031–2041 | 2033
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Table 1 Physical and electrochemical properties of PFAPs and s-PFAPsa

IEC (meq g−1) WU (%)b SR (%)b TS (MPa) EB (%) YM (MPa) s (mS cm−1)c h (dL g−1)

PFBP 3.43 300 � 20.2 90 � 5 53 14 692 141.3 � 5 3.5
s-PFBP-FLN-C6 3.22 255 � 15.1 44 � 4 76.4 14 1197 156.5 � 4 3.9
s-PFBP-FLN-C8 3.14 230 � 12.7 38 � 4.6 66.5 16 1014 143.2 � 3 4.8
s-PFBP-Pip-C6 2.8 75 � 7.1 26 � 2 37.2 18.3 513 82.4 � 3 3.9
s-PFBP-Pip-C8 2.59 25.2 � 3.1 6.3 � 0.5 18.9 13.1 260 75.1 � 2.5 2.4
PFTP 2.78 41.4 � 3.7 20.5 � 3.2 62.4 25.8 1118 163.1 � 5.7 4.1
s-PFTP-FLN-C6 2.66 30 � 6.7 18.5 � 2.8 93.2 24.6 1331 151.7 � 2.3 4.6
s-PFTP-FLN-C8 2.6 25.8 � 3.7 15.6 � 2.1 79.4 23.6 1115 134.5 � 5.1 4.7
s-PFTP-Pip-C6 2.36 20.7 � 2.1 10.6 � 2.7 36.5 18.6 651 73.9 � 4.2 3.8
s-PFTP-Pip-C8 2.22 12.2 � 2.1 4.2 � 1.5 31.2 19.2 349 65.7 � 2.6 3.7

a TS: tensile strength; EB: elongation at break; YM: Young's modulus; s: OH- conductivity; h: intrinsic viscosity. b Measured at room temperature.
c Measured at 80 °C.
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the alkyl spacer was attached to the piperidinium group, which
is attributed to loss of ion transport channels by alkyl chains in
piperidinium. Conversely, s-PFAP-FLN-Cx membranes achieved
a high conductivity greater than 120 mS cm−1 at 80 °C. Specif-
ically, s-PFBP-FLN-C6 possesses an improved conductivity of
156 mS cm−1 compared to PFBP (141 mS cm−1 at 80 °C) due to
the improved dimensional stability. The excessive swelling ratio
is believed to dilute the ionic concentration resulting in
decreased conductivity.38,39 On the other hand, s-PFTP-FLN-Cx
displayed a slightly decreased conductivity compared to that
of PFTP, which is attributed to the limited WU.
Morphology

The surface morphologies of PFAP and s-PFAPmembranes were
observed using atomic force microscopy (AFM) in tapping mode
at ambient conditions. As exhibited in Fig. 3, all the prepared
membranes show obvious microphase separation structures,
Fig. 3 AFM images of PFAP and s-PFAP membranes in I− form in the dry
size. (a) PFBP, (b) s-PFBP-FLN-C6, (c) s-PFBP-FLN-C8, (d) s-PFBP-Pip-C
(i) s-PFTP-Pip-C6, and (j) s-PFTP-Pip-C8.

2034 | J. Mater. Chem. A, 2023, 11, 2031–2041
where the bright area indicates the hydrophobic backbone, and
the dark region is associated with hydrophilic piperidinium
groups.

Compared to pristine PFAP membranes, the s-PFAP
membranes showed decreased hydrophilic phase width (see
inset gures), hydrophilic area ratio (Fig. S4a†), and hydrophi-
licity (see contact angles in Fig. S4b†). For instance, the
hydrophilic domain widths of s-PFBP-FLN-C6 and s-PFTP-FLN-
C6 membranes were 13.9 and 12.3 nm, respectively, which were
slightly lower than those of the benchmarks PFBP (14.5 nm) and
PFTP (13.1 nm). Membranes with developed hydrophilic chan-
nels normally achieve a high conductivity. However, the exces-
sive swelling ratio (>90% at room temperature) of PFBP
membrane (see Table 1) dilutes the ionic concentration, espe-
cially at high temperatures, causing a decreased conductivity
over s-PFBP-FLN-C6 membrane. Therefore, appropriate SR and
WU are also important for high conductivity.
state under ambient conditions along with average hydrophilic domain
6, (e) s-PFBP-Pip-C8, (f) PFTP, (g) s-PFTP-FLN-C6, (h) s-PFTP-FLN-C8,

