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Abstract 

In the pursuit of good performing, low cost, and scalable anion exchange membranes (AEM), a series of 

blended electrolytes based on cross-linked quaternized Poly-epichlorohydrin (qPECH) and Polyvinylidene 

fluoride (PvDF) were prepared to evaluate their suitability for AEM fuel cells application. The thermo-

mechanical and swelling analyses revealed the blending of these two macromolecules produces robust and 

heat-resistant microphase-segregated membranes with good dimensional stability. By varying the blend 

ratio, the ion exchange capacity (IEC) and transport properties of the resulting membrane can be easily 

adjusted and optimized with clear impact on its electrochemical performance. At 67:33 wt% blend ratio, 

high hydroxide conductivity (i.e. 56.3 mS cm-1 at 80 °C) and quite reasonable alkaline stability were 

achieved. The single H2-O2 fuel cell using the qP-67 membrane yielded a beginning-of-life maximum 

power density of 32 mW cm-2 and an open circuit voltage (OCV) of 1.03 V at 50 °C without optimization. 

These preliminary results demonstrate the qPECH/PvDF blended membranes can be potentially applied in 

AEMFCs. 

Keywords: cross-linked quaternized poly(epichlorohydrin); anion exchange membrane, blended 

polymers; PFG-NMR; alkaline stability; fuel cell performance. 
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1. Introduction 

Being able to conjugate high power density and superior energy conversion efficiency with zero 

pollution emission, the proton exchange membrane fuel cells (PEMFCs) are widely recognized as 

one of the most promising sustainable and environmentally friendly power technology1. 

Nevertheless, their practical application and commercialization is still limited by several technical 

issues such as the high cost of materials (i.e., Nafion perfluorinated membranes and noble metal 

catalysts) and the poor long-term stability under high operating temperature2,3. Anion exchange 

membrane fuel cells (AEMFCs), generally designed to conduct hydroxide anions preferentially, can 

potentially circumvent the aforementioned drawbacks of PEMFCs and may provide a possible route 

to the realization of inexpensive, platinum-free fuel cell technology. Due to the alkaline working 

conditions, AEMFCs have faster electrochemical reaction kinetics and a lower overpotential for 

fuel oxidation than PEMFCs. This implies non- noble metal4,5, transition metal oxides6,7 and even 

metal-free formulations8 can be used as electrode catalysts. In light of the above, AEMFCs have 

been constantly gaining attention9,10. 

As one of the key components for AEMFCs, the anion exchange membrane (AEM) is particularly 

indispensable to anion transportation, fuel/oxidant separation and catalyst supporting and thus plays 

a vital role in determining the device performance9,11. Therefore, many efforts have been devoted to 

the preparation of AEMs with good conductivity and satisfactory thermo-mechanical properties for 

AEMFC application. To date, a large variety of AEMs based on poly(ether ketone)s12, poly 

(ethersulfone)s13, poly(arylene ether)14, poly(vinyl alcohol)15, poly(vinylidene fluoride)16, 

polyethylene17, and poly(ether imide)s18,19 etc. have been reported for use in anionic fuel cells. In 

most of the cases, the synthetic strategy foresees the chloromethylation of aromatic backbone 

followed by quaternary amination of the benzylchloromethyl groups. This approach generally 

ensures a very high reaction efficiency, but is relatively complicated to handle and, more important, 

is environmentally unfriendly20,21. Especially for the chloromethylation procedure, indeed, highly 

toxic and carcinogenic reactant are commonly required22,23. To overcome these shortcomings, 

several authors have recently exploited the possibility to use polymers with mainchain carrying 

inherent chloromethyl groups24,25. Since the chloromethylation step is avoided, this is, so far, the 

best approach to simultaneously protect the worker safety and face environmental concerns while 

preparing polymer membranes able to transport hydroxide anions. In this regard, a polymer that 

deserves further investigation is the polyepichlorohydrin (PECH). PECH is a low-cost, ion-

solvating polymer and polyelectrolyte showing a relatively high ion exchange capacity, low gas 

permeability, and satisfactory chemical resistance26. As above mentioned, chloromethyl groups are 
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inherently present in the mainchain of this elastomer, implying that a large number of quaternary 

ammonium functionalities can be introduced simply by nucleophilic substitution27. Despite the 

great potential, however, the poor dimensional stability in water, resulting in mechanical brittleness, 

makes quaternized PECH (qPECH) unsuitable for practical application in AEMFCs24. A promising 

and cost-effective strategy to counter this issue is the blending of qPECH with an uncharged 

polymer matrix. For example, Guo et al. firstly fabricated qPECH-based blends for a direct 

methanol alkaline fuel cell adopting porous polytetrafluoroethylene (PTFE) as inert hydrophobic 

polymer. The resulting AEMs exhibited good thermal, mechanical and alkaline stability and 

relatively low methanol permeability27. Following this approach, Hu et al. prepared cross-linked 

qPECH/PTFE membranes with excellent anti-swelling properties and good long-term stability able 

to yield a peak power density of 23 mW cm-2 at 50 °C during single H2/O2 AEM fuel-cell tests28. 

