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Highlights 

 

• A simple one-step strategy for the development of graphene composite membranes is 

described. 

• The presence of graphene nanoparticles increases the stiffness of the composite 

membranes, as well as the thermal stability when compared to pristine commercial FAA3-

20® and FAA3-30® membranes from Fumatech. 

• The hydroxide ion conductivity increases in the graphene composite membranes with 

graphene concentration and temperature. 
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Abstract 

The main issues facing the development of Anion Exchange Membranes (AEM) are the low 

hydroxide ion (OH-) conductivity compared to protons (H+) and the thermal and chemical stability. 

Nowadays, graphene is considered one of the most promising candidates for improving the ionic 

transport properties, isotopic selectivity and conductivity throughout its unique two-dimensional 

(2D) structure. In this paper, we report on the preparation and characterization of graphene 

composite membranes and compare their performance with commercial FAA3-20® and FAA3-

30® membranes from Fumatech. Various amounts of commercial graphene were incorporated into 

the Fumion® FAA-3 in NMP (10%), solutions which were then used to fabricate anion exchange 

membranes (AEMs) by the doctor-blade method. Commercial and graphene-composite AEMs 

were studied by Fourier Transform Infrared Spectroscopy (FTIR), Thermogravimetric Analysis 

(TGA) and Differential Scanning Calorimetry (DSC), Scanning Electron Microscopy (SEM), 

Dynamic Mechanical Analysis (DMA), Water Uptake (WU), Ionic Exchange Capacity (IEC), and 

Four-points in Plane Impedance Spectroscopy. The results indicated that the composite 

membranes containing 50 mg of graphene exhibited an improved thermal, mechanical, IEC (3.16 

mmol/g) and OH- conductivity (113.27 mS/cm) at 80 °C under fully humidified conditions (RH = 

100%). 
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Introduction 

Nowadays there are two main commercial water electrolysis technologies that operate at low 

temperatures, alkaline and proton exchange membranes (PEM) electrolyzers. In the case of 

alkaline technology, the large inter-electrode distance, absence of dense (membrane) separator and 

high electrolyte recirculation lead to poor performance and incompatibility under intermittent 

operations when integrated with renewable energy systems (RES), which renders them 

inappropriate for renewable electricity storage. Proton exchange membrane water electrolyzers 

(PEMWEs) exhibit better performance and efficiency than alkaline water electrolyzers (AWE), 

but they suffer from very poor durability, high cost due to the presence of Platinum Group Metal 

(PGM)-based catalysts e.g. Pt and Ir (as IrO2) and proton exchange membranes (PEM) e.g. 

Nafion® [1-3].  

 

A promising alternative to PEMWEs and AWEs, is the polymer-based anion exchange membrane 

water electrolyzer (AEMWE) that has the advantage of containing non-precious metal catalysts 

(NPMC) and less expensive membranes.  There are two main differences between PEMWEs and 

AEMWEs; for example for PEMWEs, protons (H+, cations) are transferred from the anode to the 

cathode through the PEM, whereas for AEMWEs, hydroxide ions (OH-, anions) are transported 

through the positively charged polymeric membrane from the cathode to the anode [4-6]. 

 

AEMWEs are expected to be a game-changer among water electrolysis technologies, as they 

combine the performance of PEMWEs under less corrosive environment and the robustness of 

AWEs. Therefore, over the last few years, there has been a growing interest in developing polymer 

anion exchange membrane (AEM) [7,8]. 
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In comparison with liquid electrolyte, the use of an anion exchange membrane in an alkaline 

electrolyzer offers many advantages such as: (i) the absence of leaking, (ii) volumetric stability, 

(iii) ease of handling, (iv) reduction in the size and weight of the electrolyzer, and (v) simpler 

Balance of Plant (BoP) [9]. Moreover, AEMWEs use low-cost hydroxide transport polymer 

electrolyte membranes and non-precious metal catalysts (NPMC) instead of the expensive 

Nafion® and the costly PGM-based in PEMWEs [10-12].  

 

By definition, anion exchange material requires positively charged groups on the polymer 

backbone to work as membrane or resin in separation or ion exchange processes. If the positive 

charges are neutralized for whatever reason, the anion exchanger loses its function and becomes 

inactive. This is a critical current issue with hydroxide ion exchange membranes, in which the 

highly nucleophilic hydroxide counter ion attacks both the positively charged functional 

quaternary ammonium (QA) groups and the polymer backbone [13, 14]. Specifically, the cation 

degradation is considered to be the main reason why the AEMWEs lose performance beyond 60°C. 

In order to reduce the AEMs degradation at elevated temperature, and to increase the ionic 

conductivity, several strategies have been attempts during the last decade.  

 

Nowadays, poly-(phenylene oxide) [15, 16], poly-(arylene ether ketone) [1-19] poly-(ether ether 

ketone) [20], and polystyrene [21] are used to produce AEMWEs through bromomethylation or 

chloromethylation and consecutive quaternization [22].  In addition, inorganic components were 

added to the quaternized polymer.  For example, titanium dioxide (TiO2) [23], zirconium dioxide 

(ZrO2) [24], aluminium oxide (α-Al2O3) [25], bentonite [26], graphene oxide [27, 28] were added 

to the organic matrix in order to improve morphological stability.  
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Shin-Cheng Jang et al. [29] reported studies about the quaternized chitosan (QCS)/functionalized 

carbon nanotubes (CNTs) composite anion exchange membranes with different amounts of 

QCS@CNTs. The membranes were prepared by coating the CNTs with a layer of QCS through 

noncovalent surface modification and then blending with QCS matrix. The effects of the addition 

amount of QCS@CNTs led to an improvement of the tensile strength and alkaline stability of the 

composite membrane with the increase of the addition amount of QCS@CNTs, although the OH− 

ion conductivity decreased slightly but could still maintain above 15 mS cm−1, when compared 

with that of pure QCS membrane. 

 

Omar Movil et al. [30] prepared nanocomposite membranes by incorporation of the functionalized 

graphene oxide (FGO) into polyvinyl alcohol poly-(diallyldimethylammonium chloride) semi-

interpenetrating polymer networks (PVA/PDA SIPNs). The results revealed that the composite 

membrane exhibited the highest value of OH− conductivity (12.1 mS cm−1 @ 30°C and 21 mS 

cm−1 @ 80°C), as well as improved thermo-mechanical stability at 100% RH, with respect to the 

membrane without FGO filler (7.14 to 9.04 mS cm−1 in the temperature range from 30°C to 50°C).  

 

In this study, we report a simple one-step strategy for the development of graphene composite 

membranes. The as-prepared membranes were compared with commercial FAA3-20® and FAA3-

30® membranes from Fumatech. The novelty of this method consists on tailoring the anion 

exchange membrane properties, by incorporating different commercial graphene nanoparticles 

within the anion exchange polymer solution. Our results showed a decrease of the quaternary 

ammonium (QA) groups and polymer backbone degradation, and enhancements in the alkaline 
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stability, mechanical properties, ionic exchange capacity and hydroxide (OH-) conductivity. In this 

study, the commercial and graphene-composite AEMs were analyzed by Fourier Transform 

Infrared Spectroscopy (FTIR), Thermogravimetric Analysis (TGA), Differential Scanning 

Calorimetry (DSC), Scanning Electron Microscopy (SEM), Dynamic Mechanical Analysis 

(DMA), Water Uptake (WU), Ionic Exchange Capacity (IEC) and Four-points in Plane Impedance 

Spectroscopy.   

 

Experimental Methods 

2.1. Membranes preparation  

Commercial Fumasep® FAA-2-20 and Fumasep® FAA-2-30 anion exchange membranes with 20 

µm and 30 µm thickness, respectively, as well as Fumion® solution FAA-3 anion-exchange 

polymer solution in NMP (10%) concentration weight were purchased from FumaTech BWT 

GmbH, Germany. The Fumatech membranes and FAA-3 solution are aromatic polymers 

containing quaternary ammonium functional group, and bromide (Br-) counterion.  

 

The graphene nanoparticles with surface area of 500 m2/g were purchased from Alfa Aesar. All 

other materials were used as received, without further purification. Demineralized water (18.2 MΩ 

cm) was produced on-site and used for solutions preparation.  

 

The composite graphene modified anion-exchange membranes were prepared by the Doctor blade 

(or tape casting) method using a COATMASTER 509 MC-I system which was adjusted at a 

thickness range of 100 µm. Different graphene loadings of 25, 50, 75 and 100 mg, were added to 

10 mL Fumion® solution corresponding to 0.25, 0.50, 0.75, 1 w/v % accordingly (Table 1). These 
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mixtures were then stirred over-night until homogeneous solutions were formed. The solutions 

were cast onto the Doctor blade glass and the membranes were formed by moving the blade at low 

speed (5 mm s-1) in order to ensure the formation of uniform composite polymer layers (Figure 1). 

The same procedure was applied for the ionomer membrane (AEM-Ion) obtained by using the 

Fumion® solution. The thickness of the membranes was determined from the SEM cross-section 

images. 

 

Table 1. FAA3 membranes and composite alkaline membranes characteristics 

Membranes Graphene 

loading (mg) 

Graphene 

concentration 

(w/v %) 

Membranes thickness (µm) 

 

FAA3-20® - - 20 

FAA3-30® - - 30 

AEM-Ion - - 30 

AEMGr0.25% 25 0.25 12 

AEMGr0.50% 50 0.50 12 

AEMGr0.75% 75 0.75 12 

AEMGr1% 100 1 12 
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Figure 1. COATMASTER 509 MC-I system used for the fabrication of AEM-composite 

membranes 

 

 

2.2 Water Uptake 

The water uptake of all the graphene composite membranes samples was determined at 25°C and 

50°C. FAA3-20®, FAA3-30®, and AEM-Ion membranes were also used for comparison purposes 

according with the procedure indicated in another study [20]. The dry membranes that were soaked 

in water at 25°C and 50°C were weighted before and after soaking. After 24 hours, the samples 

were wiped off with a clean paper tissue to remove the excess of water, and weight again. Water 

uptake (WU) was calculated using Eq. (1): 

 

𝑊𝑎𝑡𝑒𝑟𝑢𝑝𝑡𝑎𝑘𝑒 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦
× 100                                          (1) 

 

where mwet is the mass of the membrane in after soaking and wiping, and mdry is the is the mass of 

the dry membrane. 

 

2.3 Ionic exchange capacity (IEC) 

The IEC of membranes, that represents the total of active sites or functional groups responsible for 

ion exchange in polymer electrolyte membrane [31], was determined using the titration method on 

the membrane in its Cl- form [32]. The samples of membranes (Br- form, ~0.1 g) were soaked in 1 

M KCl solution (50 mL) for 48 h to obtain the Cl- form. The excess Cl- (and K+) ions were removed 
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via washing with deionized water for 48 hours. The Cl- now present as a counterion in the 

membrane was displaced into a 1.0 M NaNO3 solution (25 mL) for 48 hours. The membranes (Cl− 

now present as a counterion in the membrane) were soaked in 0.5 M NaNO3 for 48 hours. The 

membranes were then washed with deionized water for 48 h. All NaNO3 solutions were titrated 

with 0.01 M AgNO3, using 3 drops of K2CrO4 (5 wt%) as a colorimetric indicator. The membranes 

were exchanged back to the Cl- form after titration and dried at 50°C in a vacuum over for 3 hours 

to obtain the dry mass (mdry). IEC is expressed as millimoles of Cl− per gram of dry membrane: 

 

                                               𝐼𝐸𝐶(𝑚𝑚𝑜𝑙𝐶𝑙−1/𝑔) =
𝑉𝐴𝑔𝑁𝑂3𝑥𝐶𝐴𝑔𝑁𝑂3

𝑚𝑑𝑟𝑦
       (2) 

 

where VAgNO3 and CAgNO3 are the end-point volume (cm3) and concentration (M) of the titrant 

solution, respectively, and mdry is the mass of the dry membrane.  

 

2.4 Hydroxide conductivity and activation energy 

The influence of graphene concentration towards hydroxide conductivity was studied at different 

temperatures in the range of 25 °C to 80°C. In order to ensure transport of the hydroxide (OH-) 

through the membranes, the samples were activated in 0.01 M KOH for 48 hours, and washed with 

deionized water. The hydroxide conductivity measurements were carried out using in-plane 

direction by AC impedance spectroscopy using a 4-point in-house made conductivity cell, at 100% 

RH, soaked in 0.01 M KOH (pH=12), by passing a current through two outer electrodes and 

measuring the voltage through the inner electrodes [33, 34]. In the 4-electrode configuration, there 

was virtually no current flowing at the inner cell voltage sensing electrodes. Therefore, polarization 
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did not occur. The resistance (R in Ω) of each sample was determined at the frequency producing 

the minimum imaginary response. Conductivity was calculated using equation (3): 

 

      𝜎 =
𝐿

𝑅∗𝑤∗𝑡
                                          (3) 

 

where σ is the conductivity in mS cm-1, R is the real part of the impedance in Ω, L is the fixed 

distance between the two electrodes (3 cm), w is the width of the sample (1.5 cm), and t is the 

thickness of the membrane in cm (Figure 2). The cell was fabricated on a Stratasys Objet 260 

Connex 3D printer using Rigur RGD450 material, a polyjet simulated polypropylene (PP) that is 

an alkaline and temperature resistant polymer. The 4 electrodes were made of stainless steel (SS) 

of 1 mm thickness. The electrochemical impedance (EIS) spectra were recorded at different 

frequencies from 1 MHz to 0.1 Hz and at a signal amplitude of 100 mV using a Princeton Applied 

Potentiostat/Galvanostat. Figure 3 shows the membranes mounted in the conductivity cell.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Scheme and picture of the home-made conductivity cell 

 

The activation energy Ea (kJ mol-1) required for hydroxide (OH-) transfer through the membranes 

from one free-site to another was calculated using the following Arrhenius equation [9, 10].  
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𝑙𝑛𝜎 = 𝑙𝑛𝜎0 −
𝐸𝑎

𝑅𝑇
                                   (4) 

  

Where σ and σ0 are the conductivity and pre-exponential factor, respectively, in mS cm-1, R is the 

gas constant (8.314 J mol-1 K-1), and T is the absolute temperature in K.  

 

 

 

 

 

 

 

 

 

 

Figure 3. Picture of the membranes mounted in the conductivity cell 

 

2.6 Scanning electron microscopy (SEM) characterization 

SEM characterization was carried out by using the Quanta INSPECT F50 system. Prior to SEM 

analyses, the membranes were broken in liquid nitrogen (N2) and coated with gold in order to 

increase samples’ electrical conductivity and to obtain the SEM cross-section images. 
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2.7. Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

FTIR characterization of the AEM composite membranes was carried out by the transmittance 

method at a resolution of 4 cm-1 in domain of 400-4,000 cm-1, by using a Frontier FT-NIR 

spectrometer.  

 

2.8. UV-Vis characterization 

The membranes were characterized by ultraviolet–visible spectroscopy (UV–Vis). The spectra 

were recorded using the SPECORD 200 PLUS Double Beam Spectrophotometer from Analytik 

Jena, Germany, in the wavelength range of 300 to 1,000 nm. In order to confirm incorporation of 

the graphene nanoparticles in the polymer matrix, the related spectra were compared with those 

collected for the FAA3-20®, FAA3-30®, and AEM-Ion membranes.   

 

2.9 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

Thermogravimetric analysis (TGA) and glass transition (Tg) characterizations by differential 

scanning calorimetry (DSC) of the membranes (sample mass: ~10 mg) were carried out using a 

TGA-DSC e NETZCH STA 449 F5 Jupiter, in the temperature range of 25°C - 800°C at a heating 

rate of 10°C min-1 under nitrogen (N2) flow. 

 

2.10 Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical Analysis (DMA) were performed in the temperature range of RT to 40°C 

using a clamp tension for films on films with length 12.75-12.85 mm; width 6.8 mm and thickness 

0.01-0.05 mm at 1 Hz frequency oscillation, strain 0.1 and static force 0.08 settings, in air bearing 

gas and  in temperature ramp method. The storage modulus (MPa) was plotted against time. 
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3. Results and Discussions 

3.1. Water Uptake (WU) and Ionic Exchange Capacity (IEC) 

The water content by Water Uptake (WU) and the Ionic Exchange Capacity (IEC) are related to 

the ion conductivity due to the fixed ion exchange sites in the membrane. However, this 

relationship is not always true for composite membranes because of incorporation by dispersion 

of graphene nanoparticles within the polymer matrix, that creates interconnected channels full of 

electrolyte solution (water, