
Functionalized MXene-reinforced PPO-based nanocomposite anion 
exchange membranes for high-performance water electrolysis

Mohammad Mahbub Kabir a,b, M.A. Zaed c, Yeshi Choden a,b, R. Saidur c,e, Leonard Tijing a,b,  
Sherub Phuntsho a,b, Sang Yong Nam d, Ho Kyong Shon a,*

a ARC Research Hub for Nutrients in a Circular Economy, School of Civil and Environmental Engineering, University of Technology Sydney, P.O. Box 123, 15 Broadway, 
NSW, 2007, Australia
b Centre for Technology in Water and Wastewater, School of Civil and Environmental Engineering, University of Technology Sydney, P.O. Box 123, 15 Broadway, NSW, 
2007, Australia
c Research Centre for Nanomaterials and Energy Technology (RCNMET), Faculty of Engineering and Technology, Sunway University, No. 5, Jalan Universiti, Bandar 
Sunway, 47500, Selangor, Darul Ehsan, Malaysia
d Department of Materials Engineering and Convergence Technology, Gyeongsang National University, Jinju, 52828, Republic of Korea
e School of Engineering, Lancaster University, Lancaster LA1 4YW, UK

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Nanocomposite AEM for high- 
performance water electrolysis.

• Addressed key trade-offs between elec
trochemical, dimensional and mechani
cal attributes of AEMs.

• QPPO-NH4-Mx-3.0 demonstrated an 
impressive ion conductivity of 153.2 mS 
cm− 1.

• Recorded peak current density of 2.1 A 
cm− 2 at 2 V in 1 M KOH at 60 ◦C.

• Durability testing validated robust cell 
performance with a minimal voltage 
decay rate.
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A B S T R A C T

One of the major challenges in advancing anion exchange membrane water electrolysis (AEMWE) lies in 
addressing the trade-offs between dimensional stability, electrochemical performance, and mechanical integrity 
of anion exchange membranes (AEMs). Overcoming these trade-offs is crucial for improving the performance and 
reliability of AEMWE systems. In this study, we addressed this challenge by developing a series of nanocomposite 
AEMs by reinforcing quaternized poly(phenylene oxide) (QPPO) with ammonium-functionalized MXene (NH4

+- 
Ti3C2Tx). The resulting membranes exhibited significant enhancement in dimensional stability, electrochemical 
performance, mechanical strength, and thermal stability compared to the pristine QPPO membrane. Among the 
composite AEMs, QPPO-NH4-Mx-3.0 demonstrated the notable overall performance, achieving an impressive 
hydroxide (OH− ) ion conductivity (IC) of 153.2 mS cm− 1 at 80 ◦C-2.5 times higher than that of virgin QPPO. 
Additionally, the membrane contributed excellent tensile strength of 61.2 MPa, 4 times greater than that of the 
pristine QPPO, and achieved a peak current density of 2.1 A cm− 2 at 2 V in 1 M KOH at 60 ◦C. The membrane 
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also showcased exceptional alkaline stability, retaining 80.2 % of its initial IC after three weeks of immersion in 
1 M KOH. Durability testing further validated its robustness, achieved a stable operation maintained up to 150 h 
of electrolysis with a minimal voltage decay rate of 1.5 mV h− 1. In summary, the QPPO-NH4-Mx-3.0 demon
strates substantial promise as a high-performance AEM for advancing AEMWE technology, paving the way for 
more efficient and reliable water electrolysis systems.

1. Introduction

Energy is the cornerstone of human progress, powering advance
ments in every aspect of society. The rapid increase in global energy 
demand is driven by industrial growth, urbanization, and improved 
living standards, all of which are closely tied to population growth [1,2]. 
Currently, fossil fuels (FFs) dominate the global energy mix, accounting 
for 81–82 % of total energy consumption. However, their extensive use 
is a leading contributor to greenhouse gas (GHG) emissions, exacer
bating the ongoing climate crisis [3–5]. This dependency underscores 
the urgent need to transition toward cleaner, more sustainable energy 
solutions that align with the United Nations’ sustainable development 
goals (SDGs). Hydrogen has emerged as a promising green energy car
rier, offering significant potential to revolutionize the energy systems 
due to its high energy density, environmental benefits, and a broad 
range of applications [6–8]. With an energy density surpassing that of 
gasoline at standard conditions and the ability to be stored for future 
use, hydrogen has garnered increasing global attention [9]. Its integra
tion into energy systems is recognized as vital to achieving net-zero 
emissions by 2050. Substantial research efforts are, therefore, being 
directed toward developing technologies to harness hydrogen’s poten
tial as a sustainable energy source [10,11]. Among these technologies, 
water electrolysis (WE) has gained prominence as an efficient and 
environmentally friendly technique for producing green hydrogen 
[3,11].

WE splits water into hydrogen (H2) and oxygen (O2) through an 
electrochemical process, offering benefits such as high efficiency, ultra- 
pure hydrogen and oxygen production, and a relatively simple opera
tional se-tup [3,4]. Existing WE systems can be broadly categorized into 
three types: alkaline water electrolysis (AWE), proton exchange mem
brane water electrolysis (PEMWE), and anion exchange membrane 
water electrolysis (AEMWE) [3,4,8]. AWE is a mature and commercially 
established technology; however, it is constrained by the corrosive na
ture of liquid alkaline electrolytes and low current densities due to the 
limited mobility of hydroxide (OH− ) ions [4,6,12]. PEMWE offers higher 
performance but faces challenges related to its reliance on expensive 
noble metal catalysts and the fast degradation of these materials over 
time [3,13]. In contrast, AEMWE has emerged as a cost-effective alter
native, operating efficiently with non-noble metal catalysts in alkaline 
conditions, which enhance ion transport kinetics and reduce operational 
costs [12,14]. However, AEMWE technologies still suffer from perfor
mance degradation, long-term stability, and limited ion conductivity 
(IC), which must be addressed to realize their full potential [4,6,12,15].

A critical component in the success of AEMWE systems is the anion 
exchange membrane (AEM), which determines the overall efficiency, 
stability, and durability of the AEM-based electrolyzer. An ideal AEM 
should possess high IC, robust mechanical strength, thermal and 
chemical stability, and resistance to alkaline degradation. However, 
achieving a balance among these properties is a persistent challenge, as 
trade-offs often arise during membrane development 
[15,1616,101–103]. Polymer-based membranes, such as those derived 
from poly (phenylene oxide) (PPO), offer a promising pathway for AEM 
development due to their availability, cost-effectiveness, and inherent 
thermal and mechanical stability [17]. Despite these advantages, PPO- 
based membranes often suffer from low IC and structural degradation 
under alkaline conditions, limiting their application in AEMWE [18].

Diverse nanomaterials were explored in the literature to synthesize 
the PPO-based composite AEMs for WE and fuel cell (FC), i.e., silicon 

dioxide (SiO2), graphene oxide (GO), cellulose, layered double hy
droxide (LDH), metal-organic framework (MOF), covalent organic 
framework (COF), zeolitic imidazole framework-8 (ZIF-8), to name but a 
few. Applications of these materials in AEMs development have both 
promise and limitations [19–25,100]. For example, Xu et al. [26] 
developed a PPO-based AEM using a long-chain bis-imidazolium cross- 
linker. This membrane exhibited a low IC of 24.10 mS cm− 1 but 
demonstrated enhanced alkaline stability, retaining 78 % of its initial IC 
after 480 h in 2 M NaOH. Likewise, another cross-linked macromolec
ular AEM achieved an IC of 80 mS cm− 1, with 75 % residual IC kept after 
1000 h in 1 M NaOH [27]. A hybrid AEM combining COF with PPO 
exhibited an impressive IC of 168 mS cm− 1. However, this membrane 
suffered from poor mechanical performance, limiting its practical ap
plications [24]. Chen et al. [25] designed a PPO-based AEM incorpo
rating functionalized COF and GO. Although the QAmCOF-LZU1/PPO- 
5.0 membrane achieved excellent IC, but it exhibited very low me
chanical integrity, highlighting the trade-off between electrochemical 
performance and mechanical stability [28]. Addressing these limitations 
is essential for advancing PPO-based AEMWE technologies.

In recent years, MXene, a classical two-dimensional (2D) nano
material composed of transition metal carbides, nitrides, or carboni
trides, have demonstrated significant potential as a nanofiller for 
enhancing the performances of polymer-based AEMs [14,29]. MXene 
possesses unique properties, including high IC, a large surface area, and 
tunable surface chemistry, making it ideal for improving the electro
chemical performance of membranes. When incorporated into poly
mers, MXene facilitate advanced functionalization, boosting IC, 
dimensional stability, and alkaline resistance [15]. A key advantage of 
MXene lies in its ability to induce microphase separation (MIPS) struc
tures within the membrane matrix. This phenomenon creates distinct 
hydrophilic and hydrophobic domains, enabling continuous ionic 
pathways for efficient ion transport while ensuring structural integrity 
through robust hydrophobic regions [14,15,30]. Such improvements are 
particularly beneficial for guaranteeing the thermal, mechanical, and 
chemical stability of membranes under the desired conditions of WE 
[30]. However, the application of MXene in PPO-based AEMs has not 
been reported yet for WE applications. Although MXene’s potential for 
high-performance AEMs development for WE and FC is well docu
mented in other polymeric materials, especially poly(aryl piperidinium). 
Zhang et al. developed quaternized poly(p-terphenylene piperidinium) 
(QPAP) and MXene-based AEM for FC, where QPAP/NH4-Mo2Ti2C3Tx 
membrane demonstrated an IC of 121 mS cm− 1 with a power density of 
540 mW cm− 2. The membrane also demonstrated excellent mechanical 
integrity, with a tensile strength of 68 megapascal (Mpa) [15]. Yang 
et al. fabricated quaternized polysulfone/polyquaternium-10 (QPSU/ 
PQ-10) mixed matrix AEMs for FC applications, integrating LiF-Ti3C2Tx 
and NH4HF2-Ti3C2Tx MXene through semi-interpenetrating polymer 
network techniques. The AEMs resulted in an IC of 88.76 mS cm− 1 with 
a power density of 106.28 mW cm− 2 [31]. HF-Ti3C2Tx MXene doped 
quaternized poly(aryl piperidinium) (QPAP)-based AEM exhibited an 
excellent IC of 159.4 mS cm− 1 with good alkaline stability at 80 ◦C in 1 
M NaOH [14]. However, these studies demonstrated limited cell per
formance and long-term durability of the AEMs.

Although MXene is currently a relatively expensive material 
compared to other nanomaterials, however, given the potential market 
size of the global hydrogen economy, large-scale production could 
significantly lower the cost of this material. Thus, using Mxene in 
composite AEMs fabrication for AEMWE might not increase the cost of 
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hydrogen production or the scalability of the AEMWE at an industrial 
scale. Despite substantial advancements in AEM development, the 
integration of MXene into polymer matrices, especially in PPO, remains 
an area of active investigation, particularly for WE and FC applications. 
Challenges such as achieving uniform dispersion of MXene, optimizing 
polymer-additive interactions, and ensuring long-term stability under 
operational conditions highlight the need for continued research. To 
address the existing trade-off issues in AEM-based WE, considering the 
limitations of PPO-based AEMs, this study introduces a novel strategy 
for developing high-performance composite AEMs by reinforcing 
ammonium-functionalized MXene (NH4

+-Ti3C2Tx) into the QPPO matrix 
(Fig. 1). These AEMs develop the MIPS structures into the AEMs due to 
the MXene’s hydrophilic functional groups and improved interfacial 
compatibility with the PPO matrices. The resulting AEMs overcome the 
key trade-offs, exhibiting excellent IC, stable cell performance, and 
improved thermal and mechanical stability under alkaline environments 
compared to the existing PPO-based AEMs, reported MXene-modified 
AEMs and some of the available commercial AEMs.

2. Experimental

2.1. Materials

Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO), 2,2′-azobisisobu
tyronitrile (12 wt% in acetone) (AIBN), N-bromosuccinimide (NBS, 99 
%), trimethylamine (TMA) (43.0–49.0 % in water), chlorobenzene 
(CBN) (ReagentPlus®, 99 %), N-methyl-2-pyrrolidone (NMP) 
(ReagentPlus®, 99 %), methanol (≥99.8 %, ACS reagent), ethyl acetate 
(EA) (ACS reagent, ≥99.5 %), ammonium hydrogen difluoride 
(NH4HF2) (reagent grade, 95 %) and titanium aluminum carbide 
(Ti3AlC2) (MAX Phase, ≥99.99 %, ≤40 μm particle size) were sourced 
from Sigma Aldrich, Australia. Platinum on carbon (Pt/C, 46.2 wt%) 
was procured from Tanaka, Japan, while iridium oxide (IrO2, 84.5 wt%) 
was purchased from Alfa Aesar, USA. Fumatech, Germany, supplied the 
ionomer solution.

2.2. Polymers synthesis

2.2.1. Bromination process
In a three-necked 250 mL glass reactor, 5 g of PPO was dissolved in 

86 mL of CBN. The mixture was stirred at 900 rpm at room temperature 
(RT) under a nitrogen atmosphere in a closed reflux system. The reaction 

proceeded for 2–3 h until the PPO was completely dissolved. To initiate 
the bromination reaction, 0.45 mL of AIBN was added to the solution, 
which was then stirred for 20 min. Subsequently, 3.71 g of NBS was 
introduced, and the reaction was maintained at 135 ◦C for 6 h. After 
completion, the solution was cooled to room temperature and precipi
tated dropwise into 2 L of methanol using a pipette. The resulting pre
cipitate was magnetically stirred for at least 3 h to ensure thorough 
washing, followed by vacuum filtration. The washing procedure was 
repeated at least five times to check the removal of impurities and re
sidual reactants visually. The clean precipitate was dried in a vacuum 
(0.1 mbar) oven at 60 ◦C for 12 h. The dried Br-PPO was then collected 
and stored in a glass bottle with its cap sealed airtight using parafilm 
tape to prevent exposure to air or moisture, ensuring its stability for 
subsequent applications.

2.2.2. Quaternization process
To synthesize quaternized PPO (QPPO), 5 g of Br-PPO was dissolved 

in 95 g of NMP in a 200 mL glass bottle. The mixture was continuously 
stirred at 60 ◦C for 3 h until fully dissolved. Next, 7 mL of TMA was 
added to the solution using a syringe, and the mixture was stirred at RT 
for 24 h. The resulting solution was precipitated into 1.5 L of EA. The 
precipitates were washed three times using the vacuum filtration sys
tem, following the same procedure as described above. Due to the 
lightweight nature of the precipitates, careful handling was necessary to 
avoid adhesion to the filter paper. It was recommended to air-dry the 
precipitates before collection. The air-dried material was then vacuum- 
dried at 60 ◦C overnight. The oven-dried whitish QPPO powder was 
collected, stored in glass bottles, and preserved for further applications. 
The polymer synthesis procedures are schematically illustrated in 
Fig. 2a.

2.3. Synthesis of ammonium hydrogen difluoride (NH4HF2)-etched 
MXene

To synthesize NH4
+-functionalized MXene, Ti3AlC2 MAX powder was 

etched using NH4HF2. Precisely, 10 g of MAX powder was placed in a 
three-necked flask, and 100 mL of 2 M NH4HF2 solution was added. The 
mixture was continuously stirred at 400 rpm in a closed reflux system at 
40 ◦C for 48 h. After the reaction, the resulting products were thoroughly 
washed with DI water and centrifuged repeatedly until the pH of the 
supernatant reached a neutral condition [44,45]. Subsequently, the 
precipitates were ultrasonically dispersed in DI water for 100 min and 

Fig. 1. Schematic illustration of the MXene’s role as a reinforcing nano-filler in the QPPO polymer matrix, where interfacial hydrogen-bonding interactions improve 
compatibility and mechanical stability.
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centrifuged again to remove any residual contaminations. The collected 
supernatants were freeze-dried to yield a fluffy black powder of Ti3C2Tx 
MXene, designated as NH4

+-Ti3C2Tx. The entire synthesis process was 
performed in a fume hood, with certain safety precautions. The sche
matic illustration of NH4

+-Ti3C2Tx synthesis procedures is presented in 

Fig. 2b.

Fig. 2. Schematic illustration of (a) polymer synthesis, (b) MXene synthesis showing the conversion of Ti₃AlC₂ MAX phase into multi-layered and single-layered 
Ti₃C₂Tₓ (Tₓ = -O, -OH, -NH2, -F) structures through selective etching and sonication steps. The presence of these surface terminations facilitates hydrogen 
bonding and electrostatic interaction with the QPPO matrix during nanocomposite membrane formation, (c) composite AEMs synthesis procedures and (d) the 
photographic illustrations of the fabricated AEMs.
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2.4. Fabrication of QPPO-NH4-Mx-Y nanocomposite anion exchange 
membranes (AEMs)

The nanocomposite AEMs were synthesized by reinforcing various 
weight percentages (0.5–3.0 wt%) of NH4

+-Ti3C2Tx into the QPPO 
polymer matrix [32]. The role of MXene as a reinforcing filler in the 
QPPO polymer matrix improves interfacial hydrogen-bonding in
teractions, increases compatibility and mechanical properties. The 
detailed fabrication process for a representative AEM with 0.5 wt% 
NH4

+-Ti3C2Tx (designated as QPPO-NH4-Mx-0.5) is described below. 
Initially, 5 mg of MXene and 3 g of NMP were mixed in a glass vial and 
ultrasonicated for 8 h at RT. Separately, 1 g of QPPO was dissolved in 6 g 
of NMP in another glass vial, with the mixture heated to 60 ◦C and 
stirred for 2–3 h. The two solutions were combined, magnetically stirred 
for 4 h, and then ultrasonicated for an additional 8 h. The resulting 
homogeneous solution was filtered with a syringe, cast onto a cleaned 
glass petri dish, and dried in a vacuum (0.1 mbar) oven at 60 ◦C for 24 h. 
The fabricated AEMs were designated as QPPO-NH4-Mx-Y, where Y in
dicates the wt% of NH4

+-Ti3C2Tx incorporated. The other membranes, 
including QPPO-NH4-Mx-1.0, QPPO-NH4-Mx-1.5, QPPO-NH4-Mx-2.0, 
and QPPO-NH4-Mx-3.0, were prepared using the same procedure. The 
schematic illustration of the AEMs fabrication process is shown in 
Fig. 2c, while their photographic illustration of the is presented in 
Fig. 2d.

2.5. Materials and AEMs characterization techniques and 
instrumentation

A comprehensive set of characterization techniques was employed to 
analyze the physicochemical, structural, and morphological properties 
of the NH4

+-Ti3C2Tx, Br-PPO, QPPO and the composite AEMs. The 
chemical structures of Br-PPO and QPP were confirmed using 1H NMR 
spectroscopy on a Bruker AVANCE 600 MHz spectrometer, with 
deuterated chloroform (CDCl₃) as a solvent. FTIR spectra of the samples 
were recorded using a Bruker VERTEX 70 spectrophotometer equipped 
with a DTGS detector and a diamond ATR accessory to identify func
tional groups and confirm chemical modifications. The crystalline 
structure of NH4

+-Ti3C2Tx was examined using a D8 ADVANCE X-ray 
diffractometer (Bruker AXS, Germany) with Cu Kα radiation (λ = 1.542 
Å), providing insights into the interlayer spacing and structural ordering 
of the materials. To determine the interlayer properties of NH4

+-Ti3C2Tx, 
HRTEM (FEI Tecnai G2 20 S-Twin) was used. The elemental composition 
and surface chemical states of NH4

+-Ti3C2Tx were analyzed using an 
ESCALAB 250Xi spectrometer (Thermo Scientific, UK). Measurements 
were performed with a 500 μm spot size, 90◦ photoelectron take-off 
angle, and pass energies of 100 eV for survey scans and 20 eV for 
high-resolution scans. Surface and cross-sectional morphologies of the 
AEMs were observed using FESEM equipped with an energy-dispersive 
X-ray spectroscopy (EDX) detector. This analysis provided detailed in
formation on membrane thickness, layer integrity, and filler dispersion.

