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a b s t r a c t

Alkaline anion exchange membrane water electrolysis (AEMWE) is a low-cost and sustainable technol-

ogy for hydrogen production. This study presents the development of high-performance anion exchange

membrane (AEM) and ionomers based on quaternized poly(diphenyl carbazole) with rigid ether-bond-

free aryl backbone and flexible multination strings in the side chains. The optimized molecular architec-

ture induces pronounced microphase separation, enabling high hydroxide conductivity (159.3 mS/cm at

80 °C) and exceptional alkaline stability (1mol/L KOH at 80 °C, retains 97.5 % ionic conductivity and 88.6 %

tensile strength after 1800h). By implementing an anode water-fed/cathode water-free configuration and

regulating the structure and content of ionomers at anode and cathode electrodes, the AEMWE perfor-

mance was significantly improved from 1.9 A/cm2 to 4.2 A/cm2 at 2V (a 2.2-fold increase) using 1mol/L

KOH solution as the electrolyte. Under pure water conditions, the electrolyzer still achieved an excellent

electrolysis performance of 1.8 A/cm2 at 2V. Furthermore, the fabricated AEMWE exhibited an outstand-

ing in-situ durability with a low voltage degradation rate of 0.17mV/h during a continuous operation of

1185h at a current density of 0.5 A/cm2.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The growing global demand for clean energy and hydrogen

economy development has driven research into efficient hydrogen

production technologies [1]. Water electrolysis, particularly "green

hydrogen" production using renewable energy (e.g., solar, wind),

offers a sustainable solution by splitting water without greenhouse

emissions while mitigating renewable energy intermittency [2–

5]. Traditional water electrolysis technologies mainly include al-

kaline water electrolyzer (AWE) and proton exchange membrane

water electrolyzer (PEMWE) [6]. Although PEMWE offers high ef-

ficiency and structural compactness, its primary limitations stem

from heavy reliance on precious metal catalysts including iridium

(Ir) and platinum (Pt), as well as the complex manufacturing pro-

cesses and high cost of perfluorosulfonic acid membranes [7,8]. Ad-

ditionally, the acidic operating environment necessitates the use

of corrosion-resistant titanium alloy components, further driving

up overall costs [9,10]. Emerging anion exchange membrane wa-

ter electrolyzers (AEMWEs) combine AWE and PEMWE advantages:

compact design, non-precious metal catalysts, high current den-

sity operation, and cost efficiency [11–14]. However, this technol-
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ogy remains in the laboratory-based research and development

stage at present due to the lack of commercially available high-

performance and durable anion exchange membranes (AEMs) [15].

As the core component in an electrolyzer. The ideal AEMs should

possess high hydroxide ionic conductivity, excellent resistance to

degradation in strongly alkaline environments at elevated temper-

atures, restricted water swelling to ensure effective ion transport

without compromising mechanical properties, and improved long-

term durability under operating conditions [16–18].

AEMs are composed of two essential components: Polymer

backbone and tethered cationic groups. The polymer backbone

serves as a framework to endow AEMs with sufficient mechani-

cal strength and thermal stability [19], whereas the cationic groups

are responsible for ion transport. As research has progressed, the

structural design of AEMs has been continuously optimized. The

early studied AEMs containing aryl ether bonds in the backbone

that are susceptible to OH- degradation have been gradually re-

placed by more stable all-carbon aromatic AEMs with better tol-

erance in strongly alkaline environments [20,21]. Meanwhile, stud-

ies have demonstrated that the introduction of extended chains or

alkyl spacers on cationic groups significantly enhances the alka-

line stability of resulting AEMs [22]. Cha et al. [23] synthesized a

quaternized polycarbazole-based AEM (QPC-TMA) with long alkyl
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spacer chains. After immersion in 1mol/L KOH solution at 80 °C
for 1000h, the ion exchange capacity (IEC) and hydroxide conduc-

tivity of the QPC-TMA membrane remained unchanged. Adhikari

et al. [24] developed a poly(diphenyl carbazole)-based AEM (PDPC-

6QA), in which the spatial site resistance of alkyl chains and the

high electron density effectively suppressed Hoffmann elimination

of cationic groups, thus improving the alkaline stability of AEMs.

However, its hydroxide conductivity is slightly lower (103 mS/cm

at 80 °C) compared to those AEMs reported in literatures, and

structural optimization is still needed to enhance hydroxide con-

ductivity for achieving high current density operation in AEMWE.

