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Abstract; The performance of anion exchange membrane
fuel cells (AEMFCs) is severely constrained by the low OH™
conductivity of anion-conductive polymers. Although
increasing the ion exchange capacity of these polymers
through microstructural design effectively improves the OH™
conductivity, it often compromises the mechanical strength.
To address this issue, we report enhanced microphase-
separated structures in poly ( styrene-b-( ethylene-co-
butylene ) -b-styrene ) ( SEBS )-based anion-conductive
polymers, achieved through the synergy of hydrophilic
quaternary ammonium ( QA ) groups and hydrophobic
fluorinated side chains. Specifically, by precisely tuning the
fluorine grafting degree of the polymer side chains, highly
interconnected nanoscale ion-conducting domains are
created, forming a three-dimensional ( 3D ) pathway for
efficient ion transport in anion exchange membranes
(AEMs). Additionally, the mechanical stability of AEMs is
strengthened by minimizing swelling. As a result, the
QA- and fluorine-grafted AEM with a molar proportion of
4-fluorophenethylamine-modified blocks to styrene blocks of
30% ( denoted as QSEBS-FPh,, ) achieves a high OH™
conductivity of 100.86 mS/cm at 80 °C and a moderate
tensile strength of 19. 89 MPa in a fully hydrated state. The
AEMFC utilizing QSEBS-FPh,, exhibits a peak power
density of 204.31 mW/cm’ at a current density of 737.29
mA/cm’ and 80 °C, which is 1.4 times that of QA-grafted
SEBS (QSEBS). These findings underscore the significant
role of microphase separation coupled with maximized ionic
domain connectivity in enhancing the OH™ conductivity of
anion-conductive polymers, offering valuable insights for the
rational design of high-performance AEMs.
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0 Introduction

The development of renewable and eco-friendly
energy sources has been rapidly accelerating to meet
growing global energy demands and mitigate
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environmental damage''>’.  Among these, anion
exchange membrane fuel cells ( AEMFCs) stand out as
advanced and eco-friendly energy devices due to their
cost-effectiveness ( enabled by the use of non-precious
metal catalysts) and high performance ( enhanced oxygen
reduction kinetics ) "', Anion-conductive polymers,
which serve as anion exchange membranes ( AEMs) and
anion exchange ionomers ( AEIs) , play a critical role in
facilitating efficient anion conduction””. However,
significant challenges remain for anion-conductive
polymers, particularly in addressing their low OH™
conductivity and insufficient alkaline stability, which
continue to hinder the commercialization of AEMFCs'*'.

A straightforward strategy to improve the OH~
conductivity of anion-conductive polymers is to increase
their ion exchange capacity ( IEC )'”'. However,
increasing the IEC often results in excessive water uptake
(WU) '™, which weakens intermolecular interactions
within the polymer chains. This can lead to polymer
swelling, ultimately compromising the mechanical
properties """ . Additionally, excessive swelling in AEIs
can disrupt gas diffusion and electron conduction within
the catalyst layers''™ . As a result, alternative strategies
that enhance OH™ conductivity without significantly
increasing the IEC are essential for developing high-
performance anion-conductive polymers. One promising
way is the design of phase-separated structures between
hydrophilic and hydrophobic microdomains in block
copolymers' ™' | where one polymer block can
incorporate ion-conducting moieties, while the other
remains nonionic. The natural tendency of the nonionic
polymer blocks and cationic groups to aggregate
separately leads to the formation of hydrophobic/
hydrophilic  microphase-separated  structures.  These
structures provide a balance between OH™ conductivity
and mechanical strength"'’.

