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Poly(fluorene)-Based Anion Exchange Membrane
Demonstrating Excellent Durability at 1.5 A cm‒2 for 2400 h
in Water Electrolyzers

Haeryang Lim, Nam In Kim, Giwon Shin, Jaehun Lee, Sungryong Kim, Shin-Woo Myeong,
Chiho Kim,* Sung Mook Choi,* and Taiho Park*

Anion exchange membrane water electrolyzer (AEMWE) is a cost-effective
alternative to proton exchange membrane water electrolyzer for green
hydrogen production. However, AEMWE commercialization is hindered
primarily by the lack of a reliable anion exchange membrane (AEM) for
long-term cell durability. In this study, a poly(fluorene)-based PFAA-QA AEM is
developed with a simple structure, exhibiting satisfactory OH− conductivity
(>174.6 mS cm−1 at 80 °C), good mechanical properties (tensile strength
>35 MPa and elongation at break >51%), and excellent alkaline stability
(>2000 h in 3 m KOH at 80 °C). These characteristics allow PFAA-QA-based
AEMWEs to demonstrate a high cell performance (3.95 A cm−2 at 70 °C and
1.95 V) and long-term durability at high current densities (1.5 A cm−2 for
2400 h at 70 °C). Therefore, the durability of these AEMWEs surpasses that of
most AEMWEs with a low voltage decay rate (>29 mV kh−1).

1. Introduction

Electrochemical applications based on polymer electrolytes have
garnered widespread attention as the forces driving the energy
technology transition toward realizing a sustainable society with
net-zero carbon emissions.[1−4] Thin polymer electrolytes re-
duce ohmic resistance (Rohm) and enhance ion conduction, max-
imizing current density and energy efficiency in electrochemi-
cal devices.[5,6] Proton exchange membrane water electrolyzers
(PEMWEs) have come under the spotlight as viable platforms for
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green hydrogen production; however,
they are cost-intensive owing to the use of
expensive platinum group metal (PGM)
electrocatalysts and membranes.[7]

Therefore, developing anion ex-
change membrane water electrolyzers
(AEMWEs), which utilize cost-effective
catalysts (such as Ni or Co), instead of
expensive PGM catalysts, while exhibit-
ing rapid oxygen evolution kinetics,[8−10]

is considered an effective strategy to
reduce hydrogen production costs.
However, their widespread adoption

has been hindered by their low current
density and long-term durability, which
are inferior to those of PEMWEs.[11,12]

To achieve a high AEMWE perfor-
mance, the AEM must exhibit sufficient

OH− conductivity, goodmechanical properties, and high alkaline
stability, which are challenging to achieve.[13−15] Recent studies
have reported AEMWEs, constituting AEMs with a high OH−

conductivity (>160 mS cm‒1), exhibiting current densities that
surpass those of PEMWEs; facilitated by precisely engineered cat-
alysts and supportive electrolytes with high alkalinity.[16−18] To
achieve AEMs with good mechanical properties and high alka-
line stability, researchers have engineered polymers with an aryl
ether-free main chain structure, combined with cyclic or spacer-
type quaternary ammonium conducting groups.[19−21] The devel-
oped AEMhas shown exceptional chemical stability, maintaining
over 90% of its initial OH− conductivity for >1000 h in concen-
trated alkaline conditions at high temperatures (>80 °C).[18,21]

However, despite the exceptional alkaline stability of these
AEMs, few AEMWEs exhibit satisfactory cell durability with
minimal voltage decay, hindering commercialization. For exam-
ple, Miyatake et al. developed a QTAF-3.0 AEM, which showed
high OH− conductivity, favorable mechanical properties, and ex-
ceptional alkaline stability. The corresponding AEMWE demon-
strated remarkable cell durability at 1.0 A cm‒2 and 80 °C
for 1000 h.[22] Zhang et al. reported a multiblock PBPA-b-BPP
AEM with excellent OH− conductivity, outstanding mechanical
durability, and exceptional alkaline stability. The corresponding
AEMWE showed remarkable durability for 1250 h at 1.0 A cm‒2

and 60 °C.[17] Wang et al. demonstrated that a tPBPp-0.6-OH
AEM network with high OH‒ conductivity, remarkable mechani-
cal strength, and persistent alkaline stability. The corresponding
AEMWE functioned for 430 h at 1.6 A cm‒2 and 60 °C.[23]
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Figure 1. Structural characterization of PFAA-QA and PFPBPF-4-QA AEMs. a) Comparison of PFPBPF-4-QA and PFAA-QA. b) Synthesis of PFAA-QA
AEM. c) 1H NMR spectra of PFAA-QA in DMSO-d6. d) UV–vis spectra of PFPBPF-4-QA and PFAA-QA.

Previously, we developed a PFPBPF-4-QA AEM with satisfac-
tory OH− conductivity, good mechanical properties, and remark-
able alkaline stability.[24] Notably, the AEMWE based on PFPBPF-
4-QA showed remarkable durability, with a voltage decay rate of
2 mV kh−1 over 800 h at 1.0 A cm−2 and 50 °C. The expected
lifetime of prepared 1-cell AEMWE stack (active area: 63.6 cm2)
retained 90% of its initial efficiency, continuing its operation for
>49 095 h. This exceptionally long operational lifetime of this
AEMWE is attributed to its aryl ether-free structure and inter-
stitial alkyl chain within the main chain. Nevertheless, despite
achieving long-term stability for commercialization, the complex
synthesis route and structure of PFPBPF-4-QA complex pose cost
limitations. For developing commercially viable AEMWEs, the
constituent AEMs must exhibit superior physicochemical prop-
erties (ion conductivity, mechanical properties, alkaline stabil-
ity) and involve minimal synthesis steps to reduce production
costs.[25–27]

To address these persisting challenges, in this study, we fo-
cused on developing a poly(fluorene)-based AEM with a simple
structure and an interstitial alkyl chain (PFAA-QA) for AEMWEs.
PFAA-QA (6 synthesis steps) requires fewer synthesis steps than
does PFPBPF-4-QA (11 synthesis steps) while exhibiting superior
OH− conductivity (>174.6 mS cm−1 at 80 °C), excellent mechan-
ical properties (tensile strength (TS) >35 MPa and elongation at
break (EB) >51%), and exceptional alkaline stability (>2000 h in
3 m KOH at 80 °C). Herein, we elucidate the influence of the ini-
tial glass transition temperature (Tg1) of the fabricated AEM on
the long-term durability of the corresponding electrolyzer at ele-
vated temperatures based on a comprehensive comparison of the
physicochemical properties of PFPBPF-4-QA and PFAA-QA. The
PFAA-QA-based AEMWE demonstrated remarkable long-term

durability with a voltage decay rate of 29 mV kh−1 over 2400 h
at a constant current density of 1.5 A cm−2 and 70 °C—a perfor-
mance unattainable by PFPBPF-4-QA and other reported AEMs.

2. Results and Discussion

2.1. Synthesis and Characterization of PFAA-QA AEM

Figure 1a compares the characteristics of previously reported
poly(fluorene)-based PFPBPF-4-QA with those of PFAA-QA syn-
thesized in the present study. The interstitial alkyl chain within
the main chain of PFPBPF-4-QA allows the formation of ion
transport channels, enhancesmechanical properties and alkaline
stability, and improves contact properties with the CL.[24] Ho-
mopolymer PFAA-QA with simple interstitial alkyl chains was
synthesized to minimize the synthesis steps and avoid the loss
of polymer uniformity due to random structures (Figure 1b).
The number of synthesis steps for PFAA-QA (6 synthesis steps,
including Suzuki–Miyaura coupling polymerization and Men-
shutkin reaction) is approximately half of that required for
synthesizing PFPBPF-4-QA; the monomer’s precise synthesis
pathway is illustrated in Scheme S1 (Supporting Information).
The chemical structures of the monomer and PFAA-Br have
been confirmed by 1H nuclear magnetic resonance (NMR) spec-
troscopy (Figures S1 and S2, Supporting Information). The indi-
vidual peaks appearing in the spectrum of PFAA-Br show one-
to-one correspondence with its expected chemical structure, in-
dicating successful polymerization (Figure 1c). After quaterniza-
tion, the peak at 3.29 ppm (methylene protons of bromohexyl)
disappears, and a peak appears at 3.14 ppm (methylene protons
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Figure 2. Physicochemical properties of PFAA-QA and PFPBPF-4-QA AEMs. a) water uptake, b) through-plane swelling ratio, and c) OH− conduc-
tivity of PFAA-QA and PFPBPF-4-QA AEMs as functions of temperature. d) Comparison of OH− conductivity at 80 °C with that of state-of-the-art
AEMs.[17,22,24−26,30−37] e) Mechanical properties of the PFAA-QA and PFPBPF-4-QA AEMs, in OH− form, at room temperature. f) Mechanical ro-
bustness test of PFAA-QA, in OH− form, with size of 190 cm2. g) OH− conductivity retention and h) 1H NMR spectrum of PFAA-QA after immersion in
3 m KOH at 80 °C for 3000 h.

of quaternary ammonium hexyl), indicating successful incorpo-
ration of an ion conducting group into PFAA-QA.
The configuration of PFAA-QA has been confirmed by

comparing its ultraviolet–visible (UV–vis) spectra with that of
PFPBPF-4-QA (Figure 1d). The UV–vis spectrum of PFPBPF-
4-QA in diluted DMF solvent shows two maximum absorption
peaks at 313 and 337 nm, which can be ascribed to fluorene and
2,7-diphenylfluorene moieties. Gel permeation chromatography
(GPC) analysis, performed to determine the molecular weight of
the intermediate polymer (PFAA-Br) before quaternization, re-
veals that the weight-average molecular weight and polydisper-
sity index of PFAA-Br (76.3 kg mol−1 and 2.94, respectively) are
slightly higher than those of PFPBPF-4-Br (64.3 kg mol−1 and
2.65, respectively; Figure S3 and Table S1, Supporting Informa-

tion). The 1H NMR, UV–vis, and GPC data confirm the success-
ful synthesis of PFAA-QA. The basic properties of the PFAA-QA
and PFPBPF-4-QA AEMs have been evaluated using 40 μm thick
membranes fabricated by conventional solvent casting.

2.2. Comparison between the Physicochemical Properties of
PFAA-QA and PFPBPF-4-QA

Figure 2a,b shows the water uptake and swelling ratio of PFAA-
QA and PFPBPF-4-QA as functions of temperature (see also
Table 1; Table S2, Supporting Information). Thewater uptake and
swelling ratio have been measured by immersing the AEMs in
water at 20–80 °C. Across the temperature range of 20–80 °C,
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Table 1. IEC, water uptake, through-plain swelling ratio, OH− conductivity, and mechanical robustness of PFAA-QA, PFPBPF-4-QA, and PiperION A40
AEMs.

Membrane code IEC [meq g−1] Water uptake [%]b) Swelling ratio [%]b) OH− conductivity
[mS cm−1]b)

TS [MPa] EB [%]

Theo Expa) 20 °C 80 °C 20 °C 80 °C 20 °C 80 °C

PFAA-QA 2.95 2.66 34.2±2.6 100.1±6.2 17.2±2.1 34.8±2.7 67.3 174.6 35.1 51.9

PFPBPF-4-QA 2.76 2.43 45.0±3.2 131.9±8.9 20.1±2.5 44.4±3.6 79.9 167.5 19.2 55.8

PiperION A40 N/A 2.37 43.1±3.1 104.4±4.7 22.5±2.9 35.1±3.2 60.2 159.5 37.7 27.5
a)
Measured by titration;

b)
Measured under the fully hydrated state in OH‒ form.