To further enhance hydroxide conductivity, researchers have

proposed various innovative strategies. Although increasing the

IEC is a straightforward yet effective method for enhancing con-

ductivity, the inherent contradiction between IEC and mechan-

ical stability has led research in AEMs to focus on develop-

ing new polymer structures and optimizing material microstruc-

tures to address these challenges [25–27]. Recent studies have

shown that precisely adjusting side chains can effectively balance

the conductivity and stability of AEMs. Firstly, grafting cationic

side chains into the polymer main chain can significantly im-

prove ion self-assembly ability and facilitate the construction of

ion channels. Li et al. [28] synthesized poly[(fluorene-alkylene)-co-

(biphenyl-alkylene)] (PFBA-nC-QAs) AEMs with side chains of vary-

ing lengths. The results showed that PFBA-6C-QA achieved a hy-

droxide conductivity of 154 mS/cm at 80 °C. Moreover, following

immersion in 2mol/L NaOH at 80 °C for 30 days, the functional

groups of PFBA-6C-QA exhibited no degradation. Additionally, by

optimizing the alkyl chain length, it was found that membranes

with hexyl extended chains displayed higher ion mobility rates.

Additionally, the alkyl chains between cations facilitate the forma-

tion of microphase-separated structures by increasing the polarity

difference between hydrophilic and hydrophobic segments, which

is beneficial for enhancing hydroxide conductivity while maintain-

ing favorable alkaline stability.

Furthermore, to enhance the electrolysis performance and dura-

bility of AEMs in practical applications, efforts should focus on the

fabrication and optimization of membrane electrode assemblies

(MEAs) [29]. In MEAs, the AEM and anion exchange ionomer (AEI)

are recognized as critical materials influencing water electrolysis

efficiency and durability, where the selection of appropriate poly-

mer materials is essential for improving overall performance. In

AEMWE systems, the oxygen evolution reaction (OER) occurs at the

anode to produce oxygen and water, while the hydrogen evolution

reaction (HER) takes place at the cathode to generate hydrogen and

OH- ions [30]. Many industrial AEMWE systems currently adopt

an anode water-fed and cathode water-free design, which simpli-

fies the separation of H2O and H2 and enhances hydrogen purity

[31]. Within MEAs, the AEI primarily serves as ion transport chan-

nels between the AEM and catalysts, facilitating anion and water

molecule transport. It also effectively connects catalysts, gas diffu-

sion layers (GDLs), and the AEM, ensuring efficient ion and water

transfer between components. Liquid electrolyte injected through

the anode provides partial ionic conductivity to the anode, thereby

reducing the requirement for AEI conductivity on the anode side.

The cathode operates under relatively dry conditions, where the

AEI acts as the sole ion transport pathway. Enhancing the wa-

ter uptake capacity of the AEI can improve ion conduction and

water diffusion, thereby optimizing electrolysis performance [32].

However, excessive water at the cathode may flood the electrode,

increasing overpotential, while insufficient water may cause elec-

trode dehydration, limit hydrogen production efficiency, and ele-

vate local pH, accelerating material degradation [33]. Conversely,

on the anode side, excessive water uptake by the AEI under contin-

uous liquid electrolyte supply may induce significant swelling, hin-

dering oxygen release and impairing electrolysis efficiency. There-

fore, precise regulation of AEI water uptake is necessary. To ad-

vance the performance and durability of AEMWE systems, compre-

hensive optimization of AEM design and AEI modulation must be

prioritized.

To meet the comprehensive optimization requirements for AEM

design and AEI regulation, a main-chain poly(diphenyl carbazole)

(PDPC) polymer without an aryl ether structure was synthesized

via a superacid-catalyzed Friedel-Crafts alkylation reaction. Owing

to the rigid molecular framework of carbazole-based materials, the

resulting polymers exhibit excellent alkaline stability and effec-

tively resist the nucleophilic attack by hydroxide ions in alkaline

environments [34,35]. Concurrently, functionalized long alkyl side

chains were introduced to achieve dual objectives: (1) Improving

ionic conductivity by incorporating flexible alkyl spacers that in-

duce microphase separation between hydrophobic backbones and

hydrophilic quaternary ammonium groups, thereby establishing

continuous ion transport channels; (2) tuning the hydrophilic-

hydrophobic balance through alkyl chain functionalization, en-

abling precise optimization of membrane-electrode interfaces for

enhanced electrolyzer performance. This molecular design estab-

lishes a structure-property relationship bridging fundamental ma-

terial characteristics with practical device performance.