In addition to improving OH™ conductivity,
enhancing the stability of anion-conductive polymers
under high-temperature and alkaline conditions remains a
significant challenge''®’. The chemical stability of these
polymers is influenced by the composition of their
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polymer backbones, ion-conducting head groups, and
grafting strategies.  Aromatic polymers, such as
poly ( phenyleneoxide) """, poly ( sulfone )", and
poly (aryl ether ketone) "', are commonly used polymer
backbones. However, their aryl-heteroatom segments are
prone to attack by OH . This degradation of the polymer
backbone reduces both the chemical and mechanical
stability of the material™*'. 1In contrast, aliphatic
poly ( styrene-b-( ethylene-co-butylene ) -b-styrene ) ( SEBS)
block copolymers, which lack heteroatoms, demonstrate
greater potential for enhancing the alkaline resistance of
anion-conductive polymers®’. SEBS also exhibits a
distinct microphase-separated structure, where the rigid
polystyrene phase is well-separated from the flexible
poly (ethylene-co-butylene) phase'®’. Strategies such as
increasing the number of cations have been employed
to further optimize phase separation of SEBS to
improve its OH™ conductivity . However, these
strategies lead to the formation of large but isolated ion
clusters, which may reduce OH™ conductivity and
result in excessive WU and swelling'**’. Therefore,
systematic investigations linking the ionic domain
connectivity in SEBS to its ion conduction and
mechanical properties are highly desired.

In this study, we began with the perspective of
“structure-performance” , proposed a cooperative strategy
involving hydrophilic quaternary ammonium ( QA )
groups and hydrophobic fluorinated side chains to
construct enhanced microphase-separated SEBS. By
systematically tuning the grafting degree of two distinct
types of side chains, we investigated their effects on the
micro-morphology, mechanical properties, and OH"
conductivity of AEMs. Additionally, the practical
applicability of AEMs was assessed via single fuel cell
testing.

1 Materials and Methods

1.1 Materials

SEBS (Kraton™ A1535) was obtained from Kraton
Performance Polymers Trading ( Shanghai), Co., Ltd.,
China. Trichloromethane, p-xylene, anhydrous ethanol,
tetrahydrofuran, and isopropanol were purchased from
Sinopharm Co., Ltd., China. 1,4-Bis(chloromethoxy)
butane ( BCMB ) was acquired from Xi’an Langene
Biotechnology Co., Ltd., China. Anhydrous tin
tetrachloride ( SnCl, ) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd., China.
Aqueous trimethylamine and 4-fluorophenethylamine were
obtained from Shanghai Macklin Biochemical Co., Ltd.,
China. A platinum-carbon ( Pt/C) catalyst ( Pt mass
fraction of 60% ) was obtained from Suzhou Sinero
Technology Co., Ltd., China. The gas diffusion layer
(GDL) 28BC was acquired from SGL Carbon SE,
Germany.

1.2 Methods

1.2.1 Preparation of chloromethylated
(CMSEBS) polymer

Firstly, 3 g SEBS was dissolved in 90.0 mL
trichloromethane in a  three-necked flask  for
chloromethylation. After the reaction, 2. 1 mL SnCl, was
added to the solution, and the mixture was stirred
continuously. The mixture was then placed in an ice-
water bath for 30 min, after which 13. 8 mL BCMB was
added dropwise. The reaction was maintained at the same
temperature for 10 h under N, atmosphere. Upon
completion, the solution was poured into anhydrous
ethanol to precipitate the polymer. After filtration, the
polymer was dissolved in tetrahydrofuran and precipitated
again in anhydrous ethanol for purification. The resulting
white polymer was vacuum dried at 60 C for 12 h to
obtain CMSEBS.

1.2.2 Preparation of QA-grafted SEBS ( QSEBS) ,
and QA- and fluorine-grafted SEBS AEMs

The as-prepared CMSEBS was dissolved in
trichloromethane and p-xylene to prepare a casting
solution, which was poured onto a film casting machine
to form a membrane. After drying at 40 C in a vacuum
oven for 12 h, the membrane was peeled off, cut into
strips, and soaked in a 30% ( mass fraction )
trimethylamine aqueous solution for 48 h to obtain
QSEBS, corresponding to 100% of the molar amount of
chloromethyl sites. The membranes were then soaked in a
1 mol/L KOH solution for 48 h, followed by water
washing to remove the remaining KOH, and vacuum
dried to obtain QSEBS AEMs.