This journal is © The Royal Society of Chemistry 2023
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On the other hand, the membranes with hydrophobic alkyl
spacers attached to uorene monomer exhibited wider hydro-
philic channels than membranes with hydrophobic side chains
attached to the piperidinium group (Fig. 3). This suggests that
the hydrophobic side chain on the piperidinium group disturbs
the hydrophilic/hydrophobic segment self-assembly. Speci-
cally, s-PFTP-Pip-Cx membranes exhibited much lower
conductivity than s-PFTP-FLN-Cxmembranes due to the limited
WU (<30% at 80 °C) and IEC (<2.4 mmol g−1) (see Table 1 and
Fig. 2e and f).
Mechanical and thermal properties

Mechanical properties are equally important for AEMs and
ionomers. Ionomers with satisfactory mechanical properties are
believed to enhance the interactions of catalyst layers,
promoting the stability of fuel cells. As shown in Fig. 4, s-PFAP-
FLN-Cx membranes possess much higher tensile strength (>60
MPa) than s-PFAP-Pip-Cx and reference samples (PFBP and
PFTP) due to their higher molecular weight (intrinsic viscosity >
4.0 dL g−1, see Table 1). The membranes with short alkyl
spacers exhibited higher tensile strength and Young's modulus
than themembranes with long alkyl spacers (Table 1 and Fig. 4).
The s-PFBP-FLN-C6 membrane showed a higher tensile
strength (76.4 MPa vs. 66MPa) and Young's modulus (1197 MPa
vs. 1014 MPa) than the s-PFBP-FLN-C8 membrane (Fig. 4a).
Moreover, the s-PFTP-FLN-C6 membrane achieved the highest
tensile strength of 93.2 MPa along with an elongation at break
of 24.6% (Fig. 4b), suggesting that it is also a good candidate for
AEMs.

The thermal stability of s-PFAP polymers was evaluated from
50 to 500 °C using thermogravimetric analysis (TGA). All the
prepared membranes were thermally stable up to 200 °C
(Fig. S5†). s-PFAP-FLN-Cx membranes generally display higher
thermal stability than s-PFAP-Pip-Cx membranes. A possible
reason for this is that the alkyl spacers attached to the piper-
idinium group induce thermal degradation of polymers.
Fig. 4 Mechanical properties of PFAP and s-PFAPs membranes in I− for
PFTP and s-PFTPs.

This journal is © The Royal Society of Chemistry 2023
Dynamic mechanical analysis (DMA) was applied to measure
the glass transition temperatures (Tg) and storage modulus of s-
PFAPs membranes (Fig. S6†). The s-PFTP-FLN-C6 membrane
possesses a higher Tg (354 °C) than s-PFTP-FLN-C8 with long
alkyl spacers and s-PFTP-Pip-Cx membranes. Similarly, the s-
PFBP-FLN-C6 membrane displays a higher Tg than s-PFBP-
FLN-C8 and s-PFBP-Pip-Cx membranes. Moreover, all the
prepared membranes achieved a high storage modulus greater
than 800 MPa at 80 °C, suggesting their outstanding dynamic
mechanical properties.
Alkaline stability

The alkaline stability of polymers was evaluated using 1 and 5M
NaOH solutions at 80 °C for 1000 h. Fig. 5 summarized the
remaining cation ratio of the as-synthesized polymer aer
alkaline treatment for 1000 h. Compared to pristine PFTP
membrane,19 the cation remaining ratio of s-PFTP-FLN-C6
membrane increased from 96.9% to 99% aer being treated
with 1 M NaOH solution for 1000 h suggesting its excellent
alkaline stability. There were no obvious degradation peaks in
the 1H NMR spectrum aer 1 M NaOH measurement (Fig. 5a).
Generally, s-PFAP-FLN-Cxmembranes possessed better alkaline
tolerance than s-PFAP-Pip-Cx membranes. For instance, the s-
PFTP-FLN-C6 membrane retained 99% and 79% of the
cationic groups aer being treated with 1 and 5 M NaOH
solution for 1000 h, respectively, which is 1.2 and 1.5 times
higher than that of s-PFTP-FLN-C6 membrane at the same
respective conditions. The poor alkaline stability of s-PFAP-Pip-
Cx membranes suggests that the introduction of alkyl spacers
disturbs the stable conformation of the six-membered rings in
piperidinium, resulting in accelerated degradation (Fig. 5b) due
to the SN2 reaction and Hoffmann elimination reaction.40

