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Abstract 

Cross-linked quaternised Poly(2,6-dimethyl-1,4-Phenylene Oxide) (QPPO)-based membranes 

were prepared via Friedel-Crafts reactions using SnCl4 catalyst, 1,3,5-trioxane and 

chlorotrimethylsilane as environmentally-friendly chloromethylating reagents. New equations 

to calculate the degree of chloromethylation (DC) and cross-linking degree (CLD) were 

proposed. Ionic conductivity of 133 mS cm-1 at 80 °C was obtained, one of the highest 

reported for QPPO based membranes. We have compared QPPO to chloromethylated 

polystyrene-b-poly(ethylene/butylene)-b-polystyrene (SEBS) ionomer and report on the 

importance of ionomer-membrane interaction as well as the trade-off between swelling ratio 

and conductivity on performance and mechanical stability of AEM water electrolyser.  Exsitu 

stability testing after 500h in 1M KOH showed membranes retained up to 94% of their 

original IEC. QPPO was employed as both membranes and ionomers in electrolyser tests. 

QPPO membranes exhibited area specific resistance of 104 mΩ cm-2 and electrolyser current 

density of 814 mA cm-2 at 2.0 V in 0.1M NaOH solution at 40 °C. 

 

Keywords: PPO, Poly(2,6-dimethyl-1,4-Phenylene Oxide), AEM, Friedel-Crafts reactions, 

water electrolyser  
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1. Introduction 

Renewables hold the answer to the energy crisis. The increasing global energy demand is 

forecast to grow 58 % by 2040.[1, 2] Hydrogen is considered one of the most promising fuels 

or building blocks for the long term storage of renewable energy [3-5]. Water electrolysers 

provide a high-efficiency and environmentally friendly method to produce green hydrogen.[6, 

7] There are three main technologies for water electrolysis, namely, alkaline water 

electrolyser is (AWE), polymer electrolyte water electrolyser, and high-temperature solid 

oxide water electrolyser (HT-SOWE) [8]. AWEs are a mature technology and utilise the 

alkaline solution as the electrolyte. However, there are still some issues, such as the low 

current density, electrolyte corrosion, etc. HT-SOWEs are operated at a high temperature 

typically between 700 to 950 °C. This technology is in lab-scale. Polymer electrolyte water 

electrolyser includes proton exchange membrane water electrolysers (PEMWEs) and anion 

exchange membrane water electrolysers (AEMWEs). They are operated at ambient 

temperature from 50 to 80 °C. Compared with proton exchange membrane water 

electrolysers (PEMWEs) [9-14], Anion Exchange Membrane Water Electrolysers (AEMWEs) 

are at an early stage of development [3, 15, 16]. AEMWEs could provide an environment for 

faster oxygen evolution reaction kinetics, and allow for use of non-precious metal oxide 

catalysts at the anode, such as NiCo2O4 and MnO2. Additionally, stainless steel or Nickel 

based current collectors can be utilised, which will also decrease the cost of the device [17, 

18]. 

Anion exchange membrane (AEM) is one of the key components in AEMWEs serving as 

hydroxide ion (OH-) conductor and separator between hydrogen and oxygen gases [19, 20]. 

To ensure the high performance and operation efficiency of a water electrolyser, stringent 

requirements, including good thermal and mechanical stability, high ionic conductivity and 
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long-term chemical stability for the AEMs are needed [21, 22]. There are remaining 

challenges for AEM. According to the EU Horizon 2020/Fuel Cells and Hydrogen Joint 

Undertaking (JU), the ionic conductivity is expected to be higher than 50 mS cm-1 at room 

temperature. After 2000 h real or simulated operation, the area-specific resistance should be 

lower than 0.07 Ω cm2 [23]. 

Poly(2,6-dimethyl-1,4-Phenylene Oxide) (PPO) is considered a good membrane candidate 

due to its excellent physicochemical properties, such as high transition temperature (Tg), 

excellent mechanical strength and good chemical stability [24-27]. PPO-based AEMs are 

usually prepared in three steps, namely, chloromethylation (or bromination), quaternisation 

and hydroxide ion exchange.[28] Among those steps, chloromethylation is crucial as it 

enables further PPO functionalization, which determines the functional groups of the polymer 

and influences the anion conductivity eventually. To chloromethylate PPO, Friedel-Crafts 

reaction plays a significant role. The conventional methods usually use ZnCl2 or AlCl3 as the 

Lewis acids catalyst and carcinogenic chemicals as chloromethylating reagents,[29] such as 

chloromethyl methyl ether (CMME) or bis-chloromethylether (BCME). Greener and more 

efficient chloromethylation methods have been researched, for example by using SnCl4 as 

catalyst and paraformaldehyde ((HCHO)n) and chlorotrimethylsilane (TMCS) as 

chloromethylating reagents to replace the carcinogenic ones. Those new methods present an 

eco-friendly and simplified synthetic route for chloromethylation. Several studies employed 

this new method to chloromethylate the PPO. However, the ionic conductivity was too low 

for the cell operation [23] even under the high degree of chloromethylation,[30-33], which 

raised the need to further investigate the process of chloromethylation. Arges and co-workers 

[34] prepared PPO-based AEMs by using SnCl4 as the catalyst. The ionic conductivity of the 

membrane in hydroxide form they obtained was 13 mS cm-1 at 30 °C with 13 % for the 
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degree of chloromethylation (DC). Becerra-Arciniegas and co-workers prepared PPO-based 

membrane with grafted trimethylammonium groups and the ionic conductivity in hydroxide 

form was 5.9 mS cm-1 at 60 °C with 54 % for DC. In addition to the low ionic conductivity, 

gelation was observed during the membrane preparation process, and the solvent extraction 

method was used to calculate the degree of gelation.[31] However, this method lacks high 

accuracy and has limited application, only suitable when the gel content is high enough to 

detect. We and others prepared choloromethylated polystyrene-b-poly (ethylene/ butylene)-b-

polystyrene (SEBS) by using 1,3,5-trioxane to replace paraformaldehyde in the presence of 

SnCl4 as catalyst [17, 35]. 

Given the research gap and previous studies, PPO-based AEMs and ionomer were prepared 

via Friedel-Crafts reactions using SnCl4 as catalyst and 1,3,5-trioxane and 

chlorotrimethylsilane as chloromethylating reagents. Compared with other head groups, for 

instance, the imidazolium cation, benzyl ammonium provides relatively high ionic 

conductivity, acceptable stability and good environment (low adsorption on catalyst) [36]. 