To preserve chloromethyl sites for grafting
fluorinated side chains, CMSEBS samples were immersed
in trimethylamine solutions ( 80%, 70%, and 60%
equivalents of chloromethylation sites) to obtain partially
QA-grafted CMSEBS ( CM-QSEBS ). The membranes
were then dried and immersed in a saturated
4-fluorobenzylamine solution in p-xylene at 80 T for
24 h for fluorination. Afterward, they were soaked in
1 mol/L KOH solution for 48 h to obtain the OH form,
washed to remove the remaining KOH, and vacuum dried
to obtain QA- and fluorine-grafted SEBS ( denoted as
QSEBS-FPh,, where n represents the molar proportion of
4-fluorophenethylamine-modified blocks to  styrene
blocks, and n=20, 30, 40, corresponding to the molar
proportion of 20%, 30%, and 40%, respectively )
AEMs.

1.3 Characterization

"H nuclear magnetic resonance (NMR) spectra were
obtained with an NMR spectrometer ( AVANCE III HD
400 MHz, Bruker, Switzerland ) by  using
deuterochloroform ( CDCl, ) as a solvent and
tetramethylsilane as an internal reference. Fourier
transform infrared ( FTIR) spectra were obtained with an
FTIR spectrometer ( Spectrum BXII, PerkinElmer,

SEBS



Interconnected lon Transport Channels Enabled by Enhanced Microphase-Separated

Anion-Conductive Polymers for Anion Exchange Membrane Fuel Cells 23

USA). Thermogravimetric ( TG) analysis was conducted
by a TG spectrometer ( TGA8000, PerkinElmer, USA)
under N, atmosphere with an increase rate of 10 C/min
from 50 to 800 C. Water contact angles ( WCAs) were
tested by a contact angle measuring instrument
( OCA40Micro, Dataphysics, Germany ). Scanning
electron microscopy ( SEM) images were acquired with a
field-emission microscope ( SU-8010, Hitachi, Japan).
Atomic force microscopy ( AFM) images were obtained
with an atomic force microscope ( Dimension FastScan,
Bruker, USA). Small-angle X-ray scattering ( SAXS)
spectra were obtained with an SAXS spectrometer ( Xeuss
2.0, Xenocs, France ), and an enhanced two-
dimensional (2D) position-sensitive proportional counter
(PSPC) detector was used to record the scattering X-ray
intensity. The inter-domain spacing d is the average
distance between the phase domains in the AEMs, and it
is calculated as

d=2m/q, (1)

where g is the magnitude of the scattering vector obtained
from the test.

The membranes were soaked in water for 24 h before
testing. Tensile strength and elongation of the wet
membranes were measured by using a universal testing
machine (Instron 1185, Instron, USA) at a test speed of
10 mm/min.

IEC was measured by using back titration. The
membranes were soaked in a 0. 010 mol/L HCI solution
(50 mL) at room temperature for 24 h, and titrated with
0. 005 mol/L KOH solution until the pH reached 7.

I="(cv, —cw,)/m, (2)

where [ represents the IEC; ¢, and ¢, are the
concentrations of the standard HCI solution and standard
KOH solution, respectively; v, and v, are the volumes of
the standard HCI solution and standard KOH solution,
respectively; m is the dry mass of the membrane.

The swelling ratio (SR) and WU of the membranes
were tested as follows. The masses and dimensions of the
membranes were first measured, and then the samples
were soaked in water at 25-80 C for 24 h. After blotting
the surface with filter paper, the wet masses and lengths
were recorded.

K=[(L -L)/L] % 100%, (3)
W=[(m, —m,)/m,] x 100%, (4)

where K represents the SR; W represents the WU; L, and
m, are the length and mass of the wet membrane,
respectively ; L, and m, are the length and mass of the dry
membrane, respectively.

The OH™ conductivity o was measured by using the
alternating current impedance method with an
electrochemical ~ workstation ( Solartron  1470E,
AMETEK, UK). Before test, the membranes were
soaked in water for 24 h. The test temperature was varied
from 25 to 80 T, and the alternating current ( AC)

frequency ranged from 1 x 10° to 1 Hz.
o=t/(R,S), (5)

where ¢ is the thickness of the membrane; S is the area of
the electrode; R,. is the resistance determined by the AC
impedance.

The activation energy E, quantifies the energy barrier
that ions must overcome to migrate through the polymer
matrix. It is derived from the temperature dependence of
OH" conductivity by using the Arrhenius equation.

E = RTln(i) , (6)
o
where R is the universal gas constant with a value of
8.314 J/(mol-K) ; T stands for the temperature; A is the
pre-exponential factor related to the carrier concentration
and attempt frequency.

The single-cell performance test followed a
sequential workflow. It began with catalyst ink
preparation, where 100 mg Pt/C was dispersed in water
and isopropanol by adding the isopropanol in several
increments, with ultrasonication performed after each
addition, followed by the addition of an ionomer-
trichloromethane solution and further mixing. This ink
was then sprayed onto the membrane to achieve a Pt
loading of 0. 5 mg/cm® over an area of 2.5 cm X 2.5 cm,
after which the membrane was activated in 1 mol/L KOH
solution for 24 h and thoroughly rinsed. For assembly,
the hydrated membrane was placed directly between two
28BC gas diffusion layers without hot pressing, sealed
with 150 wm Teflon gaskets, and clamped by using eight
bolts tightened to 6 N-m. Finally, the cell was tested at
80 C with H,/air reactants at 0. 5 L/min, 100% relative
humidity, and 0.1 MPa backpressure, undergoing
activation at 0. 75 V until the current density stabilized. It
is important to note that these specific testing parameters
are optimized for this setup and should be adjusted
according to individual experimental conditions.

Electrochemical impedance spectroscopy ( EIS) was
conducted under in-situ conditions with a current density
of 500 mA/cm?®, a frequency range of 1 x 10" to 0. 1 Hz,
and a 10% current signal perturbation amplitude.

2 Results and Discussion

2.1 Structural and morphological characterization
The preparation of QSEBS-FPh, involves three steps
(Fig. 1 (a)). Firstly, CMSEBS is generated by a
chloromethylation reaction, where the chloromethyl
groups are grafted onto the benzene ring of SEBS. The
'"H NMR spectra of CMSEBS and SEBS are shown in
Fig. 1(b). The signal peak at a chemical shift of 4.5,
corresponding to the hydrogen of the chloromethyl group,
confirms successful chloromethylation. The signal peaks
at chemical shift of 6. 2—7. 2 correspond to the hydrogen
on the benzene ring of the polystyrene block. With 100%
chloromethylation, the ratio of the two hydrogen signal
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peaks is 1 @ 2. Integrating the hydrogen signal peaks at
4.5 and 6.2 — 7.2 verifies that the chloromethylation
degree is 100%™ . The emergence of stretching vibration
absorption peaks, attributed to the C—CI bond, is
observed at 1263 and 823 cm™ for CMSEBS in
comparison to SEBS in the FTIR spectra (Fig. 1(c)),
further confirming the successful chloromethylation of
CMSEBS. Secondly, all chloromethyl sites of CMSEBS are
substituted with trimethylamine via the Menschutkin reaction
to obtain QSEBS. The absorption peaks observed at 3 400
and 1636 cm™ are attributed to the stretching vibrations of
O—H and C—N bonds, respectively (Fig. 1(c))" ",
In the case of QSEBS-FPh, , partial chloromethyl sites are
replaced, while the remaining sites are utilized for the
following fluorination modification. Finally, the residual
chloromethyl sites are replaced with fluorine-grafted side
chains by reacting with the amino group of
4-fluorophenethylamine through a Hofmann alkylation,
which gives rise to new absorption peaks between 1 100

and 1250 cm™, corresponding to the stretching vibration
of aryl—F for QSEBS-FPh,'*'. Additionally, the peak
intensity increases as the proportion of fluorine-grafted
side chains increases.

The morphology of the AEM significantly influences
its properties. An uneven surface can adversely affect
battery assembly and compromise the mechanical integrity
of the AEM. For instance, QSEBS-FPh,, exhibits a flat
and smooth surface ( Fig. 1(d)), devoid of prominent
protrusions or ruptures. The cross-sectional thickness
measures 30 wm (Fig. 1(e)), and the internal structure
is characterized by a dense and uniform composition, free
from impurities. This observation indicates that the AEM
has remained intact throughout the preparation process.
Furthermore, as evidenced by the optical photograph of
QSEBS-FPh,, (Fig. 1 (f)), the excellent membrane-
forming property of SEBS facilitates the large-area
fabrication of the AEM, making it highly suitable for fuel
cell applications.
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Fig. 1 Structural and morphological characterization: (a) synthesis pathways of QSEBS-FPh,, ;

SEBS; (c¢) FTIR spectra of SEBS, CMSEBS, QSEBS, and QSEBS-FPh,; (d) surface SEM image of QSEBS-FPh,,; (e)
cross-sectional SEM image of QSEBS-FPh,,; (f) optical photograph of QSEBS-FPh,,
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2.2 Physical properties

IEC is defined as the number of millimoles of
cationic groups per gram of membrane. It directly
determines the OH™ conductivity of the AEM.
Additionally, the WU and SR are associated with the
OH" conductivity magnitude and the dimensional stability

of the membrane. Generally, a higher IEC results in
increased WU and SR of the membrane, which is crucial
for evaluating the AEM performance. Consequently, it is
essential to maintain the IEC in an appropriate range.
Table 1 illustrates the WCA, IEC, WU, and SR of the
AEMs.

Table 1 WCA, IEC, WU, and SR of QSEBS and QSEBS-FPh,

AEM weas(ey B/ WU/ % SR/%

(mmol/g) 25C 40C 60C 80T 25C 40C 60T 8T
QSEBS 52.6 2.28 27.8 57.6 80.0  105.6  11.4 15.6 16.8 29.3
QSEBS-FPh,,  76.3 1.89 10. 1 15.9 16.8 18.1 2.0 3.9 7.2 11.5
QSEBS-FPh,,  99.6 1.60 8.8 1.1 14. 4 16.2 1.9 2.6 4.1 7.0
QSEBS-FPh,,  107.4 1.32 2.7 4.5 6.3 12.7 1.8 2.4 3.0 4.6

It can be observed that the IEC and wettability of the
AEMs decrease with the introduction of fluorinated side
chains. This phenomenon occurs because the fluorinated
side chains occupy the chloromethyl sites, thereby
reducing the proportion of cationic groups available for
modification. The decline in the proportion of hydrophilic
groups, combined with the introduction of hydrophobic
fluorinated side chains, results in a decrease in the
wettability of the membrane and an increase in its
hydrophobicity. The WU and SR values of QSEBS reach
27.8% and 11.4% at 25 C, respectively, which
increase to 105.6% and 29.3% at 80 C due to the
enhanced movement of polymer chains with more free
volume. In contrast, the grafting of fluorinated side
chains in QSEBS-FPh, effectively mitigates the water
absorption and swelling of membranes. The SR of
QSEBS-FPh,, is as low as 4.6% at 80 C, exhibiting
minimal dimensional alteration. ~QSEBS-FPh,, and
QSEBS-FPh,, also demonstrate good dimensional
stability at 80 C, with the SR values of 11.5% and

7.0% , respectively. This stability enhances their
25t
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=
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L
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2.3 Micro-morphology and ionic conductivity
Membrane micro-morphology is a key performance
factor, especially for the diffusion of OH . Highly
connected ionic domains formed by hydrophilic and
hydrophobic phase separation are crucial for ion migration.

Residual mass fraction/%

mechanical properties and also facilitates the assembly
and utilization of the membranes.

The mechanical and thermal properties of QSEBS
and QSEBS-FPh, are shown in Fig. 2. The tensile
strength of QSEBS in a fully hydrated state is 5. 44 MPa,
whereas QSEBS-FPh,; exhibits a significant increase to
19. 89 MPa ( Fig. 2(a) ), representing an improvement
of approximately 266%.

Thermal stability of AEMs is crucial in determining
the lifespan of AEMFCs. As demonstrated by the TG
analysis ( Fig. 2 (b)), all the AEMs display a minor
degradation peak at 100 C, which can be attributed to the
volatilization of water'™ . For QSEBS, a significant
degradation occurs near 200 C with a mass loss fraction of
14.1% due to the degradation of the QA-grafted side
chains. Additionally, the mass loss observed near 450 C
for all the AEMs is attributed to the degradation of the
polymer backbone. From the results of the thermal
stability tests, it can be concluded that QSEBS-FPh, can
meet the temperature requirements of practical fuel cell
applications.