Moreover, the long alkyl spacers in s-PFTP-FLN-Cx membranes
exacerbated the chemical degradation. s-PFTP-FLN-C8
membranes exhibited lower alkaline stability (67.2% vs. 78.9%
of cations remaining) than the s-PFTP-FLN-C6 membrane. The
m in the dry state at ambient conditions: (a) PFBP and s-PFBPs and (b)

J. Mater. Chem. A, 2023, 11, 2031–2041 | 2035
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Fig. 5 1H NMR spectrum of (a) s-PFTP-FLN-C6 and (b) s-PFTP-Pip-C6 before and after treatment in 1 M NaOH solution for 1000 h at 80 °C, (c)
the remaining cationic group of s-PFAPs after being treated with 1 or 5 M NaOH solution at 80 °C for 1000 h.
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reduced stability is supposed to relate to its low water uptake.
The water surrounding the cationic groups can protect them
from OH− ions.41 s-PFBPs membranes showed trends similar to
s-PFTPs membranes (Fig. 5c). Specically, s-PFBP-FLN-C6 and
C8 membranes retained 85.2% and 87.1% of the cationic
groups aer being treated in 5 M NaOH solutions, respectively.
Moreover, s-PFBPs membranes showed better alkaline stability
than s-PFTPs membranes, which is attributed to their high WU.
The 1H NMR spectra of s-PFAPs are displayed in Fig. S7.†
Fuel cell performance

PDTP membranes (22 ± 2 mm) were selected as the AEMs to
measure fuel cell performance due to its excellent electro-
chemical properties.16 Fig. 6 reveals the polarization curves and
power density plots of fuel cells with different ionomers and
catalysts. s-PFBP-FLN-Cx ionomer-based fuel cells achieved
comparable peak power densities (PPDs) greater than 1.5 W
cm−2 to the benchmark of PFBP ionomer-based fuel cells
(Fig. 6a and b). The higher high-frequency resistance (HFR) of s-
PFBP-FLN-Cx ionomer-based fuel cells reveals that the fuel cells
2036 | J. Mater. Chem. A, 2023, 11, 2031–2041
lack in water during the test. To manage the water environment,
an asymmetric ionomer strategy was applied which will be
discussed later. On the other hand, the PPDs of s-PFBP-Pip-Cx
ionomer-based fuel cells were less than 0.6 W cm−2 even though
back pressure was applied. Impressively, s-PFTP-FLN-C6
ionomer-based fuel cells exhibited remarkable PPDs of 1.65 W
cm−2 using Pt/C as the catalyst, which is even higher than that
of benchmark PFTP ionomer-based fuel cells (1.51 W cm−2)
(Fig. 6c and d). The improved power density attributes to the
hydrophobic ionomer alleviating the ooding issue. Replacing
anode catalyst Pt/C with a more reactive PtRu/C, the PPDs of
fuel cells were improved further, as displayed in Fig. 6e and f.
The s-PFBP-FLN-C8 ionomer-based fuel cell achieved a remark-
able PPD of 2.607 W cm−2. The slightly increased hydropho-
bicity of s-PFBP-FLN-C8 compared to s-PFBP-FLN-C6 is
supposed to improve the tolerance to anode ooding, particu-
larly at high current density where water management is more
important. s-PFTP-FLN-C6 and s-PFBP-FLN-C6 ionomer-based
fuel cells reached a similar PPD of 2.28 W cm−2 at 80 °C.

