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Abstract 

Anion exchange membranes (AEMs) play an important role 
in improving the performance and efficiency of anion 
exchange membrane fuel cells (AEMFCs). A sequence of 
composite anion exchange membranes (AEMs) consisting of 
poly(vinyl alcohol) (PVA) as a backbone polymer and different 
approaches for introducing functional groups has been 
prepared by a solution casting method. The performance of 
composite AEMs was evaluated using water uptake, swelling 
degree, and OH- conductivity measurement. Composite 
AEMs consisting of quaternized poly(vinyl alcohol) (QPVA) 
and poly diallyldimethylammonium chloride (PDDA) acquired 
the highest hydroxide conductivity, water uptake, and 
swelling degree. This study demonstrates that the PVA-
based AEMs has the potential for fuel cell application. 

 
Introduction 

Over the past decades, enormous attention has been 
devoted to proton exchange membrane fuel cells (PEMFCs) 
development because of their significant performance in 
comparison with other types of fuel cells. However, the 
development has been hampered by several issues, 
including considerable cost due to the use of a platinum 
catalyst in the electrode layer, fuel crossover, slow reaction 
kinetics in an acidic condition, and complicated water 
management [1], [2]. In order to resolve these issues, 
considerable attention has been evoked on anion exchange 
membrane fuel cells (AEMFCs). Since AEMFCs employ 
anion-exchange membranes (AEMs) as opposed to proton-
exchange membranes, hydroxide transport emerges instead 
of a proton, which offers advantages as compared to the 
PEMFCs. These comprise the use of low-priced and non-
noble catalysts, high oxygen reduction rate (ORR) in the 
cathode, low fuel permeability, and outstanding corrosion 
resistance in the alkaline condition [3], [4]. Therefore, AEMs 
contribute considerably to increase the performance and 
efficiency of AEMFCs [5].  

Poly(vinyl alcohol) (PVA) is a low-cost polyhydroxy-type 
polymer that possesses exceptional film-forming properties, 
hydrophilic, and non-toxic. PVA has a high density of reactive 
chemical functional groups, which are favorable for cross-
linking and chemical modification [6]. Furthermore, due to the 
high selectivity of water to alcohol, PVA has low methanol 
permeability and has the potential for alkaline fuel cell 
application [7], [8].  

The anion exchange membranes were frequently prepared 
by dissolving KOH into the matrix of PVA membranes to 
provide charge carriers. Since KOH has a high solubility in 
water, fuel cells with this type of membrane are susceptible 
to lose conductivity arising from the loss of KOH [7]. 

In this research, we applied PVA as the main-backbone 
polymer. For converting PVA membrane to anion exchange 
membranes, we used three different approaches: (i) 
glycidyltrimethylammonium chloride (GTMAC) by 
quaternization of PVA, (ii) poly(diallyldimethylammonium 
chloride) (PDDA) by blending with PVA and (iii) combination 

of both techniques. PDDA contains quaternary ammonium 
functional groups that are able to offer OH− as charge carriers 
[9], [10]. Furthermore, the cyclic structures of PDDA establish 
large steric hindrance, obstructing functional groups' 
degradation through SN2 nucleophilic substitution in an 
alkaline condition [11]. PDDA also has a hydrophilic and is 
eco-friendly.  

In order to restrain membrane swelling and improve the 
chemical stability of the membrane, cross-linking of the 
polymer chains was introduced to the membrane preparation. 
The effect of different approaches for inducing ion-conducting 
functional charge was investigated in PVA-based AEMs 
preparation. 

 
Methods 

Polymers solution preparation 
Four different samples with different ion-conducting 

sources were prepared (Table 1). First, 10 wt.% PVA (98-99% 
hydrolyzed, average Mw = 86,000-89,000 g mol-1, Sigma-
Aldrich) aqueous solution was prepared by dissolving PVA in 
ultra-pure water at 80oC with stirring.  

QPVA was prepared as reported by [12]. Firstly, 5 g PVA 
was dissolved in 95 ml ultra-pure at 80 °C until obtaining a 
homogeneous clear solution. Then 10 ml of 2.0 M KOH 
solution (Merck) and 10 g glycidyltrimethylammonium 
chloride (GTMAC, ≥90%, Sigma-Aldrich) were added to the 
solution under continuous stirring for 4 h at 65 °C for PVA 
chains quaternization. Anhydrous ethanol (Merck) was added 
into the solution to acquire the precipitate and dried at 40 °C 
for 24 h. Finally, the white obtained QPVA particles were 
dissolved in ultra-pure water at 80oC with stirring to obtain 10 
wt.% QPVA solution.  