Research findings indicated that the excessive swelling ratio of qPECH can be effectively mitigated 

by adding hydrophobic PTFE, with minor detrimental effect on the proton conductivity of the 

resulting electrolyte. Unfortunately, due to the low compatibility between the qPECH and PTFE 

macromolecules, the homogeneous distribution of the two components remains quite tricky. 

Recently, Han et al. successfully prepared homogeneous blends based on cross-linked qPECH and 

PvDF with semi-interpenetrating polymer network (sIPN) morphology29. The specific benefits of 

this kind of alkaline polymer electrolyte included (i) a facile and scalable synthetic procedure, (ii) 

extraordinary thermo-mechanical and dimensional stability, and (iii) remarkable electrochemical 

performance in electrodialysis stack. In spite of the great potential, however, none of the previous 

studies explored the possibility to use this kind of blend in AEMFC devices. Similarly, the real 

hydroxyl conductivity and the stability in alkaline media of qPECH/PvDF membrane are still 

unknown. 

To fill this lack, herein, we propose a deep chemico-physical and electrochemical characterization 

of anion exchange membranes based on linear PvDF and cross-linked PECH. In this study, 1,4-

Diazabicyclo [2.2.2] octane (DABCO) was used both as cross-linking agent and as “active site” for 

the simultaneous quaternization of PECH macromolecules. Using the effective sIPN approach 

described by Han et al, cross-linked qPECH/PvDF membranes at different blend ratios were 

prepared and characterized for their thermo-mechanical behavior, swelling features, water mobility 

and ion conductivity. DSC and DMA analyses were carried out to investigate the thermal and 

mechanical properties, respectively, while water dynamics inside the hydrophilic clusters of the 

blends were investigated by swelling tests and NMR spectroscopy. This latter was particularly 

useful in providing crucial information on the molecular dynamics of water by the direct 

measurements of the self-diffusion coefficients (Pulse Field Gradient NMR method) and relaxation 
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times (T1) values. Electric impedance spectroscopy has been widely used to assess the hydroxide 

conductivity and the alkaline stability. Finally, real FC performance was measured in single H2/O2 

fuel cell tests which is, to our best knowledge, inedited for this type of system. 

 

2. Experimental section 

2.1 Materials 

Poly-epichlorohydrin (PECH), Polyvinylidene fluoride (PvDF), 1,4-Diazabicyclo [2.2.2] octane 

(DABCO), and N, N-dimethyl-formamide (DMF) were all purchased from Aldrich and used as 

received. 

 

2.2 Preparation of the anionic membranes 

qPECH/PvDF blended membranes were prepared according to the procedure reported by Han et 

al.29 and schematized in Figure 1. PECH and PvDF polymers were dissolved in N, N-dimethyl-

formamide (DMF) at 80 °C for 3 h under reflux in a 2-necks round-bottom flask. After complete 

dissolution, the appropriate amount of DABCO was slowly added and the reaction kept under 

vigorous stirring for 1 h at 80 °C. The DABCO/PECH molar ratio was kept equal to 0.8 in order to 

favour the crosslinking process30. The resulting solution was then cast on a glass plate and heated at 

55 °C for at least 24 h to achieve the complete evaporation of the solvent. 

 

 

Figure 1. Schematic representation of the qPECH-PvDF blend preparation procedure. 
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Table 1 summarizes the composition of prepared membranes. Blends at different polymer ratios, i.e. 

50:50, 60:40 and 67:33 wt%, were prepared and designated as qP-x, where x stands for the mass 

percentage of qPECH in the qPECH/PvDF blend. Before any characterization, all the membranes 

were chemically activated by immersion in 1 M KOH solution for 48 h, rinsed in distilled water 

then heated in a vacuum oven at 50 °C till dryness. The dry thickness ranged between 100-105 μm. 

It is possible to see in Figure 2 that all the membranes were yellow, mostly transparent, flexible, and 

macroscopically homogeneous, i.e. without any cracks or defects.  

 

 

Figure 2: Photos of (a) qP-50; (b) qP-60 and (c) qP-67 membranes. 

 

Table 1. Composition of the three polymer membrane solutions. 

Membrane 
PECH 

[g] 

DABCO 

[g] 

PvDF 

[g] 

DMF 

[ml] 

Blend ratio 

[wt%] 

qP-50 0.15 0.15 0.15 10 50:50 

qP-60 0.18 0.18 0.12 10 60:40 

qP-67 0.20 0.20 0.10 10 67:33 

 

 

2.3 Characterization and Measurements 

2.3.1 Ion Exchange Capacity (IEC), water uptake (w.u.) and volume variation (ΔV). 

Ion exchange capacity (IEC) was determined by classical back titration method. A piece of each 

membrane was weighted (Wdry) and soaked in 100 mL of 0.1 N HCl solution for 48 h to undergo an 
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ionic exchange process. The resulting acidic solution was then back titrated with a 0.1 N NaOH 

solution. The IEC value was calculated by the following Eq. 1. 

𝐼𝐸𝐶 =
( ) ( )

∙ 100;   [meq∙g-1]    (Eq. 1) 

Where ni(H
+

) and nf(H
+

) are the moles of H+ in the HCl solution before and after the equilibrium, 

respectively. 

Water uptake and volume variation were measured on rectangular shaped samples (10 mm x 30 

mm) by soaking the dried membrane (Wdry and Vdry = length * width * thickness) in deionised 

water at room temperature for 24 hours. It was then quickly dried with tissue paper to remove 

surface water droplets and the weight (Wwet) and volume (Vwet) rapidly measured31. The water 

uptake was calculated by Eq. 2 and reported as an average of at least three independent 

measurements. 

𝑊𝑡% = ∙ 100;  [%]    (Eq. 2) 

while the volume swelling (ΔV) was determined by the following equation: 

𝛥𝑉 (%) =  
 

∙ 100  [%]    (Eq. 3) 

 

2.3.2. NMR characterization (PFG and relaxometry) 

NMR measurements were performed on a Bruker AVANCE 300 wide bore spectrometer working 

at 300 MHz on 1H. Equipped with a Diff30 Z-diffusion 30 G/cm/A multinuclear probe with 

substitutable RF inserts. Self-diffusion coefficients (D) of water were measured by pulsed field 

gradient stimulated-echo (PFG-STE) technique32. For this set of measurements, the diffusion time 

(Δ) and gradient duration (δ) were 8 ms and 0.8 ms, respectively, while the gradient amplitude (g) 

varied from 100 to 900 G cm−1. The number of scans was equal to 8. Based on the very low 

standard deviation of the fitting curve and repeatability of the measurements the uncertainties in D 

values were calculated to be circa 3%. The inversion recovery sequence (π-τ-π/2) was used for the 

measurement of water longitudinal relaxation time (T1). Both D and T1 investigations were carried 

out in the temperature range between 20 and 80 °C, with steps of 10 °C. All the samples were 

equilibrated for circa 20 min at each temperature. NMR sample were prepared according to the 

procedure reported elsewhere33. 
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2.3.3. Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) analysis was performed on a Setaram 131 DSC 

instrument. Measurements were carried out on hermetically sealed samples from 20 °C to 200 °C at 

2 °C min-1 and purging nitrogen gas34. 

 

2.3.4. Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis (DMA) was conducted by Metravib DMA/25 analyzer equipped 

with a shear jaw for films clamping35. A dynamic stress of amplitude 10−4 at 1 Hz is applied on a 

rectangular shaped sample (width = 3 cm; height= 1 cm), in the temperature range 25 -160 °C, with 

a heating rate of 2 °C min-1. 

 

2.3.5. Electrochemical Impedance Spectroscopy. 

The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS) using a 

home-made two-electrode cell in through-plane configuration36. The cell is placed between the 

anode and cathode flow field of a fuel cell test hardware (850C, Scribner Associates Inc.). A 

PGSTAT 30 potentiostat/galvanostat (Methrom Autolab) equipped with an FRA module was used 

to measure the AC impedance response of the cell. The AC voltage amplitude was 10 mV and the 

frequency range 1 Hz-1 MHz. A humidification system (Fuel Cells Technologies, Inc.) assembled 

with a high temperature back pressure unit was directly connected to the cell and allowed to finely 

control both the temperature and the relative humidity of the cell. In particular, the measurements 

were performed under different temperature (ranging from 20 °C to 80 °C) and relative humidity 

(90 %) to simulate the wide operating condition that AFCs should resist. The membrane resistance 

R was determined from the high frequency intersection of the impedance arc with the real axis in a 

Nyquist plot using NOVA software. From its ohmic resistance, the ionic conductivity (σ) of the 

electrolytes were calculated according to Eq. 3. 

𝜎 =
∙

  [S cm-1]     (Eq. 4) 

Where L is the distance between the electrodes, R is the resistance and A is the active area.  