Asymmetric ionomer design strategies were demonstrated to
optimize the water environment in fuel cells, thus achieving
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta08726j


Fig. 6 Polarization curves and power density plots of PDTP-25 (22± 2 mm)-based fuel cells with different ionomers and catalysts. (a) Polarization
curves and (b) power density plots of fuel cells with s-PFBP ionomers using Pt/C (HISPEC 4000, 40 wt% Pt) on both sides. (c) Polarization curves
and (d) power density plots of PDTP-25-based fuel cells with s-PFTP ionomers using Pt/C (HISPEC 4000, 40 wt% Pt) on both sides. (e)
Polarization curves and (f) power density plots of fuel cells with s-PFTP-FLN-Cx and s-PFBP-FLN-Cx ionomers using PtRu/C (HISPEC 10000,
40 wt% Pt, 20 wt% Ru) on both sides.
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higher power density and stability. s-PFBP-FLN-C8 (hydro-
phobic) and pristine PFBP (hydrophilic) were used as ionomers
due to their excellent fuel cell performance. As displayed in
This journal is © The Royal Society of Chemistry 2023
Fig. S8,† the fuel cells using an asymmetric ionomer strategy in
both electrodes (that is, different ionomers in the anode and
cathode) achieved a higher power density of 1.8 W cm−2 (@80 °
J. Mater. Chem. A, 2023, 11, 2031–2041 | 2037
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Fig. 7 In situ stability of fuel cells with asymmetric ionomers operated under 0.6 A cm−2 at 70 °C. Test conditions: AEM (PDTP-25 (23 ± 2 mm)),
anode ionomer PFBP, cathode ionomer PFBP or s-PFBP-FLN-C8, Pt/C catalyst on both sides and Toray 060-based GDL.
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C using Pt/C catalyst) compared with fuel cells with symmetric
ionomers (PFBP/PFBP anode/cathode (A/C) ionomer: 1.655 W
cm−2; s-PFBP-FLN-C8/s-PFBP-FLN-C8 A/C: 1.522 W cm−2).

Galvanostatic electrochemical impedance spectra (GEIS) of
fuel cells with asymmetric ionomers at different current
densities and ow rates were evaluated to verify the superiority
of asymmetric ionomers (see Fig. S9†). The fuel cell with rela-
tively hydrophobic s-PFBP-FLN-C8 ionomer at the cathode side
showed a smaller GEIS plot radius than the fuel cell with s-
PFBP-FLN-C8 at the anode side (Fig. S9a and b†). The rela-
tively hydrophobic ionomer at the cathode side was supposed to
promote water back diffusion, which is consistent with Mus-
tain's and Kim's reports.22,29 The imbalance of water distribu-
tion was exacerbated at a low anode ow rate (Fig. S9c and d†).
The GEIS plot radius at a low ow rate was larger than that of at
a high anode ow rate, suggesting that fuel cells operated at
a low anode ow rate are more prone to ooding issues.
In situ durability

Currently, the majority of reported AEMFCs was operated at
a low current density (e.g., 0.4, 0.2, 0.1 A cm−2) to extend the
longevity of the fuel cells.42–45 The in situ stability of fuel cells in
this work was evaluated at a constant current density of 0.6 A
cm−2 at 70 °C using Pt/C catalyst to accelerate the durability
test. s-PFBP-FLN-C8 and PFBP polymers were selected as the
cathode and anode ionomers, respectively, due to their excellent
electrochemical properties. As shown in Fig. 7, the fuel cell with
asymmetric ionomers on both sides exhibited a higher initial
voltage than the reference fuel cell (PFBP/PFBP A/C ionomer on
both sides), suggesting its higher electrochemical activity. More
importantly, the voltage of the reference fuel cell decreased
from 0.56 to 0.37 V within 18 h, a voltage decay rate of 10.5 mV
h−1. The fuel cell with s-PFBP-FLN-C8 ionomer on the cathode
side exhibited a 26 times lower voltage degradation rate of
0.4 mV h−1 than the reference fuel cell (voltage decay rate of
10.5 mV h−1). The improved in situ durability of the asymmetric
2038 | J. Mater. Chem. A, 2023, 11, 2031–2041
ionomer case was due to the relatively hydrophobic ionomer on
the cathode side that increased the water gradient between the
anode and cathode catalyst layers and promoted water back-
diffusion. In addition, hydrophobic ionomers in the cathode
were reported to enhance the electrochemical stability of cata-
lyst layers. To extend the longevity of fuel cells, the relative
humidity (RH) in the cathode and anode was improved to 92%
and 100%, respectively. The voltage was recovered, suggesting
that initial voltage loss was caused by unfavorable operation
conditions. Aer a 95 h durability test, the total voltage decay
rate was less than 0.4 mV h−1, indicating its potential for future
applications.
Conclusions