The aforementioned 10 wt.% PVA solution and 10 wt.% 
QPVA solution was then blended with 
poly(diallyldimethylammonium chloride) (PDDA, Mw = 
400,000-500,000, 20 wt.% in H2O) under stirring for 4 hours, 
resulting in PVA/PDDA and QPVA/PDDA with a weight ratio 
of 1:0.5, respectively. 
 

Table 1 Composition of the samples 
Sample names Description 
PVA 10 wt.% PVA solution 
QPVA 10 wt.% QPVA solution 
PVAPDDA Blend of 10 wt.% PVA and 10 wt.% 

PDDA solution with a weight ratio of 
1:0.5 

QPVAPDDA Blend of 10 wt.% QPVA and 10 wt.% 
PDDA solution with a weight ratio of 
1:0.5 
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Figure 1. Reaction scheme of quaternization of PVA [13] 
 

Membrane preparation 
The polymer solutions were cast onto the glass substrate 

with a doctor blade (Elcometer 4340 automatic film applicator, 
UK) and evaporated under ambient conditions for 24 h. 
Subsequently, the dried membranes were peeled from the 
glass.  

In order to restrain the swelling formation and enhance the 
mechanical properties of membranes, a combination cross-
linking of the polymer chains was introduced to the 
membranes. The membranes were annealed at 130 oC for an 
hour to induce physical cross-linking and immersed in a 
cross-linker solution (10 wt.% glutaraldehyde (GA, Sigma-
Aldrich), 0.2 wt.% HCl in acetone solvent) to promote 
chemical cross-linking between polymers chains (Figure 2). 

 

 
Figure 2. Chemical cross-linking reaction of PVA and PDDA 

[10] 
 

Membrane Characterization 
Water uptake (WU) and swelling degree (SD) of the 

membrane were calculated by measuring the change in 
weight and dimension of the membrane before and after 
water immersion. Membrane samples were weighted (Md). 
Furthermore, their thickness (td) and surface area (Ad) were 
measured. Subsequently, the samples were immersed in 
ultra-pure water at ambient conditions for 24 h. The weight 
(Mw), thickness (tw) and surface area (Aw) of the swelling 
membranes were measured immediately after eliminating the 
surface water gently. The WU and SD of the AEMs were 
calculated by: 

 

WU =
౭ ି ౚ

ౚ
 x 100%  (1) 

SD்௨ି =
tw − td

td

 x 100% (2) 

SDூି =
Aw − Ad

Ad

 x 100% (3) 

The hydroxide conductivity was measured by 
electrochemical impedance spectroscopy using Gamry 

Reference 600 potentiostat (USA). The membrane was 
alkalized in a 1.0 M KOH solution for 24 h, then immersed in 
ultra-pure water for 24 h. The samples at a size of 2.5 × 1.0 
cm placed into the four-electrode configuration of the 
conductivity clamp (Bekktech BT110 LLC, Scribner 
Associates, USA) in ultra-pure water at ambient 
temperatures. Impedance was measured over a frequency 
range of 0.1 Hz–10 kHz (50 mV amplitude). The membrane 
resistance (Rm) was obtained from the intercept of the 
Nyquist curve with Zreal axis. The OH- conductivity was 
calculated according to equation 4.  

σ =
ୢ

ୖౣ..
 (4) 

Where d is the length of the membranes between electrodes, 
and T and W are the thickness and width of the wet 
membranes, respectively.  
 

 
Results 

Water Uptake 

 
Figure 3. Water uptake of membranes 

 
In order to achieve high OH- conductivity, the water content 

in the membranes is required. Water clusters can offer 
transport passages for hydroxide inside the anion-exchange 
membrane, thus enhancing the ionic conductivity [9]. Since 
the temperature of annealing and concentration of 
glutaraldehyde as cross-linker were kept constant, the water 
uptakes could depend only on exchangeable quaternary 
ammonium groups [14].  