To test the alkaline stability of blended membranes, the AEMs were immersed in N2-saturated 1 M 

KOH solutions at 60 °C for 7 days and the hydroxide conductivity was determined at several 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of 
Physical Chemistry C, copyright © American Chemical Society after peer review and technical editing by the publisher. 
To access the final edited and published work see http://dx.doi.org/10.1021/acs.jpcc.0c11346 
interval times (σt). Before the EIS tests, the membranes were washed with distilled water to remove 

residual trace of KOH. At each interval time, the relative variation in ion conductivity (Rvσ) was 

calculated according to the following equation (Eq. 4): 

𝑅𝑣 = 1 −    [%]     (Eq. 5) 

 

2.3.6. Membrane Electrode Assembly Fabrication and Fuel Cell Testing 

The membranes were tested in a fuel cell single cell configuration by preparing membrane electrode 

assemblies (MEAs). The electrodes were prepared by spraying a catalytic ink on the surface of a 

commercial gas diffusion layer (GDL 39BC, Sigracet). The desired amount of Pt (40wt% Pt, 

HiSPEC® 4000, Johnson Matthey) and the desired amount of alkaline exchange ionomer in Br 

form (Fumion, 10wt%, FAA-3-SOLUT-10, Fumatech) are well dispersed in an isopropyl 

alcohol/water solution (67% isopropyl alcohol) with a catalyst concentration of 2 mg mL-1 for 

50wt% Fumion in the catalytic layer. The loading of platinum was 0.5 mg cm-2 ± 0.08 mg cm-2 for 

all the electrodes at both the anode and the cathode side. 

Before assembly, the membranes were conditioned by treating them for 48 hours in 1M KOH 

followed by three washing steps in deionized water, for 20 minutes each. The electrodes were 

conditioned by ion exchange in 0.5M KCl solution by full immersion of the electrode for 30 min 

twice, followed by treatment in a 0.1M KOH solution. Both solutions were prepared in 

water/isopropyl alcohol mixture (3/1 vol) due to the high hydrophobicity of the as-prepared 

electrodes. Then the electrodes were thoroughly washed with water just before membrane-electrode 

assembly. 

Fuel cell experiments were carried out in a 5 cm2 single cell, with serpentine flow channel, Fuel 

Cell Technologies Inc. hardware and a fuel cell station of the same manufacturer. Cell temperature 

was maintained with external heating at 50 °C as measured at the cathode side, close to the flow 

channel. Pure hydrogen and oxygen, pre-heated to 55 °C, were fed to the cell, fully humidified, at 

flow rates corresponding to 1.3 and 1.5 the stoichiometric value, respectively (minimum flow of 20 

and 50 cm3 min-1, respectively). 

 

3. Results and Discussion 
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3.1. Membrane morphology 

Figure 3 illustrates the surface morphology and cross-section SEM images of the qPECH/PvDF 

blends at different polymer ratios. The qP-50 membrane is characterized by a spherulitic structure 

with quite high porosity, and relatively large spherical particles. This is quite typical for PvDF-

based films. The increase in the qPECH content, does not alter the spherulitic structure, but the 

pores are progressively filled. De facto, the qPECH penetrates into the PvDF structure thill the 

complete closure of the pores as in the case of qP-67 film, which shows a very smooth surface, as 

can be noticed in Figure 3 (c). The cross-sectional SEM images showed in Figure 3(d-f) reveal that 

the inner part of the blended membranes had a similar dense and homogeneous surface morphology 

without any obvious phase separation, thus confirming the excellent miscibility of the two 

macromolecules. However, while the qP-50 exhibits a spongy architecture, the cross-section is 

relatively smooth in qP-60 and qP-67 membranes. This might promote the formation of continuous 

ion conductive channels, which facilitate the hydroxide conductivity. 

 

 

Figure 3. Surface (top) and cross-section (bottom) of qP-50 (a, d), qP-60 (b, e) and qP-67 (c, f) blended membranes. 

 

3.2. Thermal and mechanical properties 

The thermal properties of the qPECH/PvDF blends were investigated by DSC. Figure 4 shows the 

thermogram profile at various blend ratios, performed in the temperature range 20-200 °C. For 
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comparison, the DSC patterns of unblended qPECH and PvDF membranes are included as well. 

Due to the amorphous nature of qPECH polymer, its DSC curve shows a single glass transition 

temperature (Tg) at almost 90 °C. Contrariwise, the PvDF is semicrystalline and exhibits a net 

endothermic peak at ca. 160 °C amenable to the melting (Tm) of its crystalline domains. Clearly, Tg 

of PvDF, which typically occurs at almost -30 °C37, falls outside the temperature range investigated. 

The DSC pattern of each qPECH/PvDF membrane still displays the characteristic features of the 

two parental polymers, implying in the blends microphase-segregation occurs. 
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Figure 4. DSC thermograms (heating steps) of quaternized PECH, PvDF and qPECH/PvDF blends. 

 

The mechanical properties of various qPECH/PvDF ratios are shown in Figure 5 in terms of 

storage modulus (G’), loss modulus (G’’) and tan δ values (the ratio of G'/G"). It can be seen from 

Figure 4a that storage modulus decreases with increasing amount of qPECH and is more than 

halved in qP-60 and qP-67 membranes (18 MPa) in comparison with qP-50 (40 MPa). This 

indicates the qPECH has a softening effect to PvDF which brings the storage modulus down. 

Despite this, all the membranes show a satisfactory robustness together with a wide thermal 

stability. Taking as example the qP-67, it exhibits a storage modulus of almost 2 MPa at 140 °C 

confirming this membrane can effectively withstand moderate working temperature and severe 

mechanical stress matching the requirements for alkaline fuel cells. Since there is no need of a 

chloromethylation step, the risk of side reactions, such as the cleavage of the polymer chains, is 

mostly suppressed and thus, the mechanical integrity of the AEM preserved. It is worth pointing out 

that in the loss modulus of each blend a small peak appears around 130°C. The feature is especially 
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obvious in the tan δ graph illustrated in Figure 4b. In all the tan δ profiles, the dumping factor starts 

to increase above 70 °C as a consequence of the glass transition of the qPECH chains, while the 

peak clearly visible above 130 °C is typically associated with motions (specifically, α-relaxation) 

within the crystalline domains of the PvDF fraction38. Clearly, the peak comes to a lower intensity 

and to a slightly lower temperature when the PvDF content decreases.  
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Figure 5. (a) Temperature evolution of the storage (E′) and loss (E″) moduli, and (b) of the tan δ values for the 

qPECH/PvDF membranes at various blend ratios. 

 

3.3. IEC and water uptake 

The Ion Exchange Capacity (IEC) represents a crucial property for an ion exchange membrane 

since play a key role in determining its absorption capacity, ionic conductivity and dimensional 

stability. Indeed, higher IEC would help in maximizing the conductivity of the polymer electrolyte 

but at the cost of excessive water uptake and physical swelling39. Table 2 reports the IEC and water 

uptake (w.u.) values for the qPECH/PvDF membrane at different blend ratios. The IEC of the 

blended membrane can be easily tuned by adjusting the amount of qPECH and ranges from 0.93 

meq g-1 in the case of 50:50 till 1.25 meq g-1 for the 67:37 sample. Due to the progressive 

enhancement in the number of grafted quaternary ammonium (N+) groups, which renders the 

polymer more hydrophilic, the water uptake increases with the IEC. It is interesting to note that the 

60:40 and 67:33 membranes exhibit similar w.u. (namely, 20%) albeit possessing a quite different 

IEC, i.e. 1.12 vs. 1.25 meq g-1, respectively. This outcome typically indicates difference in the 

microstructure of the hydrophilic clusters in the two blends40. In this regard, we can speculate the 

qP-60 membrane is characterized by larger ionic clusters. Accordingly, it can absorb a higher 

amount of water. From the other side, the ionic clusters of the qP-67 membrane are narrower, and 

thus can accommodate a lower amount of water. Consequently, most of the water molecules are 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of 
Physical Chemistry C, copyright © American Chemical Society after peer review and technical editing by the publisher. 
To access the final edited and published work see http://dx.doi.org/10.1021/acs.jpcc.0c11346 
directly involved in the hydration shell of the quaternary ammonium groups of the polymer, thus 

experiencing a “bound-state”. 

It is well-known that water molecules are the main vehicle by which OH- are transported through 

the membrane. Therefore, high levels of water in the membrane are desirable as long as the 

dimensional swelling is not excessive, since resulting in poor mechanical properties41. To test the 

dimensional stability of the prepared blends, the temperature dependence of their w.u. and volume 

variation (ΔV) were investigated in the range 20-80 °C, and the results shown in Figure 6. Both the 

w.u. and ΔV rises with the temperature, no matter the blend ratio. Due to its higher hydrophilicity, 

the 67:33 membrane shows the highest water absorption capacity together with the highest volume 

variation exhibiting, at 80 °C, water content of 53% and dimensional variation of 44%. It is worth 

to underline that all the qPECH/PvDF blends exhibit appropriate physical swelling42.  

 

Table 2. Ion Exchange Capacity (IEC), water uptake (w.u.) and volume 

variation (ΔV) of qPECH/PvDF blended membranes. 

Membrane 
IEC 

[meq g-1] 

w.u. @ 20°C 

[%] 

ΔV@ 20°C 

[%] 

qP-50 0.93 11 8 

qP-60 1.12 19 15 

qP-67 1.25 20 13 
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Figure 6. Temperature dependence of the (a) water uptake and (b) volume variation for the qPECH/PvDF membranes. 
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3.4. PFG and relaxometry NMR 

1H PFG-NMR technique can effectively provide crucial insight on the transport properties of 

polymer electrolyte membranes, trough the direct measurements of the self-diffusion coefficients 

(D)43,44. Figure 7(a) illustrates the temperature evolution of water diffusing in the ionic cluster of 

blended membranes, in the temperature range 20-80 °C. It is interesting to note that, in all the cases, 

two diffusion coefficients (Dfast and Dslow) can be clearly seen. De facto, the best echo attenuation 

data fitting is a net biexponential function. To substantiate the above, the experimental echo-signal 

attenuation curves in the diffusion measurements for water absorbed in the three membranes, at one 

representative temperature of 20 °C, are shown in Fig. 7(b). Wort note, Dfast is almost one order of 

magnitude higher than Dslow. The phase separation in the qPECH/PvDF blends likely produces more 

hydrophilic regions (where water can move faster) and less hydrophilic regions characterized by 

lower diffusivity. By comparing the different blends, it can be seen that qP-50 membrane exhibits 

the lowest diffusivity (both Dfast and Dslow) among the investigated samples. Additionally, with the 

temperature approaching to 70-80 °C most of the water evaporates from the membrane and the 

proton NMR signal is not sufficient for determining the D coefficient. This outcome, as well as the 

very low w.u., definitely confirms the poor hydrophilicity and water retention capacity of the qP-50 

blend. Albeit having a similar water uptake, the diffusivity in the qP-60 membrane is almost 5 times 

higher than in the qP-67 blend. The outcome definitely confirms that water molecules in qP-60 

membrane are predominantly in the bulk state, that is, less coordinated. This implies a good proton 

mobility by vehicular-type transport mechanism. Contrariwise, we can expect a larger “bound” 

fraction in the qP-67 blend, that is water molecules strongly interacting with the quaternary 

ammonium groups of the polymer. 
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Figure 7. (a)Temperature evolution of the water self-diffusion coefficients (D) measured on the blended samples in the 

temperature range 20-80 °C. (b) Spin-echo signal attenuation in PFG-NMR experiments (Intensity vs. (γgδ)2(∆-δ/3)), 

for the three membranes. The solid red line represents the bi-exponential fitting curves to the experimental data. 
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The analysis of the NMR longitudinal (or spin-lattice) relaxation times (T1) corroborates our last 

speculation. Figure 8 reports the temperature evolution of T1 for the three samples. Compared to 

self-diffusion coefficient, T1 values provide information on the short-range mobility of the 

molecules, such as roto-translational movements, on a time scale comparable to the reciprocal of the 

NMR angular frequency (~1 ns). In a nutshell, the faster the relaxation (shorter T1) the stronger the 

interactions between the spins and the lattice45. T1 values for the qP-67 blend are the lowest in all 

the temperature range investigated, confirming in this membrane water molecules and hydroxide 

ions experience a stronger electrostatic interaction with the lattice. The higher water coordination 

obviously reduces its free diffusion, in agreement with the diffusivity data above, but is expected to 

generate a more efficient ion transport via a Grotthuss mechanism. 
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Figure 8. Spin-lattice relaxation times (T1) of the qPECH/PvDF membranes in the range 20-80 °C. 

 

3.5. Hydroxide conductivity and alkaline stability 

Figure 9 illustrates the temperature evolution of the hydroxide ion conductivity (σ) in the 

qPECH/PvDF membranes. The anionic conductivity of all the blends is well above 10−2 S cm−1, 

thus matching the performance requirements for practical application in fuel cell. Notably, σ 
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increases with the IEC and the temperature. In details, the qP-67 sample yields a conductivity of 

10.8 mS cm−1 at 20 ◦C and 56.3 mS cm−1 at 80 °C. At this blend ratio, both the high IEC value and 

the microstructure of the hydrophilic clusters likely produces continuous ionic transport pathways 

that facilitate OH- mobility. The comparison of the activation energy (Ea) values, calculated from 

linear fit of the Arrhenius plots relative to the three samples, further corroborates the superior 

conductivity performance of the qP-67 blend. Indeed, the Ea for this membrane is much lower 

(namely, 14.97 kJ mol-1) than the other blends, clearly indicating a more efficient anion transfer 

process. Finally, we would like to underline that conductivity of qPECH/PvDF blends is quite 

higher than analogous systems, i.e., qPECH/PTFE blends, within the same temperature range27,28. 

This may be ascribed to a lower chemical affinity between quaternized Poly(epichlorolydrin) and 

polyvinylidene fluoride molecules which maximizes the hydrophilic/hydrophobic phase separation 

in the blend, favouring the formation of continuous hydrophilic domains and thus, facilitating the 

proton conductivity46,47.  
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Figure 9. Arrhenius plot of the anion conductivity for the three qPECH/PVDF membranes. 

 

To comprehensively assess the critical qualities of blended membranes, the long-term physical 

stabilities of ion conductivity in 1 M KOH was also investigated. Figure 10 shows the decrease in σ, 
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taken as an indicator of membrane degradation, as a function of the treatment time (over 170 h) in 1 

M KOH at 60 °C for the three blends. One notices that both the qP-50 and qP-60 membranes show 

very poor alkali stability. In particular, after immersion for just 24 in 1 M KOH the qP-50 blend 

started to break into pieces becoming de facto useless for further tests. Comparatively, the qP-67 

membrane exhibits superior physical resistance. Indeed, its ion conductivity remains nearly constant 

till 72 h alkaline treatment with a slower degradation rate than the qP-60 blend. The membrane at 

60:40 blend ratio only retained 2.9% of its original OH- conductivity after the test, whereas the qP-

67 reached nearly 22.6%. 

For clarity, the data point out the alkali stability of qP-67 membrane is not yet practical for long-

term AMFCs. Nonetheless, just for the interesting robustness, thermal stability, water swelling 

capacity and finally the ionic conductivity, the 67:33 blend ratio continues to be subject of further 

our studies. We can reasonably assume the introduction of the appropriate filler in such polymer 

matrix could allow to effectively produce nanocomposite AEMs with satisfactory long-term 

physical stability48. 
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Figure 10. Relative variation of the ion conductivity for qPEH/PvDF membranes during long time treatment with 1 M 

KOH at 60 °C. 

 

3.6. Single H2/O2 fuel cell performance 

Figure 11 shows the polarization and power density curves for membrane-electrode assemblies 

(MEAs) equipped with qP-60 and qP-67 membranes. A commercial Pt/C catalyst was used at both 
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anode and cathode, hydrogen and oxygen were fed to cell compartments. The cell was operated at 

50 °C. The open circuit potential (OCP) was very high and similar for both membranes, i.e., 1.04 V 

for qP-60 and 1.03 V for qP-67, implying the voltage loss caused by gas crossover is practically 

negligible. In a nutshell, the qPECH/PvDF blended membranes possess impressive gas barrier 

property. Only slight differences in the voltage vs. current density slope were found at low current 

density, indicating the electrocatalytic reactions at the electrodes are dominating the cell behaviour 

in this activation zone. Whereas, above 10 mA cm-2, the polarization curves significantly differ for 

both MEAs. This region is mostly dominated by the ionic conductivity of the membrane. The MEA 

equipped with qP-67 performs better than qP-60, by a virtue of its superior ionic conductivity, as 

seen in the discussion of EIS results. The maximum power density (PDmax) for qP-67 was 32 mW 

cm-2, that is 78% higher than the MEA equipped with qP-60 (PDmax = 18 mW cm-2) and 39% higher 

than the qPECH/PTFE membrane (PDmax = 23 mW cm-2, with larger Pt loading at the electrodes) in 

literature 28. Obviously, the cell performance of qP-67 membrane is not the highest ever. However, 

it is worth to point out that the cell behavior is greatly affected by several factors, such as the 

electrode architecture, MEA fabrication method and operating conditions49,50. Additionally, it 

should be considered that fuel cell performance of qP-67 is still comparable with that of earlier 

published AEMs, as reported in Table 3. These preliminary results highlight the promise of qP-67 

blend for applications in alkaline fuel cells and inspire us to carry out further studies. It is a matter 

of the fact that the single performance of the qP-67 blend still needs to be improved, especially in 

comparison with imidazolium functionalized polysulfone (PDmax = 180 mWcm−2)51 and multication 

side chain PPO-based AEMs (PDmax = 364 mWcm−2)52. In this regard, the optimization of 

membrane preparation, MEA construction, and operating conditions may help to reveal the full 

potential of this class of blends. 
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Figure 11. Fuel cell polarization curve and power density curve for qP-60 and qP-67 membrane-based MEAs. Cell 

temperature 50 °C, 100%RH, 20 cm3 min-1 H2 (anode) and 50 cm3 min-1 O2 (cathode). Anode and cathode: 0.5 mg Pt 

cm-2 (40wt% Pt/C Johnson Matthey HiSPEC® 4000) with 50wt% Fumion ionomer (Fumatech).  