In summary, we presented a series of poly(uorenyl-co-aryl
piperidinium) ionomers with hydrophobic side chains for
durable AEMFCs. The effects of hydrophobic side chain length
and position of the gra on the physical and electrochemical
properties of polymers were studied. The polymers (s-PFAP-Pip-
Cx) with hydrophobic side chains attached to the piperidinium
group showed improved dimensional stability, decreased water
adsorption, and limited alkaline stability and conductivity.
Conversely, the hydrophobic side chains graed onto the uo-
rene monomer promoted the dimensional stability, improved
the mechanical properties, and increased the electrochemical
stability of polymers (s-PFAP-FLN-Cx). For instance, s-PFAP-
FLN-Cx membranes exhibited a TS over 60 MPa, YM over
1000 MPa along with high conductivity higher than 130
mS cm−1. Importantly, an s-PFBP-FLN-C8 ionomer-based fuel
cell reached a remarkable peak power density of 2.607 W cm−2

at 80 °C. The fuel cell with s-PFBP-FLN-C8 ionomer in the
cathode side exhibited a 27 times lower voltage decay rate than
the benchmark fuel cell with PFBP ionomer on both electrode
sides aer operating at a constant current density of 0.6 A cm−2

at 70 °C.
This journal is © The Royal Society of Chemistry 2023
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Experimental
Materials

p-Terphenyl (TP), biphenyl (BP), 1-methyl-4-piperidone (MP),
9,9-dihexyluorene (FLN-C6), 9,9-dioctyluorene (FLN-C8), 1-
bromohexane (Br-Hex), 1-bromooctane (Br-Oct), triuoroacetic
acid (TFA), triuoromethanesulfonic acid (TFSA), and iodo-
methane (CH3I) were purchased from TCI Development Co. Ltd
(Japan). Other solvents and chemicals were purchased from
Daejung Chemicals & Metals (Siheung-si, Gyeonggi-do, Korea).
All chemicals were used without further purication.

Synthesis of s-PFTM-FLN-Cx and PFTM

s-PFTM-FLN-C6 and s-PFTM-FLN-C8 copolymers were synthe-
sized in the same way, based on s-PFTM-C6 as an example.
Typically, FLN-C6 (3 mmol, 1.003 g), TP (27 mmol, 6.218 g), MP
(36 mmol, 4.073 g), and 24 mL CH2Cl2 were added into
a double-layer reactor with a mechanical stirring system. Then,
3.6 mL TFA was slowly added into the mixture solution, and the
reaction system was maintained at 0 °C for 30 min. Aer that,
24 mL TFSA was added dropwise to the reaction system to avoid
fumes. Thereaer, the reaction was held at this temperature for
∼7 h. The resulting solution with high viscosity was precipitated
in deionized water. The white chunk solid was crushed with
a blender and then washed with deionized water until the pH of
the water was neutral. Finally, the solid was dried in a convec-
tion oven at 80 °C for 24 h.

Synthesis of s-PFTP-FLN-Cx

s-PFTP-FLN-Cx was synthesized via the Menschutkin reaction
between s-PFTM-FLN-Cx and iodomethane. Typically, fully
dried s-PFTM-FLN-C6 (10 g, 20 mmol) was dissolved in 200 mL
DMSO to form a homogeneous solution. Subsequently, K2CO3

(8.285 g, 60 mmol) and CH3I (8.51 g, 60 mmol) were added to
the above solution and reacted in a dark environment at room
temperature for 24 h. The resulting solution was precipitated in
ethyl acetate. The white ber-like solid was washed with ethyl
acetate and deionized water several times and then dried in
a convection oven at 80 °C for 24 h.