By varying the number of cation groups on the flexible side

chains, a series of high-performance AEMs and ionomers based on

quaternized poly(diphenyl carbazole) were developed (Fig. 1). Con-

currently, we systematically investigated the influence of AEI struc-

tures and contents on the electrochemical performance of AEMWE,

with an in-depth exploration of the water electrolysis performance

and in-situ durability of the AEMWE. These studies provide both

theoretical foundations and experimental evidence for optimizing

the design and application of anion exchange membranes.

As illustrated in Fig. 1, 3,6-diphenyl carbazole and TFK were uti-

lized to synthesize PDPC polymer via a superacid-catalyzed Friedel-

Crafts alkylation reaction. Compared to polymers reported in other

studies, PDPC exhibited a higher molecular weight, with a weight-

average molecular weight (Mw) of approximately 91.9 kg/mol (Ta-

ble S1 in Supporting information), enabling it to serve as a precur-

sor material for preparing AEM with adequate mechanical strength.

Subsequently, functionalized long alkyl side chains containing dif-

ferent numbers of quaternary ammonium (QA) groups were in-

troduced into the polymer backbone via grafting reactions. These

polymers were designated as PDPC-QA, PDPC-DQA, and PDPC-TQA

based on the differences in their side-chain monomers.

The chemical structures of PDPC, PDPC-QA, PDPC-DQA, and

PDPC-TQA were analyzed using 1H NMR spectroscopy. As shown

in Fig. S3a (Supporting information), the 1H NMR spectrum of

PDPC displays a characteristic peak corresponding to the methyl

group from 1,1,1-trifluoroacetone at approximately 1.9 ppm, and

a signal at 11.4 ppm assigned to the N–H group in the 3,6-

diphenylcarbazole moiety. Additionally, the multiplet signals be-

tween 7.3 ppm and 8.5 ppm are attributed to the aromatic protons

of the 3,6-diphenylcarbazole units. After the grafting reaction, the
1H NMR spectrum of PDPC-DQA (Fig. S3b in Supporting informa-

tion) reveals a new peak at 4.5 ppm, ascribed to the methylene

group adjacent to the nitrogen atom in the carbazole moiety. The

disappearance of the N–H group signal at 11.4 ppm confirms the

complete quaternization of PDPC. The 1H NMR spectra of PDPC-

QA and PDPC-TQA are provided in Fig. S4 (Supporting information).

The emergence of these new signals in 1H NMR spectra confirmed

that the quaternized polymers with varied QA cation strings were

successfully synthesized.

IEC is a crucial parameter influencing the dimensional stabil-

ity and the ionic conductivity of AEMs [36]. Generally, an in-

crease in IEC enhances the ionic conductivity and water uptake of

AEMs. However, excessively high IEC can lead to excessive mem-

brane swelling, significantly compromising the dimensional stabil-
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Fig. 1. Synthesis process of PDPC, PDPC-QA, PDPC-DQA, and PDPC-TQA.

ity of AEMs. Therefore, selecting an optimal IEC value is critical

for balancing the ionic conductivity and dimensional stability of

AEMs. As shown in Table S2 (Supporting information), the IEC val-

ues for PDPC-QA, PDPC-DQA and PDPC-TQA are 1.66, 2.68, and

3.35mmol/g, respectively. The increase in IEC value is due to an

increase in the number of cations on the side chains in the poly-

mer. This provides more pathways for ion transport, thereby im-

proving the conductivity of the membrane. As illustrated in Figs.

S5b and c (Supporting information), the water uptake (WU) and

swelling ratio (SR) of all the PDPC-QA, PDPC-DQA and PDPC-TQA

membranes exhibited an increasing trend with the temperature

rising. This phenomenon can be explained from the perspective

of molecular motion: as the temperature rises, the thermal mo-

tion of the polymer chain segments intensifies, increasing the free

volume between molecules and thereby providing more space for

water uptake and membrane swelling [37]. Furthermore, the in-

crease in temperature lowers the surface tension of water, facili-

tating the penetration of water molecules into the membrane ma-

trix. At a high temperature of 80 °C, the WU values of PDPC-QA,

PDPC-DQA and PDPC-TQA reached 29.5%, 89.1% and 273.5%, re-

spectively. Moreover, the hydration number (λ) values of PDPC-

QA, PDPC-DQA and PDPC-TQA were 9.9, 18.5 and 45.4, respectively

(Table S2), indicating a gradual increase in the number of water

molecules absorbed by hydrophilic functional groups. This result is

consistent with the trend of water uptake. It should be noted that

due to the higher IEC value of PDPC-TQA, the membrane ruptured

at 80 °C due to excessive water uptake and therefore the swelling

ratio could not be characterized. Nevertheless, PDPC-TQA with high

water uptake can also be used as an ionomer in the cathode of

AEMWE to facilitate the transfer of water molecules from the an-

ode to the cathode in the membrane electrode.

The stress-strain curves of three AEMs are displayed in Fig. S5d

(Supporting information). It was clearly observed that the tensile

strength of PDPC-QA, PDPC-DQA and PDPC-TQA membranes de-

creased from 64.8MPa to 5.7MPa, while the elongation at break

increased from 9.1% to 31.3%. The increase in the number of

cations and the length of flexible side chains weakens the en-

tanglement interactions in the polymer main chain, thereby re-

ducing the rigidity of the polymer and increasing the elongation

at break [38]. Overall, PDPC-DQA presented a moderate mechan-

ical strength of 21.0MPa and a favorable elongation at break of

19.9 %. Furthermore, the thermogravimetric analysis (TGA) curves

of three membranes are shown in Fig. S6 (Supporting information).

It was observed that all these AEMs exhibited no thermal degra-

dation below 200 °C. The decomposition observed between 210 °C
and 380 °C was attributed to the degradation of the polymer side

chains, while the thermal weight loss occurred above 380 °C was

ascribed to the degradation of the polymer main chain [34]. The

results revealed that the PDPC series of AEMs meets the tempera-

ture requirements for AEMWE applications.

The microphase separation behavior of AEM is synergistically

influenced by side chain length and cation density. When the side

chains are too short, they lack sufficient hydrophobicity and flexi-

bility to drive hydrophilic domain aggregation, resulting in blurred

microphase separation and poor ion cluster connectivity. In con-

trast, a moderate side chain length balances the hydrophobic-

hydrophilic interaction, promotes the formation of continuous ion

channels, and achieves optimal phase separation. Similarly, low

cation density leads to weak inter-cation interactions, hindering

the formation of continuous ion transport channels. A moderate

cation density facilitates the formation of stable ion clusters, en-

hances the contrast between hydrophilic and hydrophobic regions,

and improves both microphase separation and ionic conductivity.

However, excessive cation density may cause severe ion aggre-

gation, leading to high swelling rates and compromised dimen-

sional stability. The microscopic morphology of PDPC-QA, PDPC-

DQA and PDPC-TQA membranes was investigated using small-angle

X-ray scattering (SAXS), atomic force microscopy (AFM) and trans-

mission electron microscopy (TEM). As demonstrated in Figs. 2a-c,

PDPC-QA, PDPC-DQA and PDPC-TQA membranes exhibited an ob-

vious scattering peak in their SAXS patterns appearing at 2.1, 1.8,

and 1.5 nm-1, respectively. Through calculations from Bragg equa-

tion (d=2π /q), the sizes of ionic clusters within AEMs were deter-

mined to be 2.99, 3.49, and 4.19nm, respectively. Moreover, PDPC-

DQA and PDPC-TQA membranes exhibited a more distinct scat-

tering peak in their SAXS patterns compared to PDPC-QA, indi-

cating the formation of well-developed interconnected hydrophilic

domains induced by the incorporation of QA cation strings. As the

number of cation on the flexible side chains increased, the aggre-

gation density of hydrophilic segments increased, thereby induc-

ing a more pronounced hydrophilic/hydrophobic phase-separated

structure. However, although PDPC-TQA exhibits favorable mi-

crophase separation, the enlarged hydrophilic domains increase

the swelling ratio and compromise dimensional stability. Therefore,

side chain length and cation density must be synergistically opti-

mized to balance ion transport efficiency and dimensional stability.