the water uptake and swelling ratio of PFAA-QA (water up-
take: 34.2–100.1%; swelling ratio: 17.2–34.8%) are lower than
those of PFPBPF-4-QA (water uptake: 45.0–131.9%; swelling ra-
tio: 20.1–44.4%), even though the ion-exchange capacity (IEC)
of the former is higher than that of the latter. As water uptake
and swelling ratio typically increase with IEC,[16,28] these results
are attributed to the alkyl chain ratio of PFAA-QA being lower
than that of PFPBPF-4-QA. A low alkyl chain ratio suggests re-
duced polymer mobility, which potentially impedes ion transport
channel formation, thus reducing water uptake and swelling ra-
tio. PFAA-QA exhibits a moderate increase in both water up-
take and swelling ratio with increasing temperature, whereas
those of PFPBPF-4-QA drastically increase as the temperature
exceeds 60 °C.
Similar to water uptake and swelling ratio, the OH− conduc-

tivities of both PFAA-QA and PFPBPF-4-QA increase as the tem-
perature increases to 80 °C (Figure 2c). Up to 60 °C, the OH− con-
ductivity of the PFPBPF-4-QA AEM remains higher than that of
the PFAA-QA AEM. However, above 60 °C, the opposite trend is
observed, with PFAA-QA and PFPBPF-4-QA showing OH− con-
ductivities of 174.6 and 166.5 mS cm−1, respectively, at 80 °C.
In addition, the OH− conductivity of PFAA-QA increases propor-
tionally to temperature, whereas that of PFPBPF-4-QA slightly in-
creases above 60 °C because of OH− dilution caused by the exces-
sive water uptake and swelling ratio of PFPBPF-4-QA at certain
temperatures[22,29] (these unusual temperature-dependent differ-
ences between the water uptake, swelling ratio, andOH− conduc-
tivity of PFAA-QA and PFPBPF-4-QA are discussed later). These
results indicate that the OH− conductivity of PFAA-QA, contain-
ing interstitial alkyl chains in its polymermain chain, at 80 °C ex-
ceeds those of recently reported state-of-the-art linear type AEMs
(Figure 2d).[17,22,24–26,30–37]

Mechanically stable AEMs are crucial for developing water
electrolyzers with long-term durability.[34] The mechanical prop-
erties of PFAA-QA and PFPBPF-4-QA, in the OH− form, have
been evaluated at room temperature (RT) and 50% relative hu-
midity (Figure 2e and Table 1). The TS and EB of the PFAA-
QA AEM (35.1 MPa and 51.9%, respectively) are higher than
those of the PFPBPF-4-QAAEM (>19.2MPa and>55.8%, respec-
tively). PFAA-QA, whose alkyl chain ratio in its polymer main
chain is lower than that of PFPBPF-4-QA, shows reduced poly-
mer chain mobility, thus enhancing robustness.[24] Mechanical
stability tests confirm the ability of the PFAA-QA AEM (size:
>190 cm2) to withstandmechanical stress, including folding and
kneading, without showing deterioration (Figure 2f). These re-
sults demonstrate the potential of the PFAA-QA AEM to with-

stand pressure during the fabrication of membrane electrode as-
semblies and cell operation.
Alkaline stability of AEM is crucial to avoid damage due to

OH− attack during water electrolyzer operation for long-term
durability of cells.[38] We conducted an accelerated alkaline sta-
bility test of PFAA-QA under harsh conditions (3 m KOH so-
lution at 80 °C) by monitoring the changes in its OH− con-
ductivity and chemical structure for 3000 h; this test condi-
tion is relatively harsh compared to the long-term durability
conditions (1 m KOH solution at 70 °C) of AEMWEs (dis-
cussed later). PFAA-QA exhibits slightly reduced OH− conduc-
tivity (5.4%) after the test (Figure 2g). After the alkaline sta-
bility test, no detectable changes are observed in the chemi-
cal structure of the PFAA-QA AEM (reflected by its 1H NMR
spectra), other than the leaching of poly(ethylene) caused by
the usage of the HDPE bottle (Figure 2h). The integral ratio
of proton in the polymer main chain and conducting groups
remains unchanged, indicating the alkaline-tolerance nature of
the aryl ether-free polymer main chain and spacer-type con-
ducting groups. Thus, the slight reduction in OH− conductiv-
ity is attributed to CO2 poisoning of the KOH solution, which
facilitates the transformation of hydroxide into carbonate or
bicarbonate.[39,40]