Synthesis of s-PFTP-Pip-Cx

Briey, fully dried PFTM (10 g, 20.56 mmol) was dissolved in
200 mL DMSO to form a homogeneous solution. Subsequently,
K2CO3 (8.525 g, 61.68 mmol) and Br-Hex (10.181 g, 61.68 mmol)
or Br-Oct (11.912 g, 61.68 mmol) were added into the above
solution and reacted at 80 °C for 24 h. The resulting solution
was slowly poured into 500 mL ethyl acetate to precipitate the
white bers. Subsequently, the white product was washed with
ethyl acetate and deionized water to remove impurities. Finally,
s-PFTP-Pip-C6 or s-PFTP-Pip-C8 was dried in a convection oven
at 80 °C for 24 h.

Membrane preparation

Typically, the s-PFTP-FLN-C6 powder was dissolved in DMSO to
form a 5 wt% solution. Subsequently, the polymer solution was
This journal is © The Royal Society of Chemistry 2023
ltered with 0.45 mm PTFE lters, then cast on a glass plate.
Aer that, the polymer solution was dried in an oven at 90 °C for
24 h and then at 140 °C for another 12 h to completely remove
the residual solvent. Finally, a transparent lm was obtained.
Characterization

NMR spectra. The chemical structures of synthesized poly-
mers were detected and conrmed via 1H NMR (VNMRS 600
MHz, Varian, CA, USA). During the NMR sample preparation,
10% (V/V) TFA was added into DMSO-d6 to eliminate the H2O
effect (∼3.3 ppm).

Intrinsic viscosity measurement. The intrinsic viscosities of
synthesized polymers were measured by a Schott Viscometry
System (AVS 370, Germany) combined with an Ubbelohde
viscometer at 25 °C. Briey, the target polymer was dissolved in
DMSO to form a 3 mg mL−1 solution, the average efflux time of
which was recorded as t. Subsequently, the polymer solution
was diluted to a series of gradient concentrations (2.5, 2.0, 1.5,
and 1.0 mg mL−1) and tested for efflux times. The intrinsic
viscosity ([h], dL g−1) of polymers can be calculated according to
the following equation.

½h� ¼ lim
c/0

0
B@

t

t0
� 1

c

1
CA (1)

Here, t0 denotes the efflux time of pure DMSO, and c and t are
the solution concentration and efflux time, respectively.

Ionic conductivity. The ionic conductivities of membranes
were measured via a four-point probe alternating current (AC)
impedance analyzer (VSP and VMP3 Booster, Bio-Logic SAS,
Grenoble, France) in the frequency range of 0.1 Hz to 0.1 MHz.
Briey, a rectangular membrane was immersed in 1 M NaOH
solution at room temperature for more than 24 h to exchange
ions to OH− form. Aer that, the membrane in OH− form was
washed with deionized water to remove residual alkaline.
Subsequently, the rectangular membrane was connected with
two platinum electrodes and xed in a homemade conductivity
measurement mold. The ohmic resistance under fully humidi-
ed conditions was recorded at different temperatures (30 to
80 °C, 10 °C increments). The ionic conductivity (s, mS cm−1) of
the membrane sample can be calculated according to the
following equation.

s ¼ L

TWR
(2)

Here, L (cm) is the length between the two platinum electrodes.
T (cm) and W (cm) denote the thickness and width of the
membrane, respectively. R (kU) stands for the resistance at the
specied temperature.

Water uptake and swelling ratio. The water uptakes and
swelling ratios of the membranes were evaluated by measuring
the weight and dimensional differences in dry and wet states.
Typically, a rectangular membrane was fully dried at 80 °C
overnight, and we recorded the length of the membrane as Ldry.
Subsequently, the sample was immersed in 1 M NaOH solution
overnight to exchange ions to OH- form and then was immersed
J. Mater. Chem. A, 2023, 11, 2031–2041 | 2039

https://doi.org/10.1039/d2ta08726j


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
5 

Ja
nu

ar
y 

20
23

. D
ow

nl
oa

de
d 

on
 6

/2
9/

20
24

 6
:2

3:
12

 P
M

. 
View Article Online
in deionized water to remove residual alkali. Aer that, the
membrane was stored in deionized water at 30, 60, and 80 °C for
12 h. The wet weight and length of the sample were recorded as
Wwet and Lwet, respectively, aer removing the surface water.
Finally, the sample was dried in the vacuum oven at 80 °C for
24 h, and weight was recorded as Wdry. The liquid water uptake
(WU,%) and swelling ratio (SR,%) can be calculated according
to the following equations.

WUð%Þ ¼ Wwet �Wdry

Wdry

� 100% (3)

SRð%Þ ¼ Lwet � Ldry

Ldry

� 100% (4)

Thermal and mechanical properties. The thermal stability of
the polymers was evaluated by thermogravimetric analysis
(TGA; Q500, New Castle, DE, USA) in the range of 50–800 °C at
a heating rate of 10 °C min−1 under an N2 atmosphere. The
mechanical properties of the membranes were measured using
a universal testing machine (UTM; AGS-500NJ, Shimadzu,
Tokyo, Japan) at ambient conditions. Briey, the dried
membrane in I− form was cut into a dog-bone shape with an
effective size of 2 × 10 mm. The tensile strength and elongation
at the break of the membrane were measured with a stretching
rate of 1 mm min−1. The thermal-mechanical properties of the
membranes were measured by dynamic thermomechanical
analysis (DMA, Q800, TA Instrument, DE, USA) in the range of
50–500 °C at a heating rate of 4 °C min−1 under an N2 atmo-
sphere. Prior tomeasurement, themembrane sample in I− form
was cut into a rectangular shape with an effective size of 9 × 20
mm. During the test, a preload force of 0.01 N and a force track
of 125% were applied.

Morphology. The microphase morphologies of the
membranes were detected using a Multimode 8 atomic force
microscope (AFM) (Veeco, NY, USA) with a NanoScope V
controller in tapping mode.

Alkaline stability. The alkaline stabilities of the membranes
were evaluated by detecting cation group degradation via 1H
NMR aer immersing in 1 or 5 M NaOH solution at 80 °C for
1000 h.

Fuel cell performance and in situ durability. Polarization
curves, power curves, and in situ durability of the fuel cells were
measured using a fuel cell station (CNL energy, Gimpo,
Gyeonggi-do, Korea). Prior to measurement, catalyst-coated
membranes (CCMs) were prepared. PDTP-25 (22 ± 2 mm) was
used as the AEM. The synthesized polymers were chosen as
ionomers on both sides. PtRu/C (Alfa Aesar HiSPEC 10000, Pt
40 wt%, Ru 20 wt%) and Pt/C (Alfa Aesar HiSPEC 4000, Pt
40 wt%) were used as the anode and cathode catalysts, respec-
tively. Briey, a 5 wt% ionomer/DMSO solution was mixed with
catalyst, extra carbon (Vulcan XC72), deionized water, and iso-
propanol to form a catalyst ink that was dispersed in an ultra-
sonic bath at 0 °C for 1 h. Subsequently, the catalyst ink was
sprayed evenly on both sides of the membrane using a hand-
held spray gun. The mass ratios of the ionomer: carbon: catalyst
at the anode and cathode were xed as 1 : 1.75 : 1.5 and 1 : 2 :
2040 | J. Mater. Chem. A, 2023, 11, 2031–2041
1.33, respectively. The precious metal loadings at the anode and
cathode were 0.39 ± 0.04 and 0.26 ± 0.04 mg cm2, respectively.
The prepared CCM was immersed in 1 M NaOH solution for
24 h to exchange ions to OH− form and then was washed with
deionized water to remove residual alkaline species. Subse-
quently, the CCM was assembled with two sheets of gas diffu-
sion layers (GDL, SGL 22BB, Sigracet®), gaskets, and graphite
bipolar plates at a torque of 6.78 N m without hot pressing.

Prior to performance measurements, the fuel cell was acti-
vated at a constant voltage of 0.5 V at 70 °C and 100% relative
humidity (RH) with an H2–O2 ow rate of 1000 mL min−1 until
a constant current was achieved. Aer that, the temperatures of
humidiers and cells were increased to the set points. The
polarization curves and power curves were recorded at a voltage
scan rate of 0.01 V s−1.

The in situ durability of the fuel cell was measured at
a constant current density of 0.6 A cm−2 at 70 °C using Pt/C as
the catalyst. In contrast to fuel cells for IV curve measurements,
the GDL for durability tests was replaced with Toray 060. During
the test, the fuel cell operated at an H2–O2 ow rate of 300
mL min−1 under 68%/77% (anode/cathode) RH.
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