For the performance of anion exchange membrane fuel cell, trimethylammonium (TMA) 

cation showed the highest power density than 1,2-dimethylimidazolium (DMIm) and N-

methylpiperidinium (Pip) cations [37]. Thus, benzyl ammonium is supposed to meet the 

requirement as the membrane is expected to be applied in water electrolyser when the 

working condition is close to a pH neutral environment or pH<14 [38]. In addition, the steric 

hindrance of the crosslinking structure is expected to protect the benzyl ammonium group to 

some extent [36]. As a result, TMA was chosen as the cation. A variety of characterization 

techniques were used to measure ionic conductivity, thermal, mechanical and alkaline 

stabilities. The overlooked cross-linking side reaction was studied and explained. New and 

more accurate calculation methods for DC and cross-linking degree (CLD) were proposed. 
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Finally, in comparison with our previous studied membrane (low-density polyethylene, 

LDPE) [38] and ionomer (SEBS) [17], electrochemical testing with QPPO as both membrane 

and ionomer was done in electrolysis. 

2. Experimental 

2.1 Materials and methods 
Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO, product number 181781), N-methyl-2-

pyrrolidinone (NMP), 1, 3, 5-trioxane, chlorotrimethylsilane (TMCS), SnCl4 (product number 

208930), chloroform, trimethylamine (TMA, in 45 % solution in H2O), potassium hydroxide, 

methanol, sulphuric acid and sodium chloride were purchased from Sigma-Aldrich and used 

without further purification. 
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Fig. 1. (a) Synthetic route for PPO-based AEM. (b) Mechanism of chloromethylation of PPO. 

As is shown in Fig. 1(a), the AEM was obtained through sequential chloromethylation, 

quaternisation and ion exchange steps. The mechanism of chloromethylation was shown in 

Fig. 1(b) [17, 39]. 1,3,5-trioxane undergoes a tautomeric process to form formaldehyde with 

protonation occurring in the presence of the SnCl4. Then, the intermediate with 

chlorotrimethylsilane and phenyl rings react. For example, unless otherwise specified, PPO 

(4.0 g) and chloroform (250 ml) were added into a three-neck round bottom flask fitted with a 
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reflux condenser under continuous nitrogen purging. After complete dissolution, 1,3,5-

trioxane (1.7 g) and chlorotrimethylsilane (7.2 ml) were added. The SnCl4 catalyst (0.8 ml) 

was injected into the flask with a syringe. The mixture was then stirred for 10 h at 35 °C. The 

chloromethylated PPO (ClPPO) was obtained after precipitation in methanol/water (150 ml/ 

150 ml). ClPPO was purified by re-dissolution in chloroform and precipitated by methanol, 

then dried under vacuum (60 °C) overnight. 

The process of quaternisation was done in a homogenous way, the polymer solution was 

prepared by dissolving ClPPO (120 mg) in NMP (4 ml). Quaternisation was performed by 

adding an appropriate amount of trimethylamine solution (45 wt % in water) into the mixture 

and allow 24 h at room temperature. The membranes were formed by casting the yellow 

transparent polymer solution onto a flat glass plate. After the solvent evaporated, the films 

were easily removed from the glass surface. The quaternised PPO (QPPO) membranes were 

obtained in chloride form (QPPO-Cl-). To convert the (Cl-) counter ion to hydroxide (OH-), 

membranes were immersed into 1 M KOH solution for 1 h whilst changing the KOH solution 

every 20 min. The membrane films were then washed with de-ionized water several times to 

remove the excess KOH. Finally, the QPPO-OH- was obtained (150~170 μm). The 

heterogeneous quaternisation was shown in the supporting information. 16 different QPPO-x 

(x:1-16) prepared from quaternising the corresponding ClPPO shown in Table S1. 

2.2 Structure characterization 

Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR) were 

used to characterize the structure of the polymer. A Varian 800 FT-IR in Attenuated Total 

Reflectance (ATR) mode was used to verify the successful introduction of functional groups. 

Samples of PPO, ClPPO and QPPO were analysed by FTIR. 1H NMR spectra of PPO and 

ClPPO were recorded on a Bruker Av-400-WB instrument using CDCl3 as solvent [31]. The 
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scanning electron microscope (SEM) was employed to analyse the surface morphology of 

substance. A focused beam of electrons was shot from the SEM and interacted with specimen 

atoms, producing various signals that contain lots of information about the sample, such as 

the surface topography. SEM analysis was performed by using a Tescan Vega 3LMU 

machine. Transmission electron microscopy (TEM) characterization was conducted by using 

Hitachi HT7800 120kV TEM. The samples for the TEM test were obtained by immersing the 

membranes into 0.1 M tetrachloroplatinate ions (KPt2Cl4) solution for 48 h, then washed with 

abundant water and followed by drying at 80 at under vacuum for 12 h. Then the stained 

membrane was embedded in epoxy resin placed in the copper grid before the test. 

 

2.3 Ion exchange capacity, water uptake, swelling ratio and hydration number 

Ion exchange capacity (IEC) was calculated by measuring the amount of OH- ions in NaCl 

solution exchanged from the membrane with acid-base titration with Methyl red as the 

indicator. Before titration, the membrane in hydroxide form was immersed in a known 

volume of 1 M NaCl solution for 24 h to liberate the hydroxide ions. Then, 10 ml of the 

solution was titrated with a known concentration of H2SO4 solution until colour change was 

observed. The measurement was repeated 3 times to get an average. The membrane was then 

washed thoroughly with deionized water (DI) to remove the excess salt on the surface of the 

membrane. Finally, the membrane was dried in the oven overnight at 60 °C and weighed. The 

IEC was calculated using the amount of OH-, divided by the weight of the dry membrane, 

which is shown in eq. 1. 

𝑰𝑰𝑰𝑰𝑰𝑰 =
 𝟐𝟐×𝑽𝑽𝑯𝑯𝟐𝟐𝑺𝑺𝑶𝑶𝟒𝟒  ×𝑰𝑰𝑯𝑯𝟐𝟐𝑺𝑺𝑶𝑶𝟒𝟒

𝑾𝑾𝒅𝒅𝒅𝒅𝒅𝒅
  (1) 

https://www.hitachi-hightech.com/global/sinews/new_products/080501/
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Where the V𝐻𝐻2𝑆𝑆𝑂𝑂4 is the volume of H2SO4 solution consumed in the titration, 𝐶𝐶𝐻𝐻2𝑆𝑆𝑂𝑂4 is the 

concentration of H2SO4 solution and W𝑑𝑑𝑑𝑑𝑑𝑑 is the weight of the dry membrane. 

Water uptake (WU), swelling ratio (SR) and hydration number (λ) were measured by 

calculating the change of membrane weight and dimension before and after hydration, 

respectively. The membrane in OH- form was soaked in deionized water for 48 h at room 

temperature. Then, the surface of the wet membrane was wiped with tissue paper to remove 

the water on the surface and weighed immediately. The hydrated membrane was dried in the 

oven at 60 °C overnight. For the calculation of WU, eq. 2 was used.  