2.3. Morphological Changes in the PFAA-QA and PFPBPF-4-QA
AEMs with Temperature

To examine the anomalous temperature-dependent variations
in water uptake, swelling ratio, and OH− conductivity, we ana-
lyzed the morphological changes in PFPBPF-4-QA and PFAA-
QA using atomic force microscopy (AFM). In the AFM im-
ages presented in Figure 3a–d, the dark regions represent clus-
ters of hydrophilic ammonium groups and water molecules,
and the bright regions indicate the hydrophobic polymer main
chain.[41,42] Pristine PFAA-QA and PFPBPF-4-QA AEMs show
well-developed ion transport channels with uniformly distributed
hydrophilic domains of sizes 19.1 and 16.8 nm, respectively
(Figure 3a,b). The large hydrophilic domain size of PFPBPF-
4-QA is attributed to the high proportion of alkyl chain in its
polymer main chain improving polymer mobility and facilitat-
ing aggregation of conducting groups and water molecules. We
immersed both the AEMs in deionized water at 70 °C for 1 h
and dried them to RT to evaluate their morphological proper-
ties (Figure 3c,d). After immersion, the hydrophilic domain size
of PFAA-QA increases by ≈35% to 22.8 nm, whereas that of
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Figure 3. AFM images showing the morphologies of the membranes, in Br‒ form, in dry state. a) PFAA-QA and b) PFPBPF-4-QA. c) PFAA-QA and d)
PFPBPF-4-QA after immersion in water at 70 °C for 1 h. Dynamic mechanical analysis of the membranes, in Br‒ form, in dry state. e) PFAA-QA and
PFPBPF-4-QA. f) PFAA-Br and PFPBPF-4-Br.

PFPBPFP-4-QA drastically increases to 39.7 nm, which is more
than twice that of the pristine membrane’s hydrophilic domain
size (Figure S4, Supporting Information). Increased mobility of
PFPBPF-4-QA at certain temperatures may enhance the absorp-
tion of excess water, inducing aggregation of conducting groups
and water molecules.
To elucidate the variations observed in the hydrophilic do-

main sizes of the two AEMs after immersion in deionized wa-
ter at 70 °C, we investigated the thermal behavior of the PF-
PBPF and PFAA polymers within the temperature range of 40–
250 °C via dynamic mechanical analysis (Figure 3e,f). PFAA-
QA and PFPBPF-4-QA exhibit two relaxation peaks, Tg below
100 °C and above 200 °C. The Tg1 (77.7 °C) and subsequent Tg2
(205.1 °C) of PFPBPF-4-QA are lower than those of of PFAA-QA
(Tg1: 98.9 °C; Tg2: 229.1 °C). The high Tg values of PFPBPF-4-QA
are attributed to its high polymermobility caused by the high pro-
portion of alkyl chains in its polymer main chain.[24] The Tg1 val-
ues of PFPBPF-4-QA and PFAA-QA are similar to the Tg values
of PFPBPF-4-Br and PFAA-Br before quaternization as shown
in Figure 3f (see also Figure S5, Supporting Information). In
other words, Tg1 and Tg2 correspond to the hydrophobic and hy-
drophilic relaxation of the conducting groups, respectively.[43,44]

At temperatures above 70 °C, around the Tg1 of PFPBPF-4-QA,
the mobility of the hydrophobic segment increases, resulting in
excessive water absorption. Thus, after immersion at 70 °C, the
hydrophilic domain size of PFPBPF-4-QA exceeds that of PFAA-
QA. This result indicates that the excessive increase in water up-
take and swelling ratio, and slightly increase inOH− conductivity,
of PFPBPF-4-QA (relative to those of PFAA-QA) at temperatures
above 70 °C can be attributed to ion dilution.

2.4. AEMWE Single-Cell Performance

To assess the feasibility of applying PFAA-QA AEMs in practi-
cal applications, an AEMWE single cell were fabricated using a
Co3O4 anode and Pt/C cathode in flowing 1mKOH,which served
as the anolyte (Figure 4a).[45] The I–V curves of the PFAA-QA-
based AEMWE single cell at different operating temperatures
are displayed in Figure 4b. The performance of the AEMWE
improves upon increasing the operating temperature (50, 60,
and 70 °C), and the highest current density of 3.94 A cm−2 is
recorded at 70 °C at a cell voltage of 1.95 V. Next, electrochemical
impedance spectroscopy (EIS) analysis shows that as the cell tem-
perature increases, both Rohm and the charge transfer resistance
(Rct) decrease owing to the enhanced OH

− conductivity and im-
proved electrochemical properties of the catalyst with increasing
temperature (Figure S6, Supporting Information).[46] For perfor-
mance comparison, the AEMWE single cells were fabricated us-
ing components and methods identical to those used for the pre-
viously reported PFPBPF-4-QA and commercial PiperION A40
AEMs. In addition, the cell performances of PFPBPF-4-QA and
PiperION A40 were evaluated at various operating temperatures
(Figures S7 and S8, Supporting Information). Evidently, at 70 °C
and a cell voltage of 1.95 V, the current density achieved by PFAA-
QA (3.95 A cm−2) is comparable to that of PFPBPF-4-QA (3.97 A
cm−2) and almost 12% higher than that of commercial PiperION
A40 (3.52 A cm−2) (Figure 4c). Furthermore, the EIS analysis was
performed at a current density of 0.5 A cm−2 to examine the in-
fluence of each AEM on the interfacial resistance of the AEMWE
single cell (Figure 4d). Although all the three AEMs (PFAA-
QA, PFPBPF-4-QA, and PiperION A40) possess an identical
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Figure 4. AEMWE single-cell investigations in 1 m KOH electrolyte using Co3O4 and Pt/C as the anode and cathode, respectively. a) Schematic of the
AEMWE single-cell assembly. b) I–V curves of the PFAA-QA-based single cell at different temperatures. c) Comparison of cell performance and d) Nyquist
plots of the AEMWE single cells based on the PFAA-QA, PFPBPF-4-QA, and commercial PiperION A40 AEMs at 70 °C in 1 m KOH.

thickness of 40 μm, the Rohm values of PFAA-QA (56.1Ω cm2) and
PFPBPF-4-QA (58.3 Ω cm2) are lower than that of PiperION A40
(72.3Ω cm2). Given that Rohm is primarily affected by membrane
thickness and contact properties with the CL, these reduced Rohm
values of PFAA-QA and PFPBPF-4-QA are attributed to the inter-
stitial alkyl chains in the conducting groups and the ability of the
main chain to promote contact with the CL; these results are con-
sistent with those reported in previous studies.[24,37] In contrast,
the AEMWE single cells based on the these three AEMs (PFAA-
QA, PFPBPF-4-QA, and PiperION A40) exhibit comparable val-
ues of Rct, which is predominantly influenced by the electrocat-
alytic properties of the anode and cathode rather than those of
the membrane.[47]

2.5. AEMWE Single-Cell Durability

Realizing consistent long-term durability under high current
density is crucial for AEMWE commercialization. To maintain
stable operation at high current densities, decreasing the cell volt-
age is imperative. Thus, operating the cell at elevated temper-
atures is necessary to mitigate damage to the membrane and
catalyst from high cell voltage.[48] The durability of the PFAA-
QA-based AEMWE was evaluated at a constant current density
of 1.0 A cm−2 for 100 and 50 h at 50 and 70 °C, respectively,
and compared with that of the PFPBPF-4-QA-based cell under
the same conditions as shown in Figure 5a (see also Figure S9,
Supporting Information). Both the PFAA-QA and PFPBPF-4-QA
AEMs demonstrate stable cell voltages with negligible voltage de-
cay rates at a constant current density of 1.0 A cm−2 and tempera-

ture of 50 °C for 100 h. This result aligns with the outstanding cell
durability of previously reported PFPBPF-4-QA, which enables a
voltage decay rate of 2 mV kh−1 under the same conditions.[24]

However, at 70 °C, PFPBPF-4-QA shows rapid cell degradation,
whereas PFAA-QA exhibits remarkable durability, due to Tg1 of
the former being lower than that of the latter as discussed before
(Figures 2b and 5b). At a temperature close to Tg1, the dynamic
motion of the polymer chain drastically modifies the physical
properties of PFPBPF-4-QA, thereby compromising the mem-
brane’s mechanical properties. Consequently, the AEMWE cell
rapidly degrades, even though chemical degradation does not oc-
cur (Figure S10, Supporting Information). The PFAA-QA-based
AEMWE single cell demonstrated the capability to operate at 2.0
A cm−2 and 80 °C (Figure S11, Supporting Information). How-
ever, it was considered challenging to sustain operation for thou-
sands of hours due to the temperature overlapping with PFAA-
QA’s Tg1 and the power supply’s incapacity to consistently cover
the 4.9 cm2 active area.
To further confirm the high durability performance of PFAA-

QA, a long-term durability test was conducted for 2400 h under
a constant current density of 1.5 A cm−2 at 70 °C in a 1 m KOH
solution (Figure 5c). The PFAA-QA-based AEMWE exhibits ex-
cellent cell durability with a voltage decay rate of 29 mV kh−1 for
2400 h. The initial cell efficiency is ≈77.9%, and after the 2400 h
test, the measured final efficiency is ≈74.7%, reflecting an effi-
ciency loss of only 3.2%. During the initial 1000 h of operation,
the cell voltage increases slightly, showing a decay rate of 56 mV
kh−1, due to changes in the interface structure of the catalyst or
ionomer.[49] After the initial stabilization, the cell voltage remains
stable with a minimal voltage decay rate of 14 mV kh−1 during
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Figure 5. AEMWE durability test in the single cell condition. a) Durability analysis of PFAA-QA and PFPBPF-4-QA under a current density of 1.0 A cm−2 at
two different temperatures, 50 and 70 °C. b) Illustration of the impact of the AEM’s initial Tg on cell degradation. c) Long-term durability test of PFAA-QA
under a current density of 1.5 A cm−2 at 70 °C in 1 m KOH. d) Polarization curves of PFAA-QA during the long-term durability test. e) 1H NMR spectra
of PFAA-QA before and after the durability test. f) Comparison of the performance of PFAA-QA with those of other state-of-art AEMs.[17,23,24,25,50]

the subsequent 1400 h operation. No significant difference is ob-
served between the I–V curves obtained after 1000 and 2000 h
of operation during the long-term durability test (Figure 5d). Af-
ter the long-term durability test, the chemical structure of PFAA-
QA is confirmed and compared with its initial structure using
1H NMR spectroscopy (Figure 5e). Evidently, despite the extreme
operational conditions of the AEMWE, the membrane’s chemi-
cal structure does not show substantial changes. The PFAA-QA
AEM demonstrates superior durability under these conditions
(1.5 A cm−2 at 70 °C in 1 m KOH). The durability of PFAA-QA in
the water electrolyzer surpasses that of previously reported state-
of-the-art membranes as shown in Figure 5f (see also Figure S12,
Supporting Information).[17,23,24,25,50]

3. Conclusion

In summary, we developed a poly(fluorene)-based PFAA-QA
AEM with a simple structure as an improved alternative

to our previously constructed PFPBPF-4-QA AEM. PFAA-
QA, with a suitable Tg1, exhibited satisfactory OH− con-
ductivity, sufficiently good mechanical properties, and excel-
lent alkaline stability, enhancing the performance and long-
term durability of the corresponding AEMWE cell. Owing
to these properties, the PFAA-QA-based AEMWE single cell
achieved a remarkable current density of 3.95 A cm−2 at
1.95 V and 70 °C, outperforming the commercial bench-
mark PiperION A40 (3.52 A cm−2 at 1.95 V) despite utiliz-
ing a PGM-free anode. Additionally, the prepared cell demon-
strated long-term durability with a reliable voltage decay rate
of 29 mV kh−1 under a high current density of 1.5 A cm−2

at 70 °C for 2400 h. These values surpass those achieved
by previously reported PFPBPF-4-QA and other AEMs. The
efficient poly(fluorene)-based PFAA-QA AEM synthesized in
this study is expected to facilitate practical water electrolysis,
zero-gap CO2 reduction reactions, and other electrochemical
applications.

Adv. Energy Mater. 2025, 15, 2501038 © 2025 Wiley-VCH GmbH2501038 (7 of 9)
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