Surface nanostructure and ionic domain morphology of the nano
composite membranes were assessed by atomic force microscopy (AFM) 
techniques using a Bruker Dimension Icon system in phase contrast 
mode. This enabled visualization of microphase-separated hydrophilic 
and hydrophobic domains, which are critical for ion transport pathways. 
To support AFM data, the nanoscale structural organization and phase 
separation behavior of the AEMs were investigated using the small-angle 
X-ray scattering (SAXS) technique. SAXS measurements were performed 
on an Anton Paar SAXSPoint 2.0 system (Germany), equipped with a 
copper microfocus X-ray source (50 kV, 1 mA) and a Dectris Eiger 1M 
detector, at a sample-to-detector distance (SDD) of 0.557 m. Data were 
collected under vacuum conditions, with a sample thickness of 40–50 
μm and a collection time of 5 min per sample. The SAXS data were 
processed through azimuthal averaging, binning, and scaling using 
standard reduction methods. This analysis provided critical insight into 
the MIPS structure and internal ordering within the membrane matrix, 

contributing to a deeper understanding of structure-property relation
ships essential for high-performance AEM design. Measurements were 
conducted under 25 % relative humidity at RT. The scattering vector (q) 
was calculated using Eq. (1): 

q =
4π
λ
× sin2θ (1) 

where λ = 1.542 Å (Cu Kα radiation) and 2θ is the scattering angle. The 
interdomain spacing (d), representing the average distance between 
hydrophilic domains, was determined using Eq. (2): 

d = 2π/qmax (2) 

2.6. Dimensional stability measurement of the synthesized AEMs

2.6.1. Determination of ion exchange capacity (IEC)
The IEC of the membranes in their OH− form was determined using 

an acid-base back titration method [33]. Prior to the measurement, the 
Br− formed membranes were converted into the OH− form by immersing 
them in 1 M KOH solution at RT for 24 h. The membranes were then 
thoroughly rinsed with DI water several times until the washings 
reached a neutral pH (7), indicating complete removal of excess KOH. 
After drying the membranes in a vacuum oven at 60 ◦C overnight, they 
were accurately weighed (Wdry) and immersed in 50.0 mL of a standard 
0.01 M HCl solution for 24 h to allow full ion exchange between 
membrane-bound OH− groups and Cl− ions. The remaining HCl in the 
solution was quantified via titration with 0.01 M NaOH using phenol
phthalein as an indicator. A blank titration was also conducted on 10.0 
mL of the original 0.01 M HCl solution (without membrane) under 
identical conditions for comparison. The IEC was calculated using the 
following expression. 

IEC (mmol/g) =
(
Vblank − Vsample

)
× MHCl × 1000

Wdry
(3) 

where Vblank and Vsample (mL) are the volumes of 0.01 M NaOH required 
to titrate 10.0 mL of HCl solution for the blank and membrane-treated 
samples, respectively. MHCl is the molarity of HCl (0.01 mol/L). Wdry 
is the dry mass of the membrane sample (g), and the factor 1000 con
verts moles to millimoles. All measurements were performed in tripli
cate to ensure accuracy and reproducibility, and the average IEC values 
were reported.

2.6.2. Water uptake (WU) and swelling ratio (SWR) of AEMs
The WU and SWR of the AEMs in their OH− form were determined by 

measuring the changes in weight/dimensions of the membrane samples. 
The membranes were immersed in DI water at RT for 48 h to reach water 
absorption equilibrium. After removing excess water using tissue paper, 
the fully hydrated membranes were weighed immediately (Mwet). The 
samples were then dried under vacuum at 60 ◦C until a constant weight 
was achieved (Mdry). The water uptake was calculated using Eq. (4): 

WU (%) =
Mwet − Mdry

Mdry
×100 (4) 

Likewise, the area and thickness of the membranes were measured 
before and after hydration to calculate the SWR in volume, using Eq. (4): 

SWR (%) =
Vwet − Vdry

Vdry
×100 (5) 

where Vwet and Vdry represent the volume of the membranes in the wet 
and dry states, respectively.
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2.7. Electrochemical, mechanical and thermal properties of the AEMs

2.7.1. Ion conductivity (IC)
To determine the OH− IC of AEMs, they were initially wet in a 1 M 

KOH solution for 24 h to replace the bromide (Br− ) ions with OH− ions. 
Following the ion exchange, the membranes were thoroughly rinsed 
with DI water until the solution reached a neutral pH, ensuring the 
removal of excess KOH. The membrane resistance (R) was measured in 
DI water using EIS techniques with a customized 4-probe IC cell (CNL 
Energy, Republic of Korea), equipped with platinum wire electrodes 
spaced 0.5 cm apart. The set-up was connected to a Biologic SP-200 
potentiostat (Bio-logic science instruments, France), and measure
ments were conducted in galvanostatic EIS (GEIS) mode via EC-Lab 
software. The alternating current frequency ranged from 100 kHz to 
100 MHz. 

σ
(
mS cm− 1) =

L
R.A

(6) 

Here, R represents the resistance (Ω) of the membrane, L (cm) denotes 
the distance between the two platinum electrodes, and A indicates the 
cross-sectional area through which current flows (cm2).

2.7.2. Measurement of alkaline stability of the composite AEMs
The alkaline stability of the AEMs was evaluated by immersing the 

membranes in 1 M KOH solution at 60 ◦C for up to 504 h, while peri
odically monitoring changes in IC. After each stability interval, the 
membranes were thoroughly rinsed with DI water until the rinsed so
lution reached neutral pH to ensure complete removal of excess KOH. 
Subsequently, the OH− IC of the membranes was determined following 
the procedure described in Section 2.7.1.

2.7.3. Mechanical and thermal integrity of the composite AEMs
The tensile strength (TS) of the AEMs was evaluated with a universal 

tensile strength testing instrument (SANS CMT6502) operated at a 
stretching rate of 5 mm min− 1. The membrane samples were cut into 
dumbbell-shaped specimens with dimensions of 4 mm in width and 25 
mm in length prior to testing. The thermal strength of the AEMs was 

investigated by TGA analysis using an HT/808 instrument (METTLER 
TOLEDO, Greifensee, Canton Zurich). Measurements were carried out 
under a nitrogen (N₂) atmosphere at a heating rate of 10 ◦C min− 1 with a 
temperature range of 0–700 ◦C.

2.8. Preparation of membrane electrode assemblies (MEAs)

To evaluate the performance of the synthesized AEMs, membrane 
electrode assemblies (MEAs) were fabricated. The cathode utilized Pt/C 
as the catalyst, while IrO2 was employed as the anode catalyst. Catalyst 
inks were prepared by dispersing the respective catalysts and ionomer 
solution in isopropyl alcohol (IPA) through ultrasonication to achieve a 
homogeneous mixture. The MEAs were assembled using the catalyst- 
coated substrate (CCS) [14] technique, ensuring uniform application 
of the catalyst layers and optimal integration with the AEMs for 
enhanced performance. The anode was coated with 2.0 mg cm− 2 of IrO2, 
while the cathode was loaded with 0.4 mg cm− 2 of Pt/C.

2.9. Electrolysis cell performances of the nanocomposite AEMs

The cell performance of QPPO-NH4-Mx-3.0 AEM, optimized for OH−

IC and alkaline stability, was evaluated using an alkaline water elec
trolysis test station (CNL Energy, Korea). The membrane electrode as
sembly (MEA) was configured in a sandwich arrangement, 
incorporating the AEM, gas diffusion layer (GDL), and gasket (Fig. 3). 
Single-cell testing was conducted with an effective electrode area of 25 
cm2. The system employed 0.1 M and 1 M KOH solutions as feed elec
trolytes, supplied at a flow rate of 50 mL min− 1. The cell was operated at 
a temperature of 60 ◦C. Water electrolysis performance was measured in 
a liquid-fed configuration, with a continuous water supply at the anode. 
The relative humidity (70–96 %) indicates the controlled gas-phase 
humidity at the cathode side, which was used to maintain membrane 
hydration during the tests. The current density was recorded as the cell 
voltage was varied from 1.4 to 2.0 V. Lab-scale durability testing was 
performed using an impedance analyzer (ZIVE MP5, WonATech, Korea) 
under constant current densities of 0.5 and 1.0 A cm− 2. Corresponding 
voltages were recorded over a 150-h operational period to assess the 
long-term stability of the cell.

Fig. 3. Schematic of the AEMWE cell. The end and bipolar plates are made of stainless steel, while the electrodes are made up of gold-coated copper. The AEM was 
sandwiched in between GDL and gaskets. The effective electrode area of the cell was 25 cm2.
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3. Results and discussion

3.1. MXene and polymer characterization

3.1.1. Morphology, structural and surface functionalities of MXene
The chemical structure of single-layer NH4

+-Ti3C2Tx in this study has 
been presented in Fig. 4. The FESEM micrograph and EDX elemental 
mapping of the functionalized MXene have been provided in Fig. 5. The 
FESEM micrograph reveals a layered and crumpled morphology, char
acteristic of exfoliated MXene. Compared to the parent MAX phase, the 
structure appears delaminated, with thin, wrinkled and accordion-like 
sheets (Fig. 5a). This indicates successful etching and exfoliation, 
likely increasing surface area [34].