Figs. 2d-f show the AFM images of PDPC-QA, PDPC-DQA and

PDPC-TQA, respectively. The bright areas in the images repre-

sent the hydrophobic backbone regions, while the dark areas de-

note the hydrophilic regions formed by QA cation strings on the

flexible side chain. The indicating the presence of distinct mi-

crophase separation within the membrane. With the number of
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Fig. 2. SAXS patterns (a, b, c), AFM images (d, e, f) and TEM images (g, h, i) of membranes.

cation on the flexible side chains increasing, more well-defined

hydrophilic/hydrophobic phase and interconnected ion transport

channels were formed within these AEMs. Further morphology

analysis of the AEMs was performed using TEM. As shown in

Figs. 2g-i, the dark and light regions correspond to hydrophilic

and hydrophobic domains, respectively, confirming the existence

of distinct microphase separation within the membrane. With

increased incorporation of hydrophilic functional groups, well-

defined hydrophilic/hydrophobic phase boundaries and intercon-

nected ion transport channels were observed throughout the mem-

brane. Characterization via SAXS, AFM, and TEM clearly reveals

that compared to PDPC-QA, the PDPC-DQA and PDPC-TQA mem-

branes with QA cation strings demonstrated more interconnected

hydrophilic domains, leading to a noticeable enlargement of hy-

drophilic regions. This morphology provides efficient and contin-

uous pathways for hydroxide ion transport, thereby enhancing ion

mobility and significantly improving the ionic conductivity of the

PDPC-DQA and PDPC-TQA membranes.

The temperature-dependent hydroxide conductivity of PDPC-

series AEMs is presented in Fig. 3a. At 30 °C, PDPC-DQA and

PDPC-TQA exhibited exceptional hydroxide conductivities of 83.4

and 110.9 mS/cm, respectively, representing values approximately

twice that of the PDPC-QA (43.5 mS/cm). As the temperature in-

creases, the hydroxide conductivities of these membranes were fur-

ther improved. For example, the hydroxide conductivity of PDPC-

QA and PDPC-DQA increased to 87.2 mS/cm and 159.3 mS/cm at

80 °C, respectively. However, the hydroxide conductivity of PDPC-

TQA at 80 °C was not measured because the membrane was ex-

cessively swollen and damaged in the test (Fig. S7 in Support-

ing information). As shown in Fig. 3b, when compared to other

recently reported promising AEM materials, PDPC-DQA not only

exhibits relatively high ionic conductivity but also maintains a

low SR, indicating its ability to achieve high dimensional stabil-

ity in practical applications. The superior performance of PDPC-

DQA can be attributed to the presence of well-developed hy-

drophilic/hydrophobic phase separation as observed by SAXS, AFM

and TEM. This unique morphology facilitates rapid ion transport

while ensuring overall membrane stability. Considering its com-

prehensive performance, PDPC-DQA was chosen as the preferred

membrane material to further explore its potential and effective-

ness in practical AEMWE application.

The alkaline stability of AEMs is the key indicator for evaluating

the durability of membrane materials in AEMWE under operational

condition [48]. To comprehensively assess the alkaline resistance

of the PDPC-DQA membrane, we immersed it in a 1mol/L KOH

solution and monitored the variation in the hydroxide conductiv-

ity with the immersion time at 80 °C. As shown in Fig. 3c, the

hydroxide conductivity of the PDPC-DQA membrane decreased by

only 2.5 % after 1800h. Meanwhile, the membrane maintained high

mechanical properties after the alkali resistance test (18.6MPa, re-

taining 88.6% of the initial tensile strength), as demonstrated in

Fig. 3d. The excellent alkaline stability of the PDPC-DQA mem-

brane can be attributed to the rigid ether-free polymer backbone

and the side-chain type architecture [49]. Especially, the introduc-

tion of flexible alkyl spacers between the QA cation string and the

hydrophobic polymer backbone greatly enhances the spatial site

resistance to OH- attack on the functional groups, thus improv-

ing overall alkaline resistance of the PDPC-DQA membrane [50,51].

This provides a solid foundation for the long-term stable operation

in practical AEMWE employing PDPC-DQA as the AEM.

Furthermore, an accelerated alkaline stability test was em-

ployed to verify the membrane’s degradation mechanism, which
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Fig. 3. The thickness of all the AEMs used is approximately 35μm. (a) Hydroxide conductivity of PDPC-QA, PDPC-DQA and PDPC-TQA. (b) Comparison of ionic conductivity

of membranes under different SR from recently published literature [20,27,28,39–47]. (c) Long-term alkali stability test of PDPC-DQA in 1mol/L KOH at 80 °C. (d) Changes in

mechanical properties of PDPC-DQA after 1mol/L KOH alkali stability test. (e) Accelerated alkali stability test of PDPC-DQA in 5mol/L KOH at 80 °C. (f) 1H NMR spectra of