100
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—QSEBS

— QSEBS-FPh,,
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Fig.2 Mechanical and thermal properties of QSEBS and QSEBS-FPh,,: (a) stress-strain curves; (b) TG curves

400 800

In the AFM images of AEMs (Fig. 3 (a)), the dark
regions represent a hydrophilic microphase containing QA
functional groups, while the bright regions originate from
the hydrophobic microphase comprising the fluorinated
side chains. In QSEBS, ion clusters are agglomerated
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and randomly distributed throughout the hydrophobic
microphase. For comparison, the introduction of
fluorinated side chains leads to a significant reduction in
the size of the hydrophilic regions for QSEBS-FPh,, and
QSEBS-FPh,,. When the modification degree of
fluorinated side chains increases to 30% , well-defined
hydrophilic ~domains with significantly improved
connectivity are observed. We attribute this change in
connectivity to the thermodynamic incompatibility
between the hydrophilic QA ion clusters and the
hydrophobic fluorinated side chains in the styrene block.
However, when the fluorine atom content in QSEBS-

FPh,, further increases, a significant number of
fluorinated side chains act as spacers, disrupting the
formation of interconnected ionic clusters. These results
are further supported by the findings of the SAXS test
(Fig. 3(b)). The g values of QSEBS, QSEBS-FPh,,,
QSEBS-FPh,,, and QSEBS-FPh,, are 0.0559, 0.091 5,
0.1057, and 0. 119 9 nm™" | respectively, corresponding to
the inter-domain spacings of 112.34, 68. 63, 59.41, and
52.38 nm, respectively. The optimized immiscibility
between hydrophilic cation structure and hydrophobic
sidechain segments promotes microphase separation with
the improvement of ion channel connectivity.

200 nm

¢=0.0559 nm™!

¢=0.1057 nm™

¢=0.119 9 nm!

—— QSEBS
—— QSEBS-FPh,,
—— QSEBS-FPh,,
—— QSEBS-FPh,,

0
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(@)
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Fig.3 Morphologies of QSEBS and QSEBS-FPh,: (a) AFM images; (b) SAXS curves

Driven by the microphase separation and self-
assembly of hydrophilic ion clusters and hydrophobic
groups, the nanoscale continuous ion transport channels
modify the pathways of ion transport, thereby further
influencing the ion transport capacity of the membrane.
To quantify the performance improvements resulting from
this structural optimization, the OH™ conductivity of four
types of AEMs was evaluated at temperatures ranging
from 25 to 80 C. As presented in Fig. 4(a), QSEBS-
FPh, demonstrates a significant enhancement in OH"
conductivity compared to QSEBS. Notably, QSEBS-FPh,,
exhibits the highest OH™ conductivity (100.86 mS/cm at
80 C), which is about 1.4 times that of QSEBS
(72.46 mS/cm). This enhancement meets the

100 —=— QSEBS
9ol — QSEBS-FPh,
—— QSEBS-FPh,,
= 80F — QSEBS-FPh,,
3 70}
w2
E 60f
S
50t
40t
30}
25 40 60 80
17°C
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requirements of AEMs in terms of OH conductivity
( = 100 mS/cm at 80 C) and is primarily attributed to
the interconnected ionic domains of the membrane ™™
Additionally, the activation energies of QSEBS and
QSEBS-FPh, are also calculated by the Arrhenius equation
to further explain the improvement of OH conductivity
(Fig.4(b)). The lowest E, (11.35 kJ/mol) indicates
the highest OH™ conductivity for QSEBS-FPh,, which is
consistent with the conductivity distribution. The
enhanced microphase separation, along with the well-
connected ionic groups in the hydrophilic domain,
establishes an interconnected high-speed OH™ transport
channel throughout the membranes, greatly enhancing the
ion transport property (Fig.4(c)).

45
= 42
g
<2
% 39}
< |« QSEBS £=1294kl/mol
= 36r. QSEBS-FPh,, #,=11.85kJ/mol
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Polymer backbone - @& QA group P

Fig. 4

illustration of ion transport mechanism

Comparison of QSEBS-FPh,, with other SEBS-based
AEMs in terms of SR, tensile strength, and OH~
conductivity is shown in Table 2. QSEBS-FPh,,, which
features efficient interconnected ionic transport channels,
achieves a moderately high OH  conductivity of
100. 86 mS/cm while maintaining excellent swelling

QSEBS-FPh,

Fluorinated side chain

©

Ton transport properties of QSEBS and QSEBS-FPh,: (a) OH™ conductivity; (b) Arrhenius plots; (c) schematic

control with an SR of 7.0% and a moderate tensile
strength of 19. 89 MPa. This highlights the benefits of the
interconnected ionic transport channels derived from the
enhanced microphase separation structure in improving
the overall performance of AEMs.

Table 2 Comparison of QSEBS-FPh,, with other SEBS-based AEMs

SEBS-based AEM SR at 80 C /% Tensile strength/MPa ¢ at 80 C/(mS/cm) Ref.
QSEBS-FPh,, 7.0 19. 89 100. 86 This work
SEBS1401-OH 12.0 22.1 80.5 [36]
TDMAP-50X-SEBS 16.7 12.3 109.9 [37]
SEBS-P,0, 9.2 — 1.7 [38]
70C16-SEBS-TMHDA 9.3 18.03 72.13 [39]
Pi-POSS,, /Pi-SEBS 34.2 30.75 69. 1 [31]
SEBSC6-Pip 42.0 51.6 57.7 [40]
SEBS-p-ASU-TMA-40 35 11. 12 96. 6 [41]
SEBS-C16-20C4 10.9 11. 41 77.78 [42]

2.4 Electrochemical performance

The polarization and power density curves are
presented in Fig. 5(a) , where the left y-axis represents
cell voltage and the right y-axis represents power
density. QSEBS, QSEBS-FPh,,, QSEBS-FPh,,, and
QSEBS-FPh,, in Fig. 5 represent single cells assembled
by using QSEBS and a series of QSEBS-FPh, AEMs.
The open-circuit voltages of all the cells exceed
0.9 V, indicating that the obtained four AEMs effectively
block gas crossover as reported in Ref. [ 43]. The highest
peak power density (204.31 mW/cm’) is achieved at a
current density of 737.29 mA/cm® for the cells with
QSEBS-FPh,,, representing a performance improvement of
about 40% compared with the cells based on QSEBS with
the same ionomer (145.91 mW/cm” at 537. 47 mA/cm’).

Cells with QSEBS-FPh,, and QSEBS-FPh,, exhibit lower
peak power density than those with QSEBS-FPh,, due to
the lower OH™ conductivity.

EIS measurements were performed to examine the
relationship between AEM structures and fuel cell
performance. The results are shown in Fig. 5(b), where
Z' represents the real part of complex impedance, and Z”
denotes the imaginary part. The impedance spectra are
simulated by using the equivalent circuit depicted in
Fig.5(c). R, represents the total ohmic resistance,
influenced by the intrinsic resistance of each component
and interfacial contact resistance; R, , and R, , correspond
to the charge transfer resistances at the anode and cathode,
respectively ; CPE, and CPE, represent the constant phase
elements at the anode and cathode, respectively.



28

YU Zhenguo, JIN Junhong, YANG Shenglin, et al.