The absence of large, intact MAX-like structures confirms the 
removal of A-site elements (e.g., Al) [35]. Additionally, some restacking 
is visible, which can occur during drying or due to interlayer in
teractions after NH₄+ functionalization. Such partial restacking is 
commonly observed in functionalized MXene and is not inherently 
detrimental. While excessive restacking can reduce accessible surface 
area and limit the availability of ion-conducting functional groups, a 
moderate degree of sheet overlap may increase structural stability 
within the MXene-polymer matrix interface. This balance can be bene
ficial for nanocomposite membranes, as it mitigates the risk of excessive 
swelling while still preserving adequate ion transport pathways.

The open and porous nature suggests that functional groups, 
including NH₄+, may have intercalated, leading to possible structural 
expansion [36]. Ti is evenly distributed, confirming that the MXene 
phase is preserved after functionalization (Fig. 5b). The presence of Ti- 
rich areas correlates with the FESEM image, where the MXene flakes 
dominate the field of view [37]. The carbon distribution appears non- 
uniform since MXene is a Ti-C-based material; a stronger C signal in 
well-exfoliated areas would be expected (Fig. 5c).

The relatively weaker and non-uniform C signal, despite MXene 
being a Ti-C-based material, can be attributed to the well-known limi
tations of EDX analysis. Because Ti has a higher atomic number and 
stronger backscattering effect, it dominates elemental contrast and often 
obscures lighter elements such as C. Moreover, the abundance of surface 
terminations (-O, -OH, -F, -NH2) further attenuates C detection in the 
near-surface region. Consequently, the observed carbon distribution 
does not indicate true compositional heterogeneity or processing vari
ability but rather reflects intrinsic measurement sensitivity and surface 
functionalization effects. In contrast, Ti mapping appears uniform owing 
to its inherently stronger detectability in EDX. Oxygen is not homoge
neously distributed, forming localized clusters recommended surface 

oxidation and the presence of hydroxyl (-OH) groups from synthesis or 
NH₄+ exchange reactions (Fig. 5d). The presence of F indicates residual 
-F terminations, which are common in NH4

+-etched MXene [38]. Since 
-NH4

+ functionalization is expected to replace some F groups, the 
remaining F suggests partial functionalization rather than complete 
exchange (Fig. 5e). N is clearly detected, confirming the presence of 
NH₄+ groups. The dispersed pattern suggests successful functionaliza
tion, though it is not completely uniform (Fig. 5f). This could be due to 
the partial replacement of -F or -OH groups by NH4

+ [39].
The FTIR and XRD analyses were conducted to gain insights into the 

structural and chemical properties of the synthesized NH4
+-Ti3C2Tx 

[40,41]. The FTIR spectra reveal significant changes in surface func
tional groups following functionalization. A strong N–H peak at 2988 
cm− 1 confirms successful NH4

+ incorporation, while the broad O–H 
stretching peak at 3673 cm− 1 (Fig. 6a) reflects enhanced hydrophilicity, 
crucial for improved water interaction and ion transport properties [41]. 
The C––C peak at 800 cm− 1 confirms the preservation of the MXene 
backbone structure during functionalization. The XRD spectra, illus
trated in Fig. 6b, further substantiate the impact of functionalization on 
the NH₄+-Ti3C2Tₓ structure. The peak at 2θ = 43.8◦, associated with 
residual Al layers in the Ti₃AlC₂ MAX phase, diminishes or disappears in 
NH₄+-Ti3C2Tₓ, indicating successful Al removal during the etching 
process, which has already been validated by previous publications 
[42–45]. The emergence of a prominent peak at 2θ = 6.28◦ in NH₄+- 
Ti3C2Tₓ confirms NH₄+ intercalation, which expands the interlayer 
spacing. This shift to lower angles highlights structural expansion due to 
-NH₄+ group insertion, facilitating ion transport and reducing ohmic 
resistance, thereby enhancing electrochemical efficiency [46].

Transmission electron microscopy (TEM) provided direct evidence of 
the morphology of the synthesized MXene. As shown in Fig. 6d, the 
nanosheets exhibit a flake-like layered structure typical of two- 
dimensional MXene materials. The sheets are thin and highly trans
parent, with lateral dimensions predominantly in the range of 200–500 
nm, although smaller fragmented domains (<50 nm) are also occa
sionally observed, likely due to sonication during the delamination 
process. The contrast variation in the TEM images suggests the coexis
tence of few-layer regions and partially restacked domains, indicating 
successful exfoliation but with some degree of aggregation. The edges of 
the nanosheets appear sharp and well defined, further confirming the 2D 
morphology. The TEM observations, together with the characteristic 
peaks identified in XRD and the complementary FESEM analyses, 
confirm the successful preparation of two-dimensional MXene nano
sheets. The thin-layered morphology is particularly important for their 
role as reinforcing fillers in the QPPO polymer matrix, as the high aspect 
ratio and strong interfacial interactions are expected to facilitate 
improved dispersion, enhanced mechanical stability, and more efficient 
ionic transport in the resulting membranes.

The wide-scan XPS spectrum confirms the presence of C, O, Ti, N, and 
F elements in the material, as indicated by the characteristic peaks for C 
1s, O 1s, Ti 2p, N 1s, and F 1s. Minor signals from Al species are also 
detected, possibly originating from the substrate or residual precursor 
(Fig. 7a). The high-resolution Ti 2p profile shows prominent peaks at 
458.6 eV and 464.3 eV, corresponding to Ti 2p₃/₂ and Ti 2p₁/₂ of TiO₂, 
confirming the presence of oxidized titanium. Additional peaks at 456.7 
eV and 462.4 eV correspond to Ti2+ species, while low binding energy 
components indicate Ti–C bonding, suggesting partial incorporation of 
Ti into carbide phases (Fig. 7b). The deconvoluted C 1s spectrum dis
plays peaks for O–C––O (289.1 eV), C––O (287.1 eV), C––C (284.7 eV), 
C–O (285.6 eV), Ti–C–Ti (282.1 eV), and Ti––C (281.5 eV). The strong 
sp2 carbon peak (C––C) indicates graphitic domains, while the Ti–C 
related signals confirm the formation of titanium carbide (Fig. 7c). The 
oxygen spectrum contains peaks at 530.1 eV (C––O), 531.2 eV (C–O), 
and 532.3 eV (C-Ti-O), indicating the coexistence of oxygen in both 
organic and inorganic coordination environments. The C-Ti-O feature 
supports surface oxidation of Ti-C sites (Fig. 7d). The F 1s region shows a 
dominant peak at 685.1 eV attributed to C–Ti–F, and a smaller 

Fig. 4. Schematic illustration of the chemical structure of single-layer NH4
+- 

Ti3C2Tx used in this study, showing typical surface terminations (Tₓ = -O, -OH, 
-F, and -NH₂). The surface functional groups originate from the NH₄HF₂ etching 
process and play a critical role in enhancing hydrophilicity and interfacial in
teractions with the QPPO matrix.
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contribution at 687.2 eV corresponding to Al (OF)x species, likely 
originating from etching agents during synthesis (Fig. 7e). Two major 
peaks at 400.6 eV (N–C) and 398.9 eV (N–Ti–O) indicate nitrogen 
incorporation into both carbonaceous domains and Ti–O–N configu
rations, suggesting surface doping or nitrogen functionalization 
(Fig. 7f). Overall, the XPS results confirm the successful formation of a 
multi-element MXene material with Ti–C, Ti–O, and Ti–F bonds, 
along with nitrogen functionalities originated from NH₄+ groups, which 
may synergistically contribute to the desired surface and catalytic 
properties in the synthesized AEMs.

3.2. Structural transformation of PPO via bromination and 
quaternization

The structural modifications of PPO through bromination and sub
sequent quaternization were analyzed using 1H NMR spectroscopy, as 
shown in Fig. 8a–b. In Br-PPO, the aromatic protons exhibited chemical 
shifts between 6.3 and 6.6 ppm, while the benzylic protons (-CH₂Br) 
appeared at 4.3 ppm, confirming bromination at the benzylic position 
[47]. Additionally, the methyl protons attached to the aromatic ring 
showed a sharp signal at 1.45 ppm [48]. Upon quaternization, the 
disappearance of the -CH₂Br peak and a shift of the aromatic protons to 
6.5–6.9 ppm indicates the substitution of bromide with quaternary 
ammonium groups. The benzylic protons (-CH₂) remained at 4.3 ppm, 
while a new peak at 3.3 ppm corresponds to the N-methyl protons, 
further confirming the quaternization process [48]. Furthermore, the 
methyl protons associated with the nitrogen centre were observed at 2.0 
ppm, providing additional evidence for the successful formation of 
quaternary ammonium groups. Further evidence of the chemical 
transformations in brominated and quaternized PPO was obtained 
through FTIR spectroscopy, as shown in Fig. 6c. The chemical shifts and 
assignments of protons in Br-PPO and QPPO have been presented in 
Table 1.

The FTIR spectra of Br-PPO and QPPO revealed distinct structural 
modifications while maintaining the overall integrity of the polymer 
backbones. The FTIR analysis is based on qualitative peak assignment 
rather than quantitative deconvolution of peak intensities. The charac
teristic peaks at 2900 cm− 1 for C–H stretching, 1600 cm− 1 for aromatic 

C––C stretching, and 1250–1180 cm− 1 for C–O–C ether vibrations 
confirmed the fundamental structure of the PPO backbone. In Br-PPO, 
the presence of peaks at 588.2 and 782.8 cm− 1, corresponding to 
C–Br stretching, provided clear evidence of successful bromination 
[49]. However, a weak absorption band observed around 3500–3600 
cm− 1 in the FTIR spectrum of Br-PPO can be attributed to trace –OH 
stretching vibrations. This feature likely arises from physically adsorbed 
moisture on the polymer surface or minor hydroxylated species formed 
during bromination. The presence of polar C–Br bonds may facilitate 
slight water adsorption, while incomplete drying or side reactions under 
bromination conditions could also contribute to the appearance of this 
band. In QPPO, the disappearance of the C–Br peaks, coupled with the 
emergence of new peaks between 900 and 1200 cm− 1 associated with 
C–N and N–CH₃ stretching, confirmed the successful quaternization of 
PPO [50]. These spectral transitions align closely with the structural 
insights derived from 1H NMR analysis (Fig. 8), providing a compre
hensive validation of the bromination and quaternization processes of 
the polymers. Taken together, the NMR and FTIR data consistently 
confirm successful quaternization that enhances the hydrophilicity of 
the polymer, which is expected to enable the construction of continuous 
ionic channels and improve OH− ion transportation in the nano
composite AEMs.