𝑾𝑾𝑾𝑾 =  𝑾𝑾𝒘𝒘𝒘𝒘𝒘𝒘−𝑾𝑾𝒅𝒅𝒅𝒅𝒅𝒅 
𝑾𝑾𝒅𝒅𝒅𝒅𝒅𝒅

× 100%  (2) 

Where W𝑤𝑤𝑤𝑤𝑤𝑤 and W𝑑𝑑𝑑𝑑𝑑𝑑 were the weight of wet and dry membrane, respectively. 

SR was measured as the average swelling in width, length and thickness of the membrane 

before and after drying. This was measured by using eq. 3. 

𝑺𝑺𝑺𝑺 =  𝑫𝑫𝒘𝒘𝒘𝒘𝒘𝒘−𝑫𝑫𝒅𝒅𝒅𝒅𝒅𝒅 
𝑫𝑫𝒅𝒅𝒅𝒅𝒅𝒅

× 100%  (3) 

Where 𝐷𝐷𝑤𝑤𝑤𝑤𝑤𝑤 is the studied dimension of the wet membrane, such as width, length or thickness, 

and 𝐷𝐷𝑑𝑑𝑑𝑑𝑑𝑑 is the corresponding dimension after the membrane was dried. 

The hydration number is the number of water molecules per functional group and it was 

calculated by using eq. 4.  

𝝀𝝀 =
 𝒎𝒎𝑯𝑯𝟐𝟐𝑶𝑶

𝑴𝑴𝑯𝑯𝟐𝟐𝑶𝑶×𝑰𝑰𝑰𝑰𝑰𝑰
× 1000   (4) 

Where λ is the hydration number (dimensionless), m𝐻𝐻2𝑂𝑂 is water uptake (m𝐻𝐻2𝑂𝑂  = the weight 

of wet film – the weight of dry film). M𝐻𝐻2𝑂𝑂 is the molecular weight of water (g mol-1). 
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2.4 Thermal stability 

Thermal stability of the PPO-based samples was measured by thermogravimetric analysis 

(TGA) and differential scanning calorimetric (DSC). TGA was performed on a Perkin Elmer, 

TGA 4000 instrument. The sample was heated from 50 °C to 650 °C with a heating rate of 

10 °C/min under a nitrogen atmosphere. DSC was investigated under a nitrogen atmosphere 

using TA Instruments, Q20. The sample was heated from 50 °C to 350 °C in an open alumina 

pan with a heating speed of 10 °C/min under a nitrogen atmosphere. 

2.5 Mechanical properties 

Tensile testing of QPPO was performed using a Model-Tinius Olsen H25KS to obtain the 

stress-strain plot with a constant crosshead velocity of 2 mm min-1 for all the tests. 

2.6 Ionic conductivity and activation energy 

The membrane through-plane conductivity was measured by using an in-house test cell with 

an electrode area of 1.77 cm2. To avoid direct reaction with the CO2 in the air, the membrane 

was kept submerged in deionised water while loaded in conductivity cell and was tested 

under N2 atmosphere. The membrane was sandwiched between two gas diffusion layer 

carbon electrodes in the cell under 100 % relative humidity and elevated temperature, which 

was verified by temperature and humidity sensors, respectively. The ionic conductivity was 

calculated by using eq. 5. 

𝝈𝝈 =  𝟒𝟒𝟒𝟒
𝑺𝑺(𝝅𝝅𝒅𝒅𝟐𝟐)

  (5) 

Where 𝜎𝜎 is the hydroxide ionic conductivity, L is the membrane thickness, R is the resistance 

derived from the impedance value at a zero-phase angle, and d is the diameter of the actual 

testing area. The impedance was measured using the same procedure previously reported [38].  
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The activation energy (Ea) of ion transport is consistent with the energy barrier of anion 

migration [40]. Ea can be determined with the Arrhenium relationship between conductivity 

and temperature. The eq. 6 was as follows. 

𝑰𝑰𝑬𝑬 = −𝒃𝒃 × 𝑺𝑺𝒈𝒈 (6) 

Where b is the slope of linear regression of ln𝜎𝜎 versus 1000/T, and Rg is the gas constant. 

2.7 Alkaline stability 

The alkaline stability of the membrane was measured by immersing the membrane in 1 M 

KOH solution at room temperature and 60 °C for 500 h. Then, the change of IEC and weight 

loss were calculated based on before and after alkaline treatment data. 

2.8 Electrochemical measurements 

The electrochemical performance of the membrane and the ionomer were tested in 

electrolyser cells by preparing a membrane electrolyte assembly (MEA) using Pt/C catalyst at 

the cathode (0.4 mg cm-2) and NiCo2O4 at the anode (2 mg cm-2) [17]. At the anode side, 

titanium fiber felt GDL with a thickness of 0.3 mm and 78% porosity (Bekaert Toko metal 

fiber Co., Ltd.) was used for oxygen evolution reaction. The anode catalyst ink, consisting of 

NiCo2O4, 28 wt% ionomer and N-Methylpiperidine as the solvent, was sprayed on the 

Titanium GDL directly. As for the hydrogen evolution reaction electrode, non-wet-proofed 

carbon GDL with MPL (product code H2315 C9, Freudenberg Germany) was used. The 

catalyst at the cathode was 20% Pt/ C, 28 wt% ionomer and isopropanol. PPO membrane and 

ionomers synthesised in the current study were compared against bench-mark LDPE based 

AEM and SEBS ionomer reported previously [17, 41]. Autolab potentiostats instrument 

(PGSTAT302 N) was used to conduct the electrochemical analysis. Cyclic voltammetry 

studies were done by cycling between 1.3 to 2 V at a scan rate of 1 mV s-1 and the 



13 
 
 

 

electrochemical impedance spectroscopy was done at 1.7 V. The experiments were operated 

by circulating 0.1 M NaOH to both anode and cathode at 40 °C. 

3. Results and discussion 

3.1 FTIR spectroscopy 

  
Fig. 2. FTIR spectroscopic comparison of QPPO-7, ClPPO-7 and PPO. 

Fig. 2 shows the FTIR spectra of pristine PPO, ClPPO, and QPPO collected in the ATR mode. 

QPPO-7 and ClPPO-7 were tested. The signals at 1600 cm-1 and 1189 cm-1 were assigned to 

C=C bonds stretching in aromatic rings and C-O-C stretching, respectively and is that of the 

polymer backbone [42]. After chloromethylation, new peaks at 1260 cm-1 and 730 cm-1 were 

assigned to the C-Cl bonds [43], confirming the successful chloromethylation of the polymer. 