PDPC-DQA after alkali stability test in 5mol/L KOH.

was conducted in a 5mol/L KOH solution at 80 °C. As shown in

Fig. 3e, after 200h of immersion, the membrane’s hydroxide con-

ductivity remained as high as 72.6% of its initial value. To eluci-

date the potential chemical changes in the membrane under alka-

line conditions, 1H NMR spectroscopy was performed on the PDPC-

DQA membrane before and after the accelerated alkaline resistance

test (Fig. 3f). There was no evident change in the 1H NMR spec-

trum after accelerated durability test, indicating the overall chem-

ical structure of PDPC-DQA remained stable. However, there were

two tiny signals appearing at 4.9 ppm and 5.7 ppm after magnifi-

cation, which were attributed to olefins derived from the chemical

degradation of QA cation string in the side chain through a typ-

ical Hofmann elimination reaction [38]. The integral area analysis

revealed a 15% degradation of quaternary ammonium groups. The

exceptional alkaline stability of the PDPC-DQA membrane can be

attributed to its rational molecular structure design. The rigid pla-

nar conjugated structure of 3,6-diphenylcarbazole restricts molec-

ular rotational mobility, thereby enhancing the chemical stabil-

ity of the prepared membrane [23]. Moreover, the pentyltrimethy-

lammonium group exhibits approximately twice the stability of

the piperidinium group. When incorporated into the polyaromatic

main chain, the pentyltrimethylammonium moiety demonstrates

high resistance to alkaline attack [52]. Furthermore, the ether-free

main chain and alkyl side chain architecture effectively protects the

cationic group from the effects in alkaline environments, thereby

mitigating chemical degradation and ensuring long-term opera-

tional stability.

PDPC-DQA, owing to its high ionic conductivity and excellent

alkaline stability, has emerged as a promising AEM for AEMWE

systems. All AEMs used in this study had a thickness of ap-

proximately 35μm. To more closely simulate industrial operat-

ing conditions, the electrolyzer was operated under an anode-fed

water/cathode-dry configuration, wherein the anode is maintained

in continuous direct contact with the electrolyte solution. To en-

sure effective gas release from the anode, anode ionomers with

low water uptake and swelling rates were prioritized. This is cru-

cial because the anode ionomer operates in high-humidity and

high-temperature environments, where excessive water uptake and

swelling could impede gas transport and compromise catalytic ac-

tivity. Consequently, PDPC-QA and PDPC-DQA, both exhibiting low

swelling ratios, were selected as candidate anode ionomer for sys-

tematic evaluation.

The anode catalyst slurry was configured with PDPC-QA and

PDPC-DQA as ionomer solutions and the dispersion of the ionomer

in the catalyst was observed by dynamic light scattering (DLS)

test. As shown in Fig. S8 (Supporting information), the IrO2 cat-

alyst ink without ionomers exhibited the largest particle size with

pronounced sedimentation. In contrast, the catalyst ink contain-

ing PDPC-DQA displayed a relatively larger particle size due to en-

tanglement of its long alkyl side chains, which promoted adhe-

sion to the catalyst surface. Notably, the PDPC-QA-containing ink

demonstrated the smallest particle size (197.2 nm), indicating ef-

fective dispersion without agglomeration. Furthermore, membrane

electrodes containing 25 wt% of each ionomer were fabricated for

systematic evaluation in AEMWE (Fig. S9 in Supporting informa-

tion). The electrolyzer employing PDPC-QA as the anode ionomer

demonstrated superior performance, achieving a current density of

2.55 A/cm2 at 2V, which markedly exceeded that of the PDPC-

DQA-based system (1.9 A/cm2 at 2V). This pronounced perfor-

mance difference strongly suggests PDPC-QA as the optimal anode

ionomer material for AEMWE applications.