3.3. Characterization of the nanocomposite AEMs

3.3.1. Morphology
The morphological characteristics of the pristine QPPO and nano

composite AEMs are illustrated in Fig. 9. It is worth noting that the 
thickness of the membranes varied from 40 to 50 μm. The FESEM mi
crographs reveal that the surfaces and cross-sections of the AEMs are 
densely smooth and devoid of significant agglomeration or defects. This 
observation indicates a homogeneous dispersion of MXene and strong 
compatibility between MXene and the QPPO matrix. Notably, as the 
weight percentage (wt%) of MXene increases, the overall surface 
roughness of the AEMs also increases. This can be attributed to the fact 
that as the wt% becomes higher, more Mxene are deposited on the 
surface, and thus the surface roughness increases [51,52]. Additionally, 
higher MXene loadings could cause micro or nano-scale protrusions on 

Fig. 5. (a) FESEM micrograph of NH₄+-Ti3C2Tₓ MXene, (b-e) EDX elemental composition of NH₄+-Ti3C2Tₓ MXene.

M.M. Kabir et al.                                                                                                                                                                                                                               Desalination 620 (2026) 119643 

8 



the membrane surface, increasing the roughness (Fig. 9) [53].
Increased surface roughness can positively influence membrane 

performance by enhancing the effective surface area, which facilitates 
hydroxide ion transport through improved access to hydrophilic path
ways. Moreover, rougher surfaces may improve wettability, promoting 
better interaction between the membrane and aqueous electrolytes. 
However, excessive roughness could also potentially increase the risk of 
fouling or localized stress points, highlighting the importance of opti
mizing MXene content for a balanced performance. EDX spectra in Fig. 9
(g) provide complementary insights into the elemental composition of 
the QPPO-NH4-Mx-3.0 wt% composite AEM, which serves as a repre
sentative of all fabricated AEMs. The EDX results affirm the effective 
integration of MXene into the polymer matrix, aligning with the FESEM 
observations.

The high carbon content originates from both the QPPO matrix and 
MXene, reflecting their significant structural contributions, whereas 
oxygen (19.50 %) is derived from the QPPO backbone and surface 
functional groups (-O, -F, and -OH and -NH2) of MXene, highlighting 
strong polymer-additive interactions. Titanium (21.91 %), which is one 
of the core components of MXene confirmed the successful 

incorporation of MXene into the polymer matrix. Nitrogen (3.03 %) 
arises from ammonium functionalization, enhancing the hydrophilicity 
and ion transport properties of the AEMs [54]. These measured 
elemental compositions are generally consistent with the theoretical 
expectations for a 3 wt% MXene loading, indicating that the MXene is 
well-dispersed within the QPPO matrix. Fluorine, along with oxygen, 
supports the chemical integrity of the MXene and validates their inte
gration into the AEMs. These results confirm the structural and 
compositional robustness of the nanocomposite AEMs, with the inclu
sion of MXene contributing to enhanced ion transport and hydrophilic 
properties.

In essence, based on the FESEM-EDX analysis, it is well evident that 
although slight surface inhomogeneity can be seen at higher MXene 
loadings, this is attributed to minor restacking of MXene sheets and does 
not form through-thickness defects or affect the membrane’s structural 
integrity. Furthermore, the cross-sectional FESEM image confirms a 
compact and uniform architecture (49.99 μm thickness), while the EDX 
spectrum verifies the homogeneous presence of C, O, N, F, and Ti ele
ments throughout the membranes. These results collectively demon
strate that the incorporation of MXene does not compromise membrane 

Fig. 6. Characterization of polymers and MXene; a) FTIR spectra of MXene, b) XRD spectra of MXene [44,45], c) FTIR spectra of Br-PPO and QPPO and d) HRTEM of 
NH₄+-Ti3C2Tₓ.
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density or integrity. On the contrary, MXene’s two-dimensional layered 
structure is known to act as a barrier-type additive, increasing the tor
tuosity of diffusion pathways. This characteristic is expected to reduce, 
rather than increase, gas permeability. The stable electrolysis perfor
mance observed in our study further supports that no detrimental gas 
crossover or leakage occurred under the specified operating conditions.

3.3.2. Dimensional and mechanical stability of the nanocomposite AEMs
In the development of alkaline AEMs, achieving an optimal balance 

among WU, ion IEC, and mechanical stability is crucial. Water content in 
AEMs plays a pivotal role in forming hydrated ionic phase domains, 
which are essential for efficient ion transport, particularly for OH− ions. 
However, excessive WU can lead to undesirable membrane expansion, 
resulting in reduced mechanical strength and an increased SWR. These 

effects compromise membrane durability and performance. Therefore, 
maintaining these properties within reasonable limits is vital to ensure 
both high IC and mechanical robustness [55,56]. PPO-based membranes 
are known to exhibit high WU, SWR, and IEC, which contribute to their 
electrochemical performances. However, these properties often 
compromise mechanical integrity, limiting the long-term durability and 
operational stability of such membranes in the WE process [57,58]. 
Optimizing WU and IEC while maintaining mechanical stability is 
crucial for reliable AEM performance in alkaline water electrolysis.

The dimensional and mechanical properties of the AEMs are illus
trated in Fig. 10. The data reveal that increasing temperature (30–80 ◦C) 
leads to higher WU (%) and SWR (%) (Figs. 10a–b. However, increasing 
the wt% of NH₄+-Ti₂C₃Tₓ in the membranes results in a decrease in these 
properties. This behavior can be attributed to the hydrophilic functional 

Fig. 7. (a) Wide-scan XPS spectrum of NH4
+-Ti3C2Tx and XPS fitting curves of Ti 2p (b), C 1s (c), O 1s (d), F 1s (e) and N1s (f).
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groups (-OH, -O, -F, and -NH2) present on the surface of MXene, which 
interact with water molecules. At higher MXene loadings, these func
tional groups bind more strongly to water, reducing the availability of 
free water for bulk hydration. Consequently, WU and SWR are limited 
[59]. Although MXene is hydrophilic, the water it binds is more tightly 
associated with surface functional groups, limiting free water for 
swelling. Additionally, the layered structure of MXene physically re
stricts expansion, collectively reducing excessive membrane swelling.

Additionally, excessive MXene loading may disrupt the formation of 
well-connected, hydrated ionic phase domains within the polymer ma
trix. This disruption hinders the development of effective water trans
port pathways, further reducing the membrane’s capacity to absorb and 

retain water [60,61]. Nonetheless, the composite AEMs exhibited 
controlled WU and SWR, ranging from 17.8 to 36.2 % and 6.5–16.2 %, 
respectively, significantly lower than those of the pristine QPPO mem
brane. The pristine QPPO membrane exhibited the lowest IEC of 2.09 
mmol g− 1. The incorporation of MXene into the QPPO matrix led to a 
slight increase in IEC, ranging from 2.09 to 2.52 mmol g− 1 as the MXene 
content increased up to 3 wt% (Fig. 10c), while the QPPO-NH₄-Mx-3 
demonstrated a maximum IEC of 2.52 mmol g− 1. The increasing MXene 
content enhances IEC due to the introduction of more ion-exchange 
sites, due to their abundant surface functionalities (e.g., -OH, -F, -O 
and -NH2) [59]. Moreover, the large surface area of MXene provides 
more active sites for ion exchange. Furthermore, MXene also improves 
the distribution of functional groups and connectivity between ion ex
change sites [62].

The hydrophilic nature of MXene facilitates better ion mobility [63], 
and the interaction between MXene and the polymer matrix creates 
more efficient ion transport pathways, collectively contributing to 
higher IEC and improved membrane performance. [64]. It should be 
noted that MXene itself does not act as a traditional ionomer; rather, its 
large surface area and strong interactions with QPPO improve the 
dispersion and connectivity of the polymer’s quaternary NH4

+ groups, 
effectively enhancing the membrane’s IEC. These effects are confirmed 
by the lower WU and SWR values observed for the composite AEMs 
compared to the pristine QPPO membrane.

The TS of the AEMs ranged from 15.2 to 61.2 MPa (Fig. 10d), with 
the maximum TS recorded for QPPO-NH₄-Mx-3.0 at 61.2 MPa. The in
crease in TS with higher MXene content can be attributed to MXenes’ 
two-dimensional structure, high mechanical strength, and stiffness, 
which enable them to act as reinforcing fillers. When dispersed within 
the membrane matrix, MXene provides structural support, significantly 
enhancing the overall mechanical properties of the composite mem
brane. Furthermore, MXene forms strong interactions with the polymer 
matrix through mechanisms such as hydrogen bonding, electrostatic 
interactions, or van der Waals forces [65,66].

These interactions facilitate efficient stress transfer from the polymer 
matrix to the MXene particles, thereby contributing to the observed 
improvement in TS. However, Fig. 10d also shows that the elongation at 
break (EB) of the nanocomposite AEMs decreased with increasing 
MXene content. This reduction in EB can be explained by the restricted 
mobility of polymer chains caused by the presence of MXene particles, 
which act as physical barriers. The diminished chain mobility reduces 
the material’s ability to stretch, leading to a lower elongation at break 
[67–69]. Commercial AEMs typically exhibit IEC ranging from 1.5 to 
2.5 mmol g− 1 and tensile strength (TS) between 40 and 60 MPa [13]. In 
essence, the QPPPO-NH4-Mx-3.0 strikes an optimal performance based 
on the dimensional and mechanical performances of the synthesized 
AEMs by minimizing the trade-off interactions among those properties.