The broad bands at 3380 cm-2 were assigned to the stretching vibration of O-H bands in water. 

Furthermore, a new peak at 1120 cm-1 observed after quaternisation was assigned to the C-N 

vibration[29], indicating the successful introduction of the quaternary ammonium group [43]. 

3.2 1H and 13C NMR 

1H and 13C NMR spectroscopy were used to confirm the structure of ClPPO and calculate the 

degree of chloromethylation. Fig. 3(a) shows the 1H NMR spectra of pristine PPO (bottom), 
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partially chloromethylated PPO (middle) and fully chloromethylated PPO (top). Taking 

partially chloromethylated PPO as an example, additional signals in the spectra in 

comparison with pristine PPO can be seen. The signal at δ = 6.5 ppm corresponds to the aryl 

proton of PPO (labeled as a). Due to the electrophilic substitution, some aryl protons are 

shifted to δ = 6.1 ppm (labeled as d). The signal at δ = 5 ppm was assigned to the 

chloromethyl group (labeled as c), which confirms the chloromethylation. Owing to the 

deactivating effect of the chloromethyl group, mono-chloromethyl substituted aromatic 

compounds are obtained [32, 44, 45]. The signal at δ = 2.0 ppm was assigned to the methyl 

groups. Due to changes in its chemical environment and the effect of surrounding protons, the 

chemical shift and multiplicities of ClPPO were different from those of pristine PPO. To 

make it clearer in the following explanation, protons in the methyl groups were labeled as b, 

b’ & b’’ (Fig 3(a)).  

3.3 Cross-linking during chloromethylation 
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Fig. 3. (a) 1H NMR spectra of pure PPO (bottom), partially chloromethylated PPO (middle, 

ClPPO-5) and fully chloromethylated PPO (top, ClPPO-1) (CDCl3, 400 MHz). (b) The 

proposed cross-linked structure of ClPPO-5. (c) 13C NMR (CDCl3, 100MHz) of (b). (d) 13C 

NMR DEPT 135 spectra of (b). (e) the 1H NMR spectra of cross-linked ClPPO-5. 

The degree of chloromethylation (DC) was one of the significant parameters to characterize 

the degree of functionalization and has a significant effect on membrane performance. To the 

best of our knowledge, nearly all the reported literature calculated DC by using eq. (7) [31, 

43, 46, 47]. 
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𝑫𝑫𝑰𝑰𝟏𝟏(%) = 𝑨𝑨(𝑯𝑯𝒅𝒅)
𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝑬𝑬)+𝑨𝑨(𝑯𝑯𝒅𝒅)

× 100  (7) 

A: The integrated area of the proton signal in the 1H NMR spectra. 

As is shown in Fig. 3(a), once chloromethylation occurs, the chemical shift at position d 

changes from δ = 6.5 ppm to δ = 6.1 ppm. Thus, the area of protons (AP) at position d can be 

used to characterize the degree of chloromethylation. 

Apart from eq. (7), Manohar and co-workers used eq. (8), which uses a similar method and 

will be discussed in the following section. [33] 

𝑫𝑫𝑰𝑰′(%) = 𝟐𝟐𝑨𝑨(𝑯𝑯𝒄𝒄)
𝑨𝑨(𝑯𝑯𝒅𝒅)

× 100  (8) 

A: The integrated area of the proton signal in the 1H NMR spectra. 

Table S1 shows the degree of chloromethylation (error ± 5%) of ClPPO obtained under 

different experimental conditions, such as temperature, the ratio between reactants and 

catalyst, reaction time and the concentration of reactants. Theoretically, once the 

chloromethylation reaction occurs, the signals for 𝑯𝑯𝒅𝒅 and 𝑯𝑯𝒄𝒄 should appear simultaneously 

and the integration of 𝑯𝑯𝒅𝒅 peak i.e. 𝑨𝑨( 𝑯𝑯𝒅𝒅), should be half of that of 𝑯𝑯𝒄𝒄 since the amount of 

hydrogen at position 𝒄𝒄 is twice as much as that at position d i.e. 𝑨𝑨( 𝑯𝑯𝒅𝒅)/𝑨𝑨( 𝑯𝑯𝒄𝒄) = 0.5. 

However, as is shown in table S1, the ratios of 𝑨𝑨( 𝑯𝑯𝒅𝒅) and 𝑨𝑨( 𝑯𝑯𝒄𝒄) are not 0.5 for all prepared 

ClPPO samples, which suggests that there is a side reaction occurring. 

In fact, in the case of PPO, the alkylation would result in the linking of two aromatic rings 

with methylene bridge under Lewis acid environment (SnCl4) and produce a cross-linked 

PPO structure. This is also reported for other polymers such as polystyrene [48, 49]. As is 

shown in Fig. 4, there appears to be a competition between the chloromethylation reaction 

(Route A) and the cross-linking reaction (Route B). The side reaction between the 

chloromethyl groups and the aromatic rings should be considered. Therefore, we proposed a 
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cross-linked polymer structure after chloromethylation in Fig 3(b) and the cross-linking 

process route B as shown in Fig. 4. 

 

Fig. 4. The competition between chloromethylating reagent and substituted benzyl chloride 

for unsubstituted PPO. 

The proposed cross-linking structure was verified by 13C NMR spectra, as is shown in Fig. 

3(c). The signal at δ = 29.71 ppm corresponds to the methylene carbon (position d) in Fig. 

3(b) confirming the presence of cross-linking, and the signal at δ = 38.27 ppm corresponds to 

the chloromethyl carbon (position c) confirming the polymer chloromethylation [50, 51]. In 

order to verify the proposed cross-linked polymer structure further, 13C NMR DEPT 135 

spectroscopy of ClPPO was conducted. With this technique, CH and CH3 carbon atoms 

appear as positive signals and CH2 one appears as negative signals and quaternary carbon 

atoms do not show any signal. As is shown in Fig. 3(d), two signals (δ = 29.71 ppm and δ = 

38.37 ppm) appear under X-axis, which corresponds to methylene carbon and chloromethyl 

carbon, respectively, confirming the proposed cross-linking structure. 
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As is shown in Fig. 4, chloromethylation and cross-linking are competitive reactions even 

though cross-linking only occurs after chloromethylation reaction. These two reactions occur 

at the same benzene ring (position a). At a short reaction time, the chloromethylation reaction 

is very fast and will be the dominant reaction as the number of available aromatic rings is 

high, with an increase of reaction time and increase in substituted aromatic rings and decrease 

in aromatic rings available for substitution cross-linking reaction dominates. 

Therefore, we re-analyse the 1H NMR in Fig. 3(e). Taking partially chloromethylated PPO as 

an example, after chloromethylation, the area of protons (AP) at position c should be twice as 

that at position d. Once cross-linking occurs, one methylene group will be generated and 

connected to two benzene rings. Thus, the AP at position e should be equal to that at position 

d’. Furthermore, the AP at position c or d can thus be used to estimate the unreacted 

chloromethyl groups, which corresponds to the practical degree of chloromethylation after 

cross-linking. The AP at position d’ or e can be used to estimate the number of methylene 

groups, as well as the cross-linking degree. However, the protons at positions d and d’ have 

similar chemical shifts (ca. 6.1 ppm), which makes it difficult to distinguish between the two 

and to determine the degree of cross-linking. Therefore, when calculating the degree of 

chloromethylation, the protons at position c should be considered. Thus, a new equation has 

been proposed here using the ratio among 𝑨𝑨( 𝑯𝑯𝒄𝒄), 𝑨𝑨( 𝑯𝑯𝑬𝑬), 𝑨𝑨( 𝑯𝑯𝒅𝒅) and 𝑨𝑨( 𝑯𝑯𝒅𝒅′) as eq. (9), 

(designated as DC2). 

𝑫𝑫𝑰𝑰𝟐𝟐(%) = 𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝒄𝒄)
𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝑬𝑬)+𝑨𝑨(𝑯𝑯𝒅𝒅 )+𝑨𝑨� 𝑯𝑯𝒅𝒅′�

× 100  (9) 

𝑨𝑨( 𝑯𝑯𝒅𝒅) plus 𝑨𝑨( 𝑯𝑯𝒅𝒅′) equals 𝑨𝑨( 𝑯𝑯𝒅𝒅,𝑯𝑯𝒅𝒅′) which can be used to instead 𝑨𝑨( 𝑯𝑯𝒅𝒅) and 𝑨𝑨( 𝑯𝑯𝒅𝒅′). 

As discussed above, the generation of the methylene bridge (position e) indicates the cross-

linking of ClPPO, and there are two protons in the methylene bridge, therefore, CLD should 

be half of AP at position e. CLD can therefore be calculated by eq. (10) 
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𝑰𝑰𝟒𝟒𝑫𝑫(%) = 𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝒘𝒘)
𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝑬𝑬)+𝑨𝑨(𝑯𝑯𝒅𝒅 )+𝟎𝟎.𝟓𝟓𝑨𝑨� 𝑯𝑯𝒅𝒅′�

× 100  (10) 

It can be observed that AP at position e should be the same as that at position 𝒅𝒅’, i.e., 𝑨𝑨(𝑯𝑯𝒘𝒘) 

equals to  𝑨𝑨( 𝑯𝑯𝒅𝒅′) . Thus, 𝑨𝑨( 𝑯𝑯𝒅𝒅) equals to (𝑨𝑨(𝑯𝑯𝒅𝒅, 𝑯𝑯𝒅𝒅′) −  𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝒘𝒘)).  Due to the same 

chemical shift of protons at positions 𝒅𝒅 and 𝒅𝒅’, the eq. (10) can be converted as eq. (11). 

 𝑰𝑰𝟒𝟒𝑫𝑫(%) = 𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝒘𝒘)
𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝑬𝑬)+𝑨𝑨�𝑯𝑯𝒅𝒅, 𝑯𝑯𝒅𝒅′�+𝟎𝟎.𝟓𝟓𝑨𝑨(𝑯𝑯𝒘𝒘) × 100  (11) 

Therefore, if eq. (7) is used to calculate the degree of chloromethylation, i.e., DC1, the cross-

linking was not taken into consideration, thus, the result should be inaccurate and higher than 

the actual one. This might be the main reason resulting in the differences of 𝑨𝑨(𝑯𝑯𝒅𝒅)/

𝑨𝑨(𝑯𝑯𝒄𝒄) between the theoretical and calculated values in table S1. As a result, the alkylation 

reaction would not only produce the cross-linked structure with a methylene bridge, but also 

give a higher 𝑫𝑫𝑰𝑰 value if eq. (7) was used. This might explain the earlier observation in the 

introduction, i.e., the membrane with a high degree of chloromethylation shows low ionic 

conductivity. As for eq. (8), the protons at position a are not considered and this will cause an 

overestimate of 𝑫𝑫𝑰𝑰. 

As is shown in table S1, the reaction conditions have a significant effect on 𝑫𝑫𝑰𝑰𝟐𝟐 and 𝑰𝑰𝟒𝟒𝑫𝑫. 

The details were studied and analysed in the supplementary information. When other reaction 

conditions are fixed, a high ratio/concentration of catalyst is more beneficial for 

chloromethylation at low temperatures, while long reaction time and high temperature 

facilitate cross-linking. Finding a suitable range for 𝑫𝑫𝑰𝑰𝟐𝟐 and 𝑰𝑰𝟒𝟒𝑫𝑫. not only has a significant 

influence on the membrane preparation process, but also largely determines the properties of 

anion exchange membranes. When the degree of cross-linking is high (>4.8%), the polymer 

becomes insoluble in chloroform and after filtration. No NMR signal of the polymer could be 

detected. 
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In order to ensure the solubility in NMP during quaternisation process, ClPPO polymers with 

the DC2 higher than 29.5% and CLD lower than 4.8% were found to be suitable for 

quaternisation and membrane processing. The studies on the quaternisation process were 

shown in the supplementary information. 

3.4 Morphology 

 

Fig. 5. The SEM images of (a) surface and (b) cross-section of QPPO-14 (dry, thickness 110 
μm). (c) The TEM image of the QPPO-14 membrane stained with tetrachloroplatinate ions. 

The SEM images of surface and cross-section are shown in Fig. 5(a) and (b). A uniform and 

smooth structure can be observed. The membrane is homogeneous and sense.[33, 52] The 

TEM image was shown in Fig. 5(c). in which the phase separation was observed.[53] The 

dark and bright regions represent the hydrophilic and hydrophobic domains, respectively.[54] 

10µm 

(a) 

10µm 

(b) 

100µm 

(c) 

Dark region 

Bright region 
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3.5 Thermal stability 

 

Fig. 6. (a) The DSC and (b) TGA curves of pure PPO, ClPPO-14 and QPPO-14. 

Thermal stability of the functionalized polymer is also an important property of AEMs and 

thus DSC and TGA were used to study QPPO thermal properties. Fig. 6(a) and (b) shows the 

DSC and TGA curves of PPO, ClPPO and QPPO. ClPPO exhibits a clear glass transition 

temperature around 160 °C. The glass transition temperature (Tg) of PPO polymer is at 210 

oC. For TGA, there is only one degradation step at 430 oC, indicating the high thermal 

stability. The data are in accordance with the results reported in the papers [55-57]. For 

QPPO, there is a small endothermic peak at 100 °C, which is caused by the vaporisation of 

residual water from inside the membranes. As is shown in table S4, for TGA curves, the 

QPPO AEM exhibits a small mass loss (<5%) below the temperature of 150 °C, which is 

attributed to inner water loss from the polymer [58]. As discussed earlier that QPPO shows 

good water uptake. Even the membranes were fully dried in a vacuum oven at 60 °C before 

the thermal stability tests, the QPPO rapidly absorbed water from the air during sample 

transfer to the TGA instrument. The onset decomposition seen at 170 °C in QPPO is due to 

the degradation of the head group [59]. Finally, the second stage weight loss occurs around 

400 °C can be assigned to backbone chain decomposition. 
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3.6 Mechanical Properties 

 

Mechanical properties of QPPO-14 with different IEC were tested at room temperature. The 

membranes in hydroxide form were submerged in water for 1 h before testing. As is shown in 

Fig. 7, QPPO-14 was chosen owing to the suitable degree of chloromethylation and its 

potential application in water electrolyser. The stress of break and elongation of QPPO-14 

(2.20 mmol g-1) is above 12 MPa and 3 % respectively, which is in agreement with the values 

reported by Wu and co-workers (17 MPa and 3.5 %, shown in table 1) for similar IEC 

membrane (2.10 mmol g-1) but with QPPO-14 exhibiting over 7 folds increase in ionic 

conductivity and water uptake [42]. As expected in comparison to lower IEC reported QPPO 

membrane (table 3, 1.0 mmol g-1) [34]. QPPO-14 (2.20 mmol g-1) shows an order of 

magnitude lower elongation at break and half the ultimate tensile strength, due to high IEC 

and high swelling up but over 8 folds higher conductivity and water uptake. 

A comparison of membrane properties among ion exchange membranes based on varieties of 

backbones was shown in table 1. In comparison to QPO-A which was also prepared via 

Friedel-Crafts reaction by using different chloromethylation reagents [42], QPPO shows a 

higher ionic conductivity and higher IEC. Besides, compared with radiation grafted low-
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density polyethylene with vinylbenzyl chloride functionalised with TMA (LDPE-g-VBC-

TMA) [41], QPPO shows the same level of ionic conductivity but a much higher ultimate 

tensile strength. QPPO-A and QPPO-B were also prepared by using Friedel-Crafts reaction 

but with different chloromethylation reagents, exhibiting a much lower IEC and ionic 

conductivity [34, 42]. As is shown in table 1, compared with LDPE-g-VBC-TMA [17, 41], 

QPPO exhibits higher tensile strength owing to the rigid aromatic structure in the backbone. 

Compared with the commercial AEMs FAA3, QPPO shows lower ultimate tensile strength 

[23]. Reinforcement of the membrane by pore filling or fibre integration can be done to 

improve further the mechanical properties of the QPPO based membrane. When compared 

with Nafion 212 [41, 60], QPPO demonstrates higher ultimate tensile strength despite having 

more than double the IEC. Different from the linear perfluorosulfonic structure of Nafion 212, 

QPPO in this work shows high water uptake (WU) which inevitably increases the swell ratio 

(SR) and thickness. The cross-linking structure prevents further expansion of the molecular 

chain when more water molecules gather near the functional groups. 

Table 1. The properties of different membranes at room temperature. 
Sample IECa 

(mmol g-

1) 

Thickness 
(wet, μm) 

𝜎𝜎 (mS 
cm-1) 

WU 
(wt %) 

SRd 
(wt %) 

Ultimate 
tensile strength 

(MPa) 

Elongation 
at break 

(%) 
QPPO-14 (this work) 2.20 160 58.3 430 49 14 3.1 

QPPO-A [42] 2.1 151 7.9 24 –e 17 4.3 
LDPE-g-VBC-TMA 

[17, 41] 
2.3 96 & 120 54 254 38.8 2.4 41 

Nafion 212 [41, 60]  0.91 51 77.4bc 14.93 39.6 9 85 
QPPO-B [34] 1 – 7 26.4 – 28.8 43.4 

Fumasep® 
FAA3 [23] 

1.7-2.1 25-35 40 - 2(Br) 40 20-40 

aIEC is mmol Cl- per gram. bThe conductivity was tested at 30 oC. cThe ionic conductivity of Nafion 212 was 
proton conductivity. dThe length changes were measured. e– means no data obtained. 
 
3.7 IEC, Ionic conductivity, water uptake and swelling ratio  
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Fig. 8. (a) Ionic conductivity of membranes with different IEC as a function of temperature. 

(b) The Arrhenius-type temperature plots. 

Ionic conductivity is another important property to evaluate the ability of AEMs to transfer 

hydroxide ions and consequently affecting IR loss in water electrolyser. The ionic 

conductivity and activation energy were calculated by using eq. 5 and eq. 6, respectively. Fig. 

8(a) shows the through-plane conductivity of different membranes. QPPO-14 (2.20 mmol g-1), 

QPPO-13 (2.01 mmol g-1) and QPPO-7 (1.75 mmol g-1) were tested from room temperature 

to 80 °C. All these three membranes showed an increase in conductivity with the increase of 

temperature to 80 °C. As expected, membranes with higher IEC and large channels for water 

transportation display higher conductivity at the same temperature. For example, at 20 °C, the 

ion conductivity of QPPO-14 is around 0.058 S cm-1, which is higher than that of QPPO-13 

(0.045 S cm-1) and QPPO-7 (0.027 S cm-1). QPPO-14 exhibited one of the highest ionic 

conductivity (0.133 S cm-1 at 80 oC) in comparison to other reported PPO-based membranes 

in the literature (with a higher degree of chloromethylation also prepared via Friedel-Crafts 

reaction) [29, 31-34]. The ionic conductivity at elevated temperature was also presented as 

the Arrhenius plot. Ion conduction is facilitated when the activation energy is low. As is 

shown in Fig. 8(b), the OH- conductivity shows an approximate exponential temperature 

dependence [61]. The relationship between ionic conductivity and temperature follows the 
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Arrhenius equation. Active energy (Ea) is the minimum energy required for the chemical 

reaction. The lower the Ea, the lower the energy barrier for hydroxide transport [62, 63]. The 

Ea values of QPPO-14, QPPO-13 and QPPO-7 are 12.26, 8.53 and 12.13 KJ mol-1, 

respectively, lower than that reported for other AEMs (18 KJ mol-1) [64, 65]. This suggests 

there is rapid hydroxide transport in prepared QPPO AEMs [65-67]. QPPO-13 exhibited the 

lowest Ea value, which suggests the facile transport of OH- ions through ion channels which 

can be attributed to higher water uptake. The crosslinking degree of QPPO-13 is lower than 

that of QPPO-14 and QPPO-7 (see table S1 in supplementary data). The tight crosslinking 

structure of QPPO-14 and QPPO-7 will result in lower water uptake causing an adverse effect 

on the ionic conductivity [68, 69]. 

The water uptake and the swelling ratio were shown in table 1. The swelling up occurs in all 

directions, including length, width and thickness. It is not difficult to observe that the water 

uptake is quite high for QPPO while that of Nafion is low. This might be due to the higher 

molecular weight for Nafion in comparison with H2O since Nafion is perfluorosulfonic acid 

membrane and the IEC of Nafion is relatively low. When absorbing the same amount of 

water, Nafion will show lower water uptake. But for PPO, the molecular weight is quite low, 

thus the water uptake is quite high. The high water uptake was also observed for the LDPE 

membrane [41]. 
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3.8 Alkaline stability 

 

Fig. 9. IEC and weight remained of QPPO-14 (2.20 mmol g-1) after immersing in 1 M KOH 

at 25 oC and 60 oC for 500 h. 

AEMs need to have good chemical stability for the long-term application in water 

electrolyser. The IEC and weight change of QPPO-14 (2.20 mmol g-1) were measured after 

immersion in 1M KOH at 25 oC and 60 oC for 500 h. IEC and the weight of the samples were 

measured. As is shown in Fig. 9, temperature has a vital influence on degradation. The aged 

QPPO-14 retained >88 % of its IEC and > 94% of its original mass at 25 oC after 500 h. On 

the other hand, at 60 oC, PPO-14 retained only 43 % of its IEC but 84% of its original mass, 

suggesting that most of the degradation is affecting the head group instead of the backbone. 

This might result from steric hindrance[70, 71]. The cross-linking structure and the methyl 

groups around the ether bond might protect the backbone from the attack from the OH-. 

Besides, the decrease for the IEC is expected from alkaline degradation involving the TMA 

head group. As reported in the literature [41, 72], TMA is a good leaving group and the 

degradation is mainly due to the OH- attack on the TMA cation group via nucleophilic 

substitution in a high alkaline environment (pH>13). Benzylic alcohol is produced 

consequently. Stevens rearrangement for the benzyl-TMA group is also a minor 

decomposition route [73], in which process, a ylide intermediate is formed firstly and then a 
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tertiary amine and water are produced finally. In our tests, we aim to use low concentration 

alkaline supporting electrolyte of 0.1M and ideally deionised as of PEMWE systems. We will 

be dedicating separate research articles on detailed understanding and study of degradation of 

PPO based AEM in an environment relevant to water electrolyser [74].  

As is shown in table 2, QPPO based membrane showed 67 % loss of IEC, higher than that of 

the uncrosslinked QPPO based membrane (40 % loss of IEC) [75], because QPPO based 

membrane had higher IEC and suffered more attack from OH- ions [57]. Compared with the 

other types of membranes [76-79], QPPO based membranes showed poor alkaline stability. 

There are two main reasons. On the one hand, the ionic conductivity of other membranes is 

much lower than QPPO based membranes, which decreases the possibility of losing the 

functional group. On the other hand, compared with other functional groups, for instance, the 

imidazole group (Im) [80], benzyl ammonium has relatively low alkaline stability. Therefore, 

the membrane needs to be reinforced in future work to protect the functional group. 

Table 2. Alkaline stability comparison of reported membranes. 

Sample 
IEC 

(mmol g-1) 
𝜎𝜎 

(mS cm-1) 
Testing condition Stability result Ref 

QPPO 2.2 
59 

(20 °C) 
1 M KOH at 60 °C 

for 500 h 
67 % loss of IEC This work 

Uncrosslinked QPPO 1.78 - 
1 M KOH at 60 °C 

for 30 days 
40 % loss of IEC [75] 

QMter-co-Mpi-100% 2.42 35 (30 °C) 
1 M KOH at 60 °C 

for 500 h 
3.3 % loss of IEC [78] 

PES-Im-38 1.86 
57.6  

(80 °C) 
1 M KOH at 60 °C 

for 168 h 
7.5 % loss of IEC [80] 

MBPES 2.03 
105 

(80 °C) 
1 M KOH at 60 °C 

for 200 h 
10.8 % loss of IEC [76] 

QAPS-OH 1.34 
18 

(30°C) 
1 M NaOH at 60 °C 

342 h 
5.2 % loss of IEC [77] 
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3.9 Electrolysis test 

The electrochemical performance of the membranes and the ionomers were tested in 

electrolyser cells by preparing a membrane electrolyte assembly (MEA) using Pt/C catalyst at 

the cathode (0.4 mg cm-2) and NiCo2O4 at the anode (2 mg cm-2) [17]. The active area is 1 

cm2. The performance was recorded through steady state linear sweep voltammetry at a scan 

rate of 1 mVs-1 between 1.3 and 2V in 0.1 M NaOH at 40 °C [14]. In this paper, QPPO-14 

(2.20 mmol g-1) was used as both membrane (M, 160 μm) and ionomer (I) due to the 

consideration of ionic conductivity and compatibility between the membrane and ionomer. 

Using the same QPPO, the membranes and the ionomer will have similar properties, which 

offers better contact in the interface and reduces the contact resistance. The test was 

benchmarked against radiation grafted low-density polyethylene (LDPE) AEM membrane 

(2.30 mmol g-1, 120μm) reported elsewhere [72]. The PPO based ionomer was also 

benchmarked against uncross-linked quaternised polystyrene-b-poly(ethylene/butylene)-b-

polystyrene (SEBS) (1.9 mmol g-1) ionomer with bulky ionic clusters (60% wt styrene) 

reported elsewhere [17]. Despite QPPO-14 having higher IEC than SEBS based ionomer, its 

rigid structure, CLD of 3.8% and lower SR, results in significantly lower ionic conductivity 

at 40 °C of  0.08 vs. 0.13 S cm-1 for SEBS [17]. The lower swelling ratio, while desired for 

membrane mechanical stability, is expected to show slower water permeation through the 

membrane/ionomer, a critical factor for superior AEM performance [81]. Fig. 10(a) shows 

the comparison of the electrolyser performances by using the different combinations of 

membrane and ionomer. Their corresponding impedance data are shown in Fig. 10(b). The 

electrolyser with the combination of PPO membrane and SEBS ionomer performed lower 

compared to the other three electrolyser samples over the full testing voltage range. To obtain 

the current density of 100 mA cm-2 with supporting electrrolyte of 0.1 M NaOH at 40 °C, cell 
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voltage for MLDPE-IPPO, MLDPE-ISEBS, MPPO-IPPO, and MPPO-ISEBS electrolysers were 1.74 V, 

1.73 V, 1.74 V and 1.77 V, respectively. At 1.75V, the current density of the four different 

combination of membranes and ionomers were 102 mAcm-2 (MLDPE-IPPO), 127 mAcm-2 

(MLDPE-ISEBS), 120 mAcm-2 (MPPO-IPPO) and 73 mAcm-2 (MPPO-ISEBS), respectively. There was 

small difference in the performance of MLDPE-IPPO, MLDPE-ISEBS and MPPO-IPPO samples in 

comparison to that of MLDPE-ISEBS. At the studied conditions of low concentration of 

supporting electrolyte (pH 13), ionomer conductivity plays important role in catalyst layer 

utilisation and electrolyser performance. Equally, the interaction of ionomer-membrane and 

membrane mechanical properties is equally important. Both the chemical and mechanical 

compatibility between ionomer and membrane will affect significantly the contact resistance 

and area specific resistance (ASR). Membrane mechanical properties will also affect 

indirectly the catalyst layer performance. Softer membranes with lower tensile strength will 

result in better contact of catalyst layer with membrane resulting in lower contact resistance 

and improved catalyst layer utilisation. However, soft membranes with low tensile strength 

will suffer from faster failure. Softer membranes will be compressed and become thin under 

compression while initially resulting in lower area specific resistance this will eventually 

result in a short circuit with time. For example, the LDPE membrane showed failure after 50 

h of operation [17, 82]. Compared with LDPE-based membrane [83], PPO-based membrane 

is more rigid due to the high content of aromatic rings in the backbones, which will cause less 

shape and thickness changes, in agreement with mechanical properties testing shown and 

discussed in table 3 above. The changes in the area specific resistance calculated from the 

impedance at the cell voltage of 1.7 V are shown in table S5. ASR for four the studied 

samples were 116 mΩ cm-2 (MLDPE-IPPO), 104 mΩ cm-2 (MPPO-IPPO), 184 mΩ cm-2 (MPPO-ISEBS) 

and 150 mΩ cm-2 (MLDPE-ISEBS). PPO-based membranes (in combination with PPO ionomer) 
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showed  slightly lower ASR to that of LDPE based AEM which is desired for use in 

electrolysers despite the higher thickness of PPO membrane in comparison to LDPE based 

membrane [17]. The lower ASR values for MLDPE-IPPO and MPPO-IPPO in comparison to that of 

MLDPE-ISEBS and MPPO-ISEBS can be explained by better compatibility between membrane and 

ionomer resulting in lower contact resistance. On the other hand, the similar chemical and 

mechanical compatibility between LDPE and SEBS explains the lower ASR of LDPE-SEBS 

in comparison to that of PPO-SEBS.  

As is shown in Fig. 10(b), the charge transfer resistance (CTR) measured at 1.7 V for the 

MLDPE-IPPO, MPPO-IPPO, MPPO-ISEBS and MLDPE-ISEBS electrolysers were 1.24 Ω cm-2, 1.23 Ω 

cm-2, 1.71 Ω cm-2 and 0.92 Ω cm-2, respectively. This supports the earlier discussion on the 

effect of ionomer conductivity and water permeability on performance and catalyst utilisation. 

When using low supporting electrolyte concentration, most ion transport in the catalyst layer 

occurs via the ionomer. Hence, the most active fraction of the catalyst layer is that adjacent to 

the membrane which is largely influenced by the good intimate contact and a continuous 

ionic path between the catalyst layer and the membrane. Importantly, higher conductivity and 

SR of SEBS in comparison to QPPO ionomer resulted in the seen 26% lower charge transfer 

resistance when used with the same LDPE membrane. While poor compatibility between 

QPPO membrane and SEBS ionomer resulted in seen highest charge transfer resistance of 

MPPO-ISEBS of 1.71 Ω cm-2. This highlights the importance of ionomer properties and 

compatibility with membrane on AEM water electrolysis performance at lower voltages and 

current densities (< 0.2 A cm-2 and 1.78 V). As current density increases, and membrane IR 

loss or ASR become more dominant energy loss over kinetic losses, QPPO based membrane 

AEMWE showed similar performance to that of LDPE based AEMWE despite having 25% 

higher thickness. This shows the promising potential of using QPPO as an AEMWE 
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membrane offering lower ASR and SR and consequently lower energy loss and stability 

towards membrane mechanical failure. Ionomer study reveals the importance of ionomer 

properties and compatibility with membrane on AEM water electrolysis performance and 

displays the critical trade-off between ionic conductivity and catalyst utilisation of the 

ionomer on one hand and SR, rigidity and mechanical properties on the other hand with 

SEBS based ionomer has superior properties of the former and QPPO the latter. 

 

Fig. 10. Polarization curves (a) and corresponding impedance data (b) of different 

combinations of membrane and ionomer. MLDPE-ISEBS means LDPE as membrane and SEBS 

as ionomer, MLDPE-IPPO means LDPE as membrane and PPO as ionomer, MLDPE-ISEBS means 

LDPE as membrane and SEBS as ionomer. MPPO-IPPO means PPO as membrane and ionomer, 

and MPPO-ISEBS means PPO as membrane and SEBS as ionomer. The tests were conducted in 

0.1 M NaOH at 40 °C. 

4. Conclusion 

Quaternised Poly(2,6-dimethyl-1,4-phenylene oxide) (QPPO) based anion exchange 

membranes were prepared successfully via Friedel-Crafts reaction using SnCl4 as catalyst and 

1,3,5-trioxane and chlorotrimethylsilane as ‘environmentally friendly’ chloromethylating 

reagents. The overlooked cross-linking side reaction during the chloromethylation process 
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was analysed and new equations to calculate the degree of chloromethylation (DC) and cross-

linking degree (CLD) were proposed. QPPO based membrane also showed good mechanical 

and thermal properties. The stress of break and elongation of QPPO based membranes was 

found to be above 12 MPa. Alkaline stability tests were conducted in 1M KOH at 25 °C and 

60 °C for 500 h, revealing that the main degradation occurred to the functional group rather 

than the backbone with a 6% loss of IEC. QPPO (2.2 mmol g-1) was employed as both 

membranes and ionomers in electrolyser tests, displaying good electrolysis performance. The 

area specific resistance for MPPO-IPPO electrolysers was as low as 104 mΩ cm-2at 40 ºC and 

0.1M NaOH, and the current density was 814 mAcm-2 when the potential was 2.0 V. QPPO 

shows promising potential as AEMWE membrane offering lower ASR and SR and 

consequently lower energy loss and stability towards membrane mechanical failure.  
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