In the AEMWE configuration, where the electrolyte solution

flows through the anode while the cathode remains water-free, ef-

fective water transport from the anode to the cathode is critical

to sustain hydrogen evolution reactions (Fig. 4a). It is required to

modulate the hydrophilicity of the cathode-side electrode surface

to promote the electrode reaction. Three ionomer materials were

all configured as cathode catalyst slurries at 25% and their hy-

drophilicity on the carbon paper electrode was observed by water

contact angle test. To ensure that the cathode had enough water

5
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Fig. 4. (a) Schematic diagram of ionomers used and tested in AEMWE. AEMWE performance changes when varying (b) anode and (c) cathode ionomer content. AEMWE

performance at different temperatures with (d) 1mol/L KOH and (e) pure water as electrolyte. (f) AEMWE performance based on PDPC-DQA using non-precious metal

catalysts. (g) Comparison of AEMWE performance with recently published literature. (h) Long-term durability test of AEMWE. (i) Comparison of voltage decay rates with

reported AEMWE endurance test voltages at 500mA/cm2 current density conditions [13,48,53–62].

to participate in the reaction, we added 25 wt% of three different

ionomers to the catalyst ink to compare the hydrophilicity of the

cathode electrodes. Water contact angle measurements on carbon

paper electrodes (Fig. S10 in Supporting information) showed that

PDPC-DQA and PDPC-TQA had a higher water uptake capacity and

smaller contact angle compared to PDPC-QA. Subsequent AEMWE

performance evaluations (Fig. S9) with a 25 wt% cathode ionomer

loading showed that the PDPC-TQA-based system achieved a cur-

rent density of 3.0 A/cm2 at 2V, outperforming the PDPC-DQA

counterpart (2.55 A/cm2 at 2V). The results demonstrated that the

use of PDPC-QA as the anode ion membrane and PDPC-TQA as the

cathode ion membrane could significantly improve the overall per-

formance of AEMWE.

The PDPC-DQA-based AEMWE achieved substantial perfor-

mance enhancement through parametric optimization of electrode

ionomer loadings. As illustrated in Fig. 4b, the ionomer content

in the fixed cathode is 25%. The increasing content of PDPC-QA

ionomer in the anode from 25% to 45% elevated the current den-

sity from 3.0 to 4.2 A/cm2 at 2V, accompanied by minimized

ohmic resistance (0.04 � cm2) and charge transfer resistance (0.07

� cm2) (Figs. S11 and S12 in Supporting information). Upon estab-

lishing a 35% anode ionomer loading as the optimal threshold for

peak AEMWE performance, the cathodic PDPC-TQA ionomer con-

tent was systematically varied from 15% to 35% while maintain-

ing the anode configuration. The PDPC-TQA ionomer exhibited op-

timal performance at a 25% content (4.2 A/cm2 at 2V), whereas

a 15% content resulted in the lowest performance (0.57 A/cm2 at

2V), due to insufficient hydrophilicity that restricted reaction ki-

netics (Fig. 4c). Research indicates that excessive anode ionomer

content can lead to a denser catalyst layer structure, obstructing

the formation of gas transport channels and increasing interfacial

contact impedance. When the ionomer content reaches 25%, opti-
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mal three-phase interface contact is achieved, resulting in the low-

est membrane electrode resistance. Conversely, insufficient cathode

ionomer content may cause cathode dehydration, while excessive

content can lead to electrode flooding. Both scenarios increase the

membrane electrode’s impedance and reduce the performance of

the electrolyzer. As shown in Figs. S13a and b (Supporting informa-

tion), corresponding half-cell tests confirm the highest oxygen evo-

lution reaction (OER) activity at a 35% anode ionomer content and

the best hydrogen evolution reaction (HER) performance at a 25%

cathode ionomer content. Additionally, as shown in Figs. S14a and

b (Supporting information), lower Tafel slopes are observed when

the ionomer contents of PDPC-QA and PDPC-TQA are 35% and 25%,

respectively. A lower Tafel slope indicates that a lower overpoten-

tial is required to achieve the same current density, reflecting su-

perior catalytic kinetics. Consequently, the optimal AEMWE config-

uration was determined as 35% PDPC-QA in the anode and 25%

PDPC-TQA in the cathode.

We conducted AEMWE performance tests at varied temper-

atures to further evaluate the PDPC-DQA membrane. When us-

ing 1mol/L KOH solution as the electrolyte, as shown in Fig. 4d,

AEMWE achieved a high current density of 4.2 A/cm2 at 2V at

80 °C. Notably, even with pure water as the electrolyte, Fig. 4e

shows that AEMWE still achieved a considerable current density of

1.8 A/cm² at 2V. Compared to other recently reported AEMs em-

ployed in AEMWE, the prepared PDPC-DQA membrane maintains

a relatively high level of electrolysis performance in both pure wa-

ter (Table S4 in Supporting information) and alkaline solutions (Fig.

4g). These results demonstrate the immense potential of the PDPC-

DQA membrane for AEMWE applications, performing excellently

not only under strongly alkaline conditions but also maintaining

efficient electrolysis performance in mild pure water environment.

This characteristic provides a solid foundation for the promotion

of AEMWE technology in various application scenarios, particularly

showing distinct advantages in situations where the use of strongly

alkaline electrolytes needs to be avoided, thereby highlighting the

superiority of PDPC-DQA-based AEMWE systems.

The optimized configuration (35% PDPC-QA anode and 25%

PDPC-TQA cathode) was further applied to a commercial AEM

(FAA-3-50) and compared with the performance of electrodes in-

corporating commercial FAA-3 ionomer (Figs. S15a and b in Sup-

porting information). In 1mol/L KOH electrolyte, the MEA fab-

ricated with the PDPC-series ionomers and FAA-3-50 membrane

achieved a current density of 1.17 A/cm2 at 2V, substantially out-

performing the MEA assembled with FAA-3 ionomer and FAA-3-

50 membrane (614mA/cm2 @ 2V). This result demonstrates that

the ionomers developed in this work are not only compatible with

the PDPC-DQA-based AEMWE system but may also exhibit broad

applicability to other commercial or literature-reported AEM con-

figurations. This experiment also included tests using non-precious

metal catalysts. A nickel-iron foam nickel electrode was employed

for the cathode, while a nickel-molybdenum foam nickel electrode

was used for the anode. Using the catalyst-coated substrate (CCS)

method, the cell achieved a performance of 1.2 A/cm2 at 2V and

operated stably at a current density of 500mA/cm2 for 126h (Fig.

4f and Fig. S16 in Supporting information).

Fig. 4h presents the long-term durability of the electrolysis

cell. The durability test was conducted in two stages to compre-

hensively evaluate the stability and performance longevity of the

PDPC-DQA-based AEMWE system under different operating condi-

tions. The first stage was carried out under a relatively mild con-

dition: A constant current density of 0.2 A/cm2, a temperature of

60 °C, and a 1mol/L KOH solution as the electrolyte. At the be-

ginning of the test, the operating voltage of the electrolysis cell

was 1.58V. After 164h of continuous operation, the voltage re-

mained almost unchanged, demonstrating the system’s excellent

stability under this mild condition. In the second stage, the con-

stant current density was significantly raised from 0.2 A/cm2 to

0.5 A/cm2, resulting in a corresponding increase in the operat-

ing voltage of the electrolysis cell. The durability test continued

for an extended period of 1185h, the voltage decay rate was cal-

culated to be 0.17mV/h, which was comparable and even lower

than those reported recently (Fig. 4i). These results demonstrate

the PDPC-DQA-based AEMWE system possesses outstanding stabil-

ity with an acceptable decay rate under long-term, high-intensity

operating conditions.

Poly(diphenyl carbazole) with a rigid ether-free main chain was

successfully synthesized through superacid-catalyzed polyconden-

sation, and a series of anion exchange membrane and ionomers

based on quaternized poly(biphenyl carbazole) were prepared by

introducing long alkyl side chains with cation strings. This metic-

ulously designed molecular structure aimed to optimize the per-

formance of AEMWE systems. Systematic evaluation results indi-

cated that ionomer content significantly influenced AEMWE per-

formance. Additionally, the developed PDPC-DQA exhibited a dis-

tinct microphase separation structure, effectively reducing OH- ion

transport resistance and achieving an ionic conductivity as high

as 159.3 mS/cm at 80 °C. Meanwhile, it demonstrated exceptional

alkaline stability, retaining 97.5% of its initial ionic conductivity

and 88.6% of its tensile strength after 1800h of immersion in

1mol/L KOH solution at 80 °C. For water electrolysis applications,

the PDPC-DQA-based AEMWE achieved a high current density of

4.2 A/cm2 at 2V with a 1mol/L KOH solution as the electrolyte.

Notably, even with pure water as the electrolyte, the AEMWE still

attained a considerable current density of 1.8 A/cm2 at 2V. During

durability tests, at a current density of 0.2 A/cm2 and 0.5 A/cm2,

the system operated continuously for 1349h with a voltage degra-

dation rate of only 0.17mV/h, demonstrating excellent in-situ dura-

bility. In summary, the developed quaternized poly(diphenyl car-

bazole) based AEM and ionomers exhibit outstanding performance

in mechanical strength, ionic conductivity, alkaline resistance, as

well as electrolysis performance and long-term durability. This re-

search provides new material options for the further development

and practical application of AEMWE technology.
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