Although the elongation at break of the membranes decreased pro
gressively with increasing MXene content, indicating reduced flexibility 
due to restricted polymer chain mobility caused by the rigid two- 
dimensional MXene sheets. This trend is typical in polymer-nanofiller 
composites, where strong interfacial interactions (e.g., hydrogen 
bonding) and physical entanglement between the filler and polymer 
backbone limit chain deformation under stress. Despite the lower 
elongation, the tensile strength (61.2 MPa) of QPPO-NH₄-Mx-3.0 was 
substantially enhanced compared to pristine QPPO, confirming the 
reinforcing effect of MXene. The concurrently low swelling ratio (10.5 
%) further verified improved dimensional stability and compact struc
tural organization. Such characteristics are particularly desirable for 
AEMWE operation, where mechanical strength and dimensional integ
rity are more critical than high ductility, as the membranes are clamped 
between electrodes and operate under minimal strain. Therefore, the 
observed reduction in elongation is considered an acceptable trade-off 
for achieving enhanced rigidity, anti-swelling capacity, and long-term 
operational stability. Moving forward, further improvement in flexi
bility and mechanical resilience could be achieved through surface 

Fig. 8. 1H NMR spectra of Br-PPO(a), 1H NMR spectra of QPPO (b).

Table 1 
Summary of 1H NMR chemical shifts and proton assignments for Br-PPO and 
QPPO.

δ (ppm) Assignment Structural groups

6.3–6.6 Aromatic H Aromatic protons in Br-PPO
4.3 Benzylic H -CH₂Br group in Br-PPO (disappears after 

quaternization); -CH₂ adjacent to quaternary 
ammonium in QPPO

1.45 Methyl H -CH₃ group attached to aromatic ring
6.5–6.9 Aromatic H Aromatic protons shifted after quaternization (QPPO)
3.3 N–CH₃ H N-methyl protons (new peak after quaternization)
2.0 Methyl H Methyl protons associated with nitrogen centre 

(quaternary ammonium)
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modification of MXene to improve interfacial compatibility, copolymer 
toughening to enhance matrix elasticity, and incorporation of flexible 
crosslinkers such as SEBES or Bis[2-(N,N-dimethylamino)ethyl] ether 
(BDME) to create a more compliant yet mechanically robust network 
[70].

3.3.3. Hydroxide ion conductivity and phase-separation structures of the 
nanocomposite AEMs

The incorporation of NH₄+-Ti₂C₃Tₓ into the QPPO polymer matrix 
significantly reduces water WU and SWR, as shown in Fig. 10a–b. This 
enhancement also improves the mechanical stability of the AEMs, as 
illustrated in Fig. 10d. Additionally, the IC of the composite AEMs is 
enhanced, as presented in Fig. 11c–d. These improvements result from 
the formation of a microphase-separated structure due to interactions 
between the hydrophilic MXene and the hydrophobic QPPO polymer 
matrix [71–73]. AFM micrographs offer valuable insights into the 
microphase separation, revealing distinct hydrophilic and hydrophobic 
regions within the membranes.

For example, the pristine QPPO membrane (Fig. 11a) exhibits a 
smooth and homogeneous surface, indicating the absence or less of 
phase separation morphologies. In contrast, the QPPO-NH₄-Mx-3.0 AEM 
(Fig. 11b) shows well-defined microphase-separated domains formed by 
the uniform dispersion of NH₄+-Ti₂C₃Tₓ. These domains establish 
continuous hydrophilic pathways that facilitate ion conduction through 
functional groups (-O, -OH, -F and -NH2) on the MXene surface while 
preserving the dimensional and mechanical stability of the composite 
AEMs [54]. In particular, the -O, -OH, and -F and -NH2 groups on MXene 
interact with water molecules, promoting water structuring and 

facilitating OH− ion dissociation. Thus, the enhanced OH− conductivity 
results from both the microphase-separated morphology and the 
chemical activity of MXene’s surface functionalities, rather than from 
MXene acting merely as a passive filler.

The data in Fig. 11c demonstrates a strong positive correlation be
tween OH− IC, temperature, and MXene content. Among the tested 
AEMs, QPPO-NH₄-Mx-3.0 exhibits exceptional performance, achieving 
an IC of 153.2 mS cm− 1 at 80 ◦C-2.5 times higher than the pristine QPPO 
membrane. This significant improvement in IC results from the syner
gistic effects of hydrophilic and hydrophobic microphase separation 
structures, which optimize ion transport for WE applications. Fig. 11d 
further compares the OH− IC and SWR of QPPO-NH₄-Mx-3.0 with the 
data from previous composite AEM studies [8,13–15,31,74–79]. The 
QPPO-NH₄-Mx-3.0 membrane outperforms earlier results, achieving the 
highest IC alongside a balanced SWR. This balance highlights the suc
cessful optimization of membrane properties, representing a significant 
advancement in AEM in the present study for WE applications.

To further elucidate the structural organization induced by MXene 
incorporation, small-angle X-ray scattering (SAXS) analysis was per
formed in conjunction with AFM imaging. The pristine QPPO membrane 
exhibited only a broad scattering halo, corresponding to a characteristic 
d-spacing of approximately 1.78 nm (Fig. 12), indicative of a largely 
homogeneous morphology with limited ionic clustering. In contrast, the 
MXene-containing membranes displayed distinct additional scattering 
peaks at d-spacings of 2.06–4.27 nm, which became more prominent 
with increasing MXene content. These features signify the emergence of 
periodic nanodomains, reflecting enhanced microphase separation be
tween hydrophilic and hydrophobic regions within the polymer matrix. 

Fig. 9. FESEM micrographs of (a) Pristine QPPO; (b) QPPO-NH4-Mx-0.5; (c) QPPO-NH4-Mx-1.0; (d) QPPO-NH4-Mx-1.5; (e) QPPO-NH4-Mx-3.0; (f) Cross section of 
QPPO-NH4-Mx-3.0 and (g) EDX spectra of QPPO-NH4-Mx-3.0.
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Complementary AFM phase images further confirmed this behavior, 
showing well-defined bright and dark contrast regions in the MXene- 
modified membranes, corresponding to ionic (hydrophilic) and non- 
ionic (hydrophobic) domains, respectively. Such morphological evolu
tion strongly supports the formation of continuous, interconnected ion- 
transport pathways facilitated by the two-dimensional MXene sheets, 
which serve as physical templates promoting nanoscale segregation and 
interfacial ion clustering. Together, the SAXS and AFM analyses provide 
direct experimental evidence of microphase-separated architecture in 
the nanocomposite membranes, validating the proposed mechanism of 
enhanced OH− IC through the development of ordered hydrophilic 
domains.

3.3.4. Alkaline and thermal stability of the composite AEMs
The alkaline stability study provides critical insights into the per

formance stability and service life of AEMs under harsh alkaline elec
trolytic conditions [31,80]. The residual OH− IC over time, as shown in 
Fig. 13a, highlights the enhanced performance of nanocomposite AEMs 
compared to the pristine QPPO membrane. The PQPPO membrane 
shows a steep decline in remaining IC, maintaining only 33.2 % after 3 
weeks, demonstrating poor alkaline stability. In contrast, the inclusion 
of NH₄+-Ti₂C₃Tₓ significantly improves IC retention. Increasing MXene 

content enhances alkaline stability, with QPPO-NH₄-Mx-3.0 retaining 
80.2 % of its initial IC after 21 days.The QPPO-NH₄-Mx-1.0 and QPPO- 
NH₄-Mx-1.5 AEMs also show substantial improvements (73.4 and 76.3 
% residual IC, respectively) compared to the pristine membrane.

This enhancement arises from MXene’s inherent chemical stability 
under high-pH conditions and its ability to mitigate polymer degrada
tion, including acting as radical scavengers that reduce oxidative 
degradation [81]. These interactions improve the compatibility and 
dispersion of MXene within the membrane, enhancing the stability and 
reducing the likelihood of chemical attack by OH− ions [81]. Moreover, 
the improved alkaline stability of the nanocomposite membranes can be 
attributed to both physical and chemical stabilization effects imparted 
by MXene. The two-dimensional NH4

+-Ti₃C₂Tₓ sheets act as barriers 
against OH− ion diffusion, effectively protecting the quaternary 
ammonium sites of QPPO from nucleophilic degradation. Furthermore, 
the strong interfacial interactions between MXene surface terminations 
(-O, -OH, -F, -NH₂) and the QPPO backbone enhance structural rigidity 
and suppress chain motion, thereby retarding degradation. Additionally, 
the MXene nanosheets themselves are relatively stable under alkaline 
conditions, and their encapsulation within the polymer matrix further 
minimizes any potential surface oxidation or leaching during the sta
bility test. These combined effects explain the improved chemical 

Fig. 10. Dimensional and mechanical properties of AEMs; (a) Water uptake (%), (b) swelling ratio (%), c) ion exchange capacity (mmol g− 1) and d) mechanical 
strength (tensile strength and elongation at break).
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durability of the nanocomposite membranes in alkaline media. Among 
the nanocomposite AEMs, QPPO-NH4-Mx-3.0 exhibited the best per
formance, retaining 80.2 % of its IC after 21 days. Notably, QPPO-NH4- 
Mx-1.0 and QPPO-NH4-Mx-1.5 AEMs also substantially improved by 
retaining 73.4 and 76.3 % residual IC, respectively, compared to the 
pristine QPPO membrane, but QPPO-NH4-Mx-3.0 membrane stands out 
as the most promising candidate for long-term alkaline water electrol
ysis due to its superior IC retention capacity in alkaline environments.