 

Finally, different polarization curves were carried out to check the membrane behaviour with 

operation time. Figure 12 shows the first four performance experiments. The cell was kept at OCP 

for 90 seconds between polarization tests, which is known to cause degradation specially at the 

cathode side. In spite of the adverse conditions, the qP-67 membrane exhibits an impressive gas 

barrier ability. Indeed, the OCP does not change with the cell aging. However, a progressive 

decrease of performance was observed which can be clearly ascribed to the decrease in membrane 

conductivity with time under alkaline conditions (start/stop of the cell). Following the “EU 

harmonised test protocols for PEMFC MEA testing”53, we attempted to quantify the durability of 

the qP-67 membrane by evaluating the relative variation of the current density at a cell voltage of 

0.65 V during cycling tests. The results are reported in Table 4. The larger performance decrease is 

observed during the first 3 cycles with an overall loss of almost 31%, then an apparent plateau is 

reached. De facto, the qP-67 membrane keeps a 64% of its initial current density at 0.65 V upon the 

fourth polarization curve. Ongoing studies include the development of composite qPECH/PvDF 

membranes for better alkaline stability and cell performance. This is now a research priority in our 

laboratories. 
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Figure 12. Fuel cell polarization curves (full symbols) and power density curves (open symbols) for qP-67 membrane-

based MEA. The cell was kept at open circuit voltage for 90 s between polarization curves. Cell temperature 50 °C, 

100%RH, 20 cm3 min-1 H2 (anode) and 50 cm3 min-1 O2 (cathode). Anode and cathode: 0.5 mg Pt cm-2 (40wt% Pt/C 

Johnson Matthey HiSPEC® 4000) with 50wt% Fumion ionomer (Fumatech). 

 

Table 3. Performance comparison, in terms of OCP (V) and maximum power density (mW cm-2), of various AEMs 

Membrane 
Pt loading 

[mg cm-2] 

T 

[°C] 

OCP 

[V] 

Max Power Density 

[mW cm-2] 
Ref. 

qP-67 0.5 50 1.03 32 This work 

M3 (qPECH/PTFE) 2 50 0.78 23 28 

PES-B100-C16 1 50 0.67 43 54 

PPO-Aim-34 0.8 50 0.90 46 55 

PP-TMA-20 0.6 50 1.06 122 56 

ImPEEK 0.5 50 0.99 23 57 

G-PPO 0.4 50 0.95 16 58 

Im-PS 0.25 50 0.77 180 51 

PSf 135-ImOH 2 60 0.90 16 59 

ImPES-0.85 1 60 1.04 107 60 

PAES-15-IMMPPO 1 60 0.98 57 58 
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QAPPO 0.6 60 0.95 74 61 

T20NC6NC5N 0.6 60  364 52 

PAEK-g-[PBVIm-OH] –0.25 0.4 60 0.89 22 62 

QPAE/GO-(APTS-c-PTMA) 

0.7 wt%, 
0.3 70 1.00 136 63 

Note: Data of MEA performances were reported only for single AEMFC tests carried out with oxygen as the cathode reactant. 

 

Table 4. Relative variation (RV, %) of the of the current 

density (CD) at a cell voltage of 0.65 V during cycling tests. 

N° of cycle 
RVCD @ 0.65 V 

[%] 

1 100 

2 84 

3 69 

4 64 

 

 

4. Conclusions 

Blended membranes based on qPECH and PvDF polymers have been investigated as 

inexpensive, non-toxic, scalable and good performing alkaline exchange membranes for AEMFC 

applications. 1,4-Diazabicyclo [2.2.2] octane (DABCO) was used for the simultaneous cross-linking 

and quaternization of PECH macromolecules. Membranes at three blend ratios, 50:50, 60:40 and 

67:33 wt%, were prepared via a simple one-pot procedure and assessed for their thermo-mechanical 

features, IEC, swelling ability, water dynamics, hydroxide conductivity and AEMFC performance. 

The DSC analysis revealed distinct microphase-segregation between qPECH and PvDF in the 

blends, whereas DMA tests indicated all the qPECH/PvDF blends possess robust mechanical 

properties and wide thermal stability, thus effectively meeting the requirements for anion exchange 

membrane fuel cell. The IEC was easily adjusted in the range 0.93-1.25 meq g-1 by varying the 

blend ratio, thus allowing to finely tune the overall properties of the resulting electrolyte. The 

membrane with 67:33 wt% of blend ratio conjugated excellent dimensional stability and 



This document is the Accepted Manuscript version of a Published Work that appeared in final form in Journal of 
Physical Chemistry C, copyright © American Chemical Society after peer review and technical editing by the publisher. 
To access the final edited and published work see http://dx.doi.org/10.1021/acs.jpcc.0c11346 
electrochemical performance with a reasonable alkali resistance in a 1M aqueous KOH solution at 

60 °C. At 50 °C, the single H2/O2 fuel cell assembled with qP-67 membrane exhibited a very high 

open circuit potential value (namely, 1.03 V) and yielded the quite impressive peak power density 

of 32 mW cm-2. The interesting performance and ease of preparation of qP-67 membrane hold 

promise for application in alkaline fuel cells. Nevertheless, the alkaline stability was still low and 

needed further improvement. Future studies will focus on developing composite qPECH/PvDF 

blends with enhanced stability in alkaline media as well as improved AEMFC performances. 
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