204.31 mW/cm? __0.06}© QSEBS-FPh,, 500 mA/cm?
1.0 b ] E —Fi
200 5004 Fitted curve
0o b e
7P S & 0.02
O |
0.8 1% *
o e 5 diso ~ 0 0.05 010 015 020 025 030
0.7 O Q537 %0, £
o
. = ~ 0.06 © QSEBS-FPh,, 500 mA/cm?
% 0.6 E 5 — Fitted
? } au 0.04 1ttea curve
205 4100 Z =
> 5 R 0.02
0.4 5
E 0 0.05 010 015 020 025 030
0.3
O QSEBS-FPh,, 450 0060 QSEBS-FPh,, 500 mA/cm?
02F Sg O QSEBS-FPh,, £ .04|— Fitted curve
g
0.1 o] QSEBS-FPh40 E/ 002
O QSEBS " )
0 200 400 600 300 0 0.05 010 0.5 020 025 030
Current density/(mA/cm?) Z(Qfem?)
(@ ()
L e 1
1 1
1 R RN SRR RN RN TR RSN T TR NS I, NN NS TN A N NSNS NE NN . | 1
' 1
i : v e T e T T :
1 i l CPEﬂ . . © . 1 1
i ! ' > > ! " > ) I 1
1 | R . ' I [ 1
[ N i ' . L . 1
: v v T + —'—'— :
| I 1 1 ! 1 ] 1
¢ I e = | b———— | ]
: I ' Rn ot i I R( ct . ' :
1 | [ T i - 4 | P g 4 1 1
i C e e Amode  _ _ _ _ _ _ ____ S fathods == ol l
1 1

Fig.5 Electrochemical performance of AEMFCs based on QSEBS and QSEBS-FPh,,: (a) single-cell performance; (b) EIS

spectra; (c¢) equivalent circuit model for impedance analysis

The simulated resistances derived from the EIS test of AEMFCs based on QSEBS-FPh, are shown in Table 3.

Table 3 Simulated resistances derived from EIS test of AEMFCs based on QSEBS-FPh,

AEMFC Current density/ (mA/cm?) R/ (Q/cm*) R, ./ (Q/cm?®) R, ./ (Q/cm?)
QSEBS-FPh,, 500 0.018 0. 104 0.110
QSEBS-FPh,, 500 0.016 0.116 0.078
QSEBS-FPh,, 500 0.022 0. 086 0.174

As shown in Table 3, AEMFCs with QESBE-FPh,

show similar ohmic resistances ( near 0. 020 /cm’)
with R, much lower than R, , and R, . This indicates that
all three cells have achieved sufficient hydration under the
test conditions, and the charge transfer resistance at both
electrodes is the main factor affecting the cell ’ s
performance. The cell based on QSEBS-FPh,, exhibits
the lowest cathodic charge transfer resistance at a current
density of 500 mA/cm’. The excellent hydroxide
transport capacity of QSEBS-FPh,, ensures efficient OH™
conductivity from the cathode to the anode, preventing
localized accumulation on the catalyst surface. This
exposes more catalyst sites for oxygen reduction,
resulting in the lowest cathodic charge transfer resistance.
Additionally, the high OH™ conductivity enhances water

c,ct*

production at the anode, maintaining membrane hydration
but potentially hindering the hydrogen reduction reaction
in the anodic catalyst layer ™. This results in a slightly
higher anodic charge transfer impedance for QSEBS-
FPh,,.

3 Conclusions

This study designs fluorinated SEBS-based AEMSs
with  enhanced microphase-separated structures ,
incorporating QA groups as hydrophilic cations and
fluorinated side chains as hydrophobic units. The impact
of varying fluorine-grafted degrees on the AEMs’
microstructure, physical properties, and electrochemical
properties was systematically explored. The findings
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emphasize the crucial role of ionic domain connectivity in
achieving high OH™ conductivity. For QSEBS-FPh,,, the
increase in incompatibility between its hydrophilic and
hydrophobic segments reduces the ionic cluster size,
resulting in well-connected nanosized ionic domains and
enhanced OH™ conductivity. Additionally,  the
microphase-separated structure limits swelling, crucial for
maintaining dimensional and mechanical stability.
QSEBS-FPh,, shows excellent performance, with a high
OH" conductivity of 100. 86 mS/cm at 80 C, a low SR
of 7.0% at 80 C, and a moderate tensile strength of
19.89 MPa in a fully hydrated state. Consequently, the
AEMFC with QSEBS-FPh,, achieves significantly
improved electrochemical performance, with a peak
power density of 204. 31 mW/cm? at a current density of
737.29 mA/cm’ and 80 C. This study offers a new
strategy for designing anion-conductive polymers with
controlled domain size and connectivity, showing great
potential for next-generation AEMFC development.
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