After confirming alkaline stability, we also explored the changes in 
the membrane’s thermal stability. The operational temperature of 
AEMWE typically ranges between 30 and 80 ◦C to ensure optimal IC and 
electrode kinetics. However, the thermal stability of AEMs at higher 
temperatures is crucial for evaluating their durability and performance 
under extreme conditions. To this end, we assessed the thermal stability 
of composite AEMs up to 700 ◦C. The TGA results are presented in 
Fig. 13b, representing the weight loss of AEMs against temperatures. The 
findings revealed distinct thermal behaviors across different tempera
ture regions, providing insights into the influence of NH4

+-functionalized 
MXene on the degradation patterns and residual weight of the AEMs. All 
the AEMs showed decomposition in four distinct stages.

Below 200 ◦C, the membranes exhibit very negligible weight loss, 
retaining ~100 % initial weight. This indicated comparable thermal 
stability in the absence of significant moisture or volatile component 
release. However, between 200 and 400 ◦C, weight loss becomes more 
pronounced, with the virgin QPPO membrane retaining significant 
weight than its composite counterparts. This feature indicated that the 
NH4

+ group of the functionalized Mxene could decompose earlier, likely 
due to the degradation or weakly bound organic components at that 
temperature [82]. Between 400 and 600 ◦C, all the AEMs experienced 
significant weight loss, reflecting the breakdown of the core polymer 
backbone. Interestingly, the composite membranes outperform the 
pristine QPPO membrane in this range, with higher MXene content 
contributing to improved thermal stability. This trend is attributed to 
the reinforcement effects of MXene, which delayed the degradation of 
the QPPO matrix by providing structural stability and enhancing ther
mal resistance [83].

Residual weights beyond 600 ◦C show notable differences among the 
AEMs. The QPPO-NH4-Mx-0.5 retains the highest residual weight 
(35.95 %), followed by pristine QPPO (34.64 %), QPPO-NH4-Mx-3.0 
(34.19 %), QPPO-NH4-Mx-1.5 (33 %), and QPPO-NH4-Mx-1.0 (31.23 

Fig. 11. AFM phase-contrast micrographs of (a) pristine QPPO membrane, (b) QPPO-NH4-Mx-3.0 AEM, (c) OH− ion conductivity of nanocomposite AEMs at varying 
temperatures and (d) comparison of OH− ion conductivity vs swelling ratio of the nanocomposite AEMs in this study with previous studies reported in the state-of- 
the-art literature.
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%). Overall, the differences in residual weight (%) loss among the 
composite AEMs were negligible, falling within a 4.75 % range, and can 
be considered insignificant for practical applications. It is noteworthy 
that, while alkaline IC retention increases with MXene content, the re
sidual thermal weights do not follow a simple monotonic trend. This is 
due to the combined effects of early NH₄+ decomposition, variations in 
polymer backbone stability, and complex polymer-MXene interactions 
influencing the thermal degradation behavior. These results suggested 
that the incorporation of NH₄+-Ti3C2Tx effectively enhances the thermal 
stability of composite AEMs, particularly at elevated temperatures.

3.3.5. Cell performances and lab-scale durability analysis
In this study, based on the dimensional, electrochemical, mechani

cal, alkaline and thermal stability analysis, QPPO-NH4-Mx-3.0 AEM was 
identified as the best-performing membrane for AEMWE. Thus, cell 
performance and durability studies were executed with this membrane. 

The test was conducted at a constant temperature of 60 ◦C under two 
different alkaline environments, 1 M and 0.1 M KOH, to assess its effi
ciency and suitability for real-world applications. The results, presented 
in Fig. 14a, highlight the excellent electrochemical performance of the 
membrane. The current density increases steadily with voltage under 
both alkaline electrolytes, but the performance was consistently superior 
in 1 M KOH. The highest current densities were recorded at 2.1 and 1.68 
A cm− 2 for 1 M and 0.1 M KOH electrolytes, respectively. The cell 
performance demonstrated that current density increased by 25 % for 1 
M KOH compared to 0.1 M KOH. This trend is observed across all voltage 
levels, demonstrating the critical role of electrolyte concentrations in 
enhancing cell performance. The higher ionic conduction in 1 M KOH 
reduces resistance and facilitates more efficient OH− ion transport 
through the membrane, significantly boosting its efficiency and current 
density [84,85]. The improved performance of QPPO-NH4-Mx-3.0 in a 
higher alkaline environment could be attributed to its unique structural 
properties. The incorporation of NH₄+-Ti₂C₃Tₓ MXene developed robust 
microphase structures that provide well-defined ionic channels, opti
mizing hydroxyl ion transport [86–88]. Additionally, the membrane’s 
high structural stability minimizes ionic resistance, allowing it to 
perform consistently. The lab-scale durability analysis was performed at 
two specific current densities of 0.5 and 1.0 A cm− 2 to cross-check the 
voltage decay rate over time up to 150 h (Figs. 14b-c). The results 
demonstrated excellent and robust performance of the cell with minimal 
voltage decay at both applied current densities. At an industrially rele
vant current density of 1.0 A cm− 2, the cell maintained stable operation 
with a voltage decay rate of 1.5 mVh− 1. At 0.5 A cm− 2, the voltage decay 
rate was even lower at 0.5 mVh− 1.

These findings confirm that QPPO-NH4-Mx-3.0 not only excels in 
alkaline stability but also delivers outstanding cell performance and 
robust and sustained durability of the cell up to 150 h of electrolysis, 
making it an excellent candidate for advanced AEMWE. Since the 
voltage decay rate during continuous electrolysis was negligible, this 
indicates excellent long-term stability of the QPPO-NH4-Mx-3.0’s AEM. 
This minimal decline suggests that the performance loss primarily arises 
from minor interfacial resistance increases or surface oxidation of the 
catalyst, rather than from intrinsic degradation of the membrane itself. 
The stable IC and chemical integrity of the nanocomposite membrane 
after the test further confirm its superior alkaline stability. Although 
electrochemical impedance spectroscopy (EIS) data were not collected 
in this study, future work will employ pre- and post-durability EIS 
analysis to quantitatively differentiate resistance contributions from the 

Fig. 12. Small-angle X-ray scattering (SAXS) profile of the nanocomposite 
AEMs. QPPO-NH₄-Mx-3.0 AEM showed a d-spacing of 4.27 nm corresponding to 
periodic nanodomains, reflecting enhanced microphase separation between 
hydrophilic and hydrophobic regions within the polymer matrix, which further 
supports the AFM results.

Fig. 13. (a) Alkaline stability of the composite AEMs and (b) thermal stability of the composite AEMs.
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membrane, electrode, and interfacial regions.

3.3.6. Working mechanisms of nanocomposite AEMs
According to our hypothesis, the core working mechanism of the 

composite AEMs in this study is the formation of a hydrophilic- 
hydrophobic MIPS structure between the QPPO polymer matrix and 
MXene nanofillers (Fig. 15), supported by AFM and SAXS analysis. This 
MIPS structure is essential in overcoming the trade-offs between 
dimensional stability, mechanical strength, and electrochemical per
formance typically observed in AEMs. By promoting the controlled or
ganization of hydrophilic and hydrophobic domains, the incorporation 
of MXene improves key properties, which ultimately improves the 
overall cell performance in AEMWE [15]. The QPPO polymer backbone, 
which is hydrophobic, provides structural strength and dimensional 
stability to the membrane, while the hydrophilic MXene nanofillers 
interact with the polymer to form well-defined ionic domains. These 
domains absorb water, facilitating efficient OH− ion transport, while 
simultaneously restricting excessive swelling by maintaining a balance 
between the hydrophilic and hydrophobic phases. This phase separation 
not only enhances IC but also prevents uncontrolled water uptake, 
leading to long-term membrane stability [31]. The MXene nanofillers 
reinforce the PPO matrix, preventing swelling and mechanical degra
dation, thus ensuring the membrane maintains its structural integrity 
even under hydration conditions. The hydrophobic QPPO backbone 
resists swelling, while the hydrophilic ionic domains absorb water to 
maintain ion transport, ensuring the membrane’s dimensional stability 
and operational longevity [14].

The MIPS structure created by MXene incorporation also plays a 
crucial role in improving the electrochemical performance of the com
posite AEM. The phase-separated domains form a network of well- 
connected ion-conducting channels that reduce resistance and enhance 
OH− IC. This leads to higher IC compared to conventional AEMs, which 
directly impacts the energy efficiency of AEMWE [97]. Recent studies 
have shown that AEMs with MIPS structures exhibit significantly higher 

current densities during WE than non-phase-separated membranes due 
to the larger effective surface area for ion conduction and optimized 
water retention [98]. Additionally, MXene’s incorporation stabilizes the 
polymer matrix against hydroxide attack, improving the membrane’s 
chemical and electrochemical durability in the highly alkaline envi
ronment of AEMWE. The enhanced MIPS structure reduces membrane 
resistance, leading to higher current densities and lower energy con
sumption during electrolysis. As a result, the MXene-reinforced PPO- 
based AEMs offer a balance of mechanical strength, dimensional sta
bility, and enhanced IC, making them highly promising for efficient and 
durable hydrogen production through AEMWE [99].

3.3.7. Comparative evaluation with commercial and other PPO-based 
AEMs reported in the state-of-the-art literature

To contextualize the performance of the QPPO-NH₄-Mx-3.0 mem
brane, a comparative study was carried out against both commercially 
available AEMs (Table 2) and reported PPO-based AEMs (Table 3) in the 
literature. As shown in Table 2, the QPPO-NH₄-Mx-3.0 membrane ex
hibits a cell current density of 2.1 A cm− 2 at 2.0 V and 60 ◦C in 1 M KOH, 
comparable to or better than several state-of-the-art commercial mem
branes such as Fumasep® FAA-3-50 (1.2 A cm− 2 at 2.0 V) and Aemion™ 
AF1-HNN8–50 (1.8 A cm− 2 at 2.0 V). The PiperION® self-supporting 
membrane (80 μm) achieves 2.3 A cm− 2 under similar conditions but 
typically exhibits a higher voltage decay rate. Interestingly, QPPO-NH₄- 
Mx-3.0 maintains excellent durability, with a voltage decay rate of only 
1.5 mV h− 1 over 150 h, outperforming many commercial AEMs that 
experience decay rates between 5 and 50 mV h− 1. This demonstrates 
that although its initial current density is moderate, the operational 
stability and interfacial robustness of QPPO-NH₄-Mx-3.0 have signifi
cant competitive advantages. The outstanding durability is attributed to 
the MXene-reinforced QPPO matrix, which minimizes swelling, main
tains dimensional stability, and suppresses OH− -induced degradation.