Figure 3 demonstrates the water uptake (WU) of the 
membranes. Pristine PVA has the lowest water uptake 
compared to all type of membrane samples because has no 
exchangeable quaternary ammonium groups.    The QPVA 
has higher water uptake in contrast to the pristine PVA 
membrane. Due to quaternization process of PVA from 
GTMAC, exchangeable quaternary ammonium groups 
become available in the chemical structure that leads to 
increasing the water uptake of PVA membrane. PVAPDDA 
membrane On PVAPDDA membrane, the source of the 
cation groups, was from PDDA resulting in higher WU than 
QPVA. This could be owing to the higher ion-exchange 
capacity of PVAPDDA than QPVA. QVAPDDA has the highest 
water uptake content in comparison with other membrane 
types. This result is reasonable because this membrane 
combines two different sources of exchangeable cation 
functional groups.  
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Swelling Degree 

 
Figure 4. Swelling degree of membranes 

 
Regardless of the fact that a certain amount of water in the 

membrane is required for OH- conductivity, excessive water 
uptake can induce a severe swelling of the membrane. This 
excessive swelling can decrease the dimensional stability 
and possibly restricts the preparation of membrane electrode 
assembly (MEA) by reducing contact between the active 
layer of the electrodes and the membrane [15]. 

Pristine PVA is hydrophilic, easily damaged in water, and 
completely dissolved in hot water. Cross-linking treatment 
has restrained the swelling formation of membranes. 
However, small swelling still occurred in the chemical swelling 
process and changed the dimension afterward. This swelling 
was due to the water present in the source cross-linking 
solution (25 wt.% in H2O). 

In order to evaluate any change in area dimension and the 
thickness of membranes, the swelling degree (SD) of 
different PVA membranes are assessed. Figure 4 exhibits the 
SD through-plane (thickness) and SD in-plane (area) of the 
membranes. The SD through-plane of PVA membrane is 
3.13% and increases with the order QPVA, PVAPPPA, and 
QPVAPDDA. The increase of SD through-plane is 
proportional to the increase of WU membranes. However, SD 
in-plane (area) of membranes only increases slightly with the 
same order. This implies that changes in membrane 
dimensions have a tendency towards through-plane than in-
plane direction.  

Membrane swelling also 
 
 

OH- conductivity  

 
Figure 5. Hydroxide conductivity of membranes 

 

The OH− conductivity is one of the most crucial attributes 
of AEMs and is strongly assigned to the performance of 
AEMFCs. Typically, the ionic conductivity of AEMs is strongly 
reliant on the number of quaternary ammonium groups 
present in the membrane, water uptake and morphology of 
membranes.  

Figure 5 shows the OH− conductivity of membranes. The 
conductivity of the pristine PVA membrane is really low (1.09 
mS cm-1) due to no exchangeable quaternary ammonium 
groups present in the membrane. Quaternization of PVA 
(QPVA) slightly increases the conductivity of the membrane 
to 1.71 mS cm-1. This probably because the quaternary 
ammonium groups available in PVA chemical structure are 
not high. In order to increase the number of quaternary 
ammonium groups in the membrane, the amount of GTMAC 
should be increased in the quaternization process.  However, 
excessive concentration of quaternary ammonium groups 
could deteriorate the mechanical strength of the membranes, 
due to excessive swelling or brittleness due to an intensive 
dryness [16]. PVAPDDA and QPVAPDDA membranes give 
much higher OH- conductivity of 23.03 mS cm-1 and 53.19 mS 
cm-1, respectively. The increase of OH- conductivity is 
comparative to the increase of WU membranes. These 
results prove that the ionic conductivity of AEMs is intensely 
dependent on the water uptake of membranes and PDDA 
contributed more to the number of quaternary ammonium 
groups present in the membrane. Combination of PVA 
quaternization and PDDA blend resulting highest OH- 
conductivity of membranes. Interestingly, the OH- 
conductivity of QPVAPDDA is much higher than the sum of 
conductivity of QPVA and PVAPDDA. This phenomenon is 
still not well understood, probably due to good l compatibility 
of QPVA and PDDA polymers. 

 
 

Conclusion 
Composite anion exchange membranes (AEMs) consisting 

of poly(vinyl alcohol) (PVA) as a backbone polymer and 
different approaches for introducing functional groups have 
been successfully prepared by a solution casting method. 
QPVA/PDDA composite AEMs acquired the highest 
hydroxide conductivity, water uptake, swelling degree 
through-plane and swelling degree in-plane of 53.19 mS cm-

1, 52.1 %, 46.3%, and 16.7%, respectively. This study 
demonstrates that the PVA-based AEMs have the potential 
for fuel cell application.  
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