Table 3 summarizes previously reported PPO-based membranes, 
enabling a direct performance-to-structure comparison. The present 

Fig. 14. (a) Cell performances (I-V curve) of QPPO-NH4-Mx-3.0, (b) durability analysis at 0.5 A cm-2 and (c) durability analysis at 1.0 A cm-2.
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Fig. 15. The working mechanisms of nanocomposite AEM in the present study for sustainable WE performance.

Table 2 
Comparison of cell performances of the commercially available AEMs with the present study.

AEMs Temperature 
(◦C)

Electrolytes Anode Cathode Cell 
performance 
@2 V (A cm− 2)

Durability References

Applied 
current (A 
cm− 2)

Voltage 
decay rate 
(mVh− 1)

Duration 
(h)

Fumasep®
FAA-3-50 60 1 M KOH IrO2 Pt/C 1.20 1.0 1.0 120 [8]
FAA-3-50 60 1 M KOH NiFe2O4 Pt/C 2.74 – 5.0 70 [15]

Sustainion® 
X37–50

Grade RT 60 1 M KOH Stainless 
steel

Pt/C 2.74 1.0 1.56 205 [14]

Grade T 60 1 M KOH IrO2 Pt/C 1.80 – – – [31]

Aemion™

AF1- 
HNN8–50 60 1 M KOH NiS2/Ni3S4 Pt/C 1.8 0.5 0.12 500 [74]

AF1- 
HNN8–50

60 1 M KOH Ni/NiO Pt/C 1.06 1.0 1.7 50 [75]

Tokuyama A201 60
1 wt% 
K2CO3

Acta 
3030® 
(CuCoOx)

Acta 4030® 
(Ni/ (CeO2 

La2O3)/C)
1.0 0.5 0.5 200 [76]

A201 60 1 M KOH NiFe2O4 NiFeCo 2.0 – – – [77]

PiperION®

Self- 
Supporting, 
80 μm

80 1 M KOH Stainless 
Steel

Pt/C 2.3 2.0 5.0 640 [78]

Self- 
Supporting, 
20 μm

60 1 M KOH IrO2 PtRu/C 5.5 0.5 0.29 309 [13]

Orion TM1 70 1 M KOH IrO2 Pt/C 2.75 0.5 55 50 [79]
QPPO-NH4-Mx-3.0 60 1 M KOH IrO2 Pt/C 1.68 1.0 1.5 150 This study
QPPO-NH4-Mx-3.0 60 0.1 M KOH IrO2 Pt/C 2.10 0.5 0.5 150 This study
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QPPO-NH₄-Mx-3.0 system exhibits one of the highest OH− IC (153.2 mS 
cm− 1 at 80 ◦C) among PPO derivatives, while maintaining low WU 
(24.2 %), SWR (10.5 %), and high tensile strength (61.2 MPa). This 
balance contrasts with other PPO-based AEMs, which often require 
higher hydration levels to reach comparable conductivities but at the 
expense of dimensional stability. In terms of AEMWE performance, 
QPPO-NH₄-Mx-3.0 achieves 2.1 A cm− 2 at 2.0 V, which is among the 
best reported for PPO-based systems, while also providing superior long- 
term stability and simpler fabrication. The integration of MXene in
troduces a two-dimensional barrier and ionic-pathway reinforcement, 
by MIPS structure, offering improved mechanical and electrochemical 
stability without complex crosslinking chemistry. Overall, these results 
confirm that QPPO-NH₄-Mx-3.0 achieves a synergistic balance of high 
IC, mechanical strength, and durability, making it highly competitive 
with both commercial and literature-reported PPO-based membranes 
for AEMWE.

4. Conclusion and outlook

In this study, we successfully reinforced functionalized MXene nano- 
filler into the quaternized poly (phenylene oxide) (QPPO) to fabricate a 
series of nanocomposite anion exchange membranes (AEMs), focusing 
on the elimination of the trade-offs among various crucial performance 
parameters to ensure sustainable green hydrogen production. The 
nanocomposite AEMs showed controlled water uptake, swelling ratio 
and ion exchange capacity with incorporated MXene compared to the 
virgin QPPO membrane. The tensile strength (TS) of the AEMs ranged 
from 15.2 to 61.2 MPa, with the maximum TS recorded for QPPO-NH4- 
Mx-3.0 at 61.2 MPa. The QPPO-NH4-Mx-3.0 exhibited the best perfor
mance, achieving an impressive hydroxide (OH− ) ion conductivity (IC) 
of 153.2 mS cm− 1 at 80 ◦C-2.5 times higher than that of the pristine 
QPPO membrane. The TGA results suggested that the incorporation of 
NH4

+-Ti3C2Tx effectively enhances the thermal stability of composite 
AEMs, particularly at elevated temperatures. We hypothesized that the 
core mechanism involved in the enhanced/controlled performance of 
composite AEMs in terms of dimensional, electrochemical, and me
chanical stability is the hydrophobic-hydrophilic microphase separation 
structures (MIPS) within the AEMs, which were developed by the 
incorporation of NH4

+-Ti3C2Tx. The maximum current densities were 
recorded at 2.1 and 1.68 A cm− 2 for 1 M and 0.1 M KOH electrolytes, 

respectively, at 2 V for QPPO-NH4-Mx-3.0, which is comparable to the 
recently developed AEMs available in the state-of-the-art literature and 
some of the commercial membranes. Furthermore, it showed excellent 
alkaline stability, retaining 80.2 % of its initial IC after three weeks of 
immersion in 1 M KOH at 60 ◦C. The lab-scale durability analysis was 
performed at two specific current densities of 0.5 and 1.0 A cm− 2 to 
cross-check the voltage decay rate over time up to 150 h of electrolysis. 
The results demonstrated stable and robust performance of the cell with 
a minimal voltage decay of 0.5 and 1.5 mVh− 1 for 0.5 and 1.0 A cm− 2, 
respectively. In essence, the QPPO-NH4-Mx-3.0 could be one of the novel 
AEM materials for the advanced AEMWE. This membrane demonstrates 
substantial promise as a high-performance AEM for advancing AEMWE 
technology, paving the way for more efficient and reliable water elec
trolysis systems. As a proof-of-concept study, we identified a few specific 
limitations that need to be addressed in future to scale up this AEM 
commercially at an industrial scale AEMWE, as follows: 

• The scaling up of AEM fabrication toward commercial application, 
with particular emphasis on further optimization and fine-tuning of 
AEM processing conditions.

• The dispersion of MXene nano-filler could be enhanced by surface 
engineering and adding highly dispersible and conductive materials, 
such as ionic liquids.

• Alkaline stability needs to be improved to some extent, and the 
duration of the alkaline stability test also needs to be increased. In 
this case, the blending of highly rigid ether-free polymer backbones 
such as poly(carbazole) and poly(biphenyl) could be the best option. 
These polymer backbones might also increase the IC and overall cell 
performance.

• To increase the mechanical strength, especially elongation at break, 
some ether-free flexible crosslinkers can be used, such as bis[2-(N,N- 
dimethylamino)ethyl] ether (BDME) and styrene-ethylene-butylene- 
styrene (SEBS).

• While the present membranes were evaluated for short-term dura
bility, extended stability studies are essential. Accordingly, long- 
term cell tests of at least 1000 h will be prioritized to better repli
cate real-world operating conditions and validate the integration of 
AEMs into practical AEMWE electrolyzer systems.

Table 3 
Comparative study of the dimensional, mechanical and electrochemical performances of PPO-based AEMs with the present study.

AEMs Dimensional stability Mechanical 
stability

OH− IC (mS 
cm− 1 at 
80 ◦C)

Alkaline 
stability 
(Residual IC 
(%))

Single-cell 
performance (A 
cm− 2 at 2.0 V)

Long-term durability References

WU (% SWR 
(%)

IEC 
(mmol 
g− 1)

TS 
(MPa)

EB 
(%)

Duration 
(h)

Voltage decay 
rate (mV h− 1) for 
1 A cm− 2

x-TriPPO- 
50SEBS

76.3 36.7 1.17 29.0 106.2 77.35 – 0.71 – – [89]

x-PPO- 
50SEBS

64.9 32.4 1.25 20.6 63.1 66.05 20 0.42 – – [89]

QPPO/ 
PTFE

40 – – 31 87 30 – – – – [90]

QPQT-30 77.7 18.1 0.83 13.7 4.8 42.0 – 0.87 – – [91]
C-QPAP-2- 

QPPO
15.7 3.4 2.19 50.7 105.1 139.4 86 1.44 30 – [92]

QPPO-14 430 49 2.20 14 3.1 133.3 94 0.814 – – [93]
x-allyl- 

0.05- 
PPO

13.42 4.55 2.15 68.73 4.6 23.22 – 0.90 18 4.4 [94]

PBPA 140 44 2.60 35 55 123 – 4.0 3500 0.0065 [95]
20 % 

COFBrx- 
TPP

87.6 9.3 1.60 22 – 225.9 95.5 4.5 22 6.17 [96]

QPPO- 
NH4-Mx- 
3.0

24.2 10.5 2.51 61.2 21.5 153.2 80.2 2.1 150 1.5 Present 
study
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T. Weissbach, J.R. Varcoe, S. Holdcroft, M.W. Liberatore, R. Hiesgen, D.R. Dekel, 
Water uptake study of anion exchange membranes, Macromolecules 51 (2018) 
3264–3278, https://doi.org/10.1021/ACS.MACROMOL.8B00034/SUPPL_FILE/ 
MA8B00034_SI_001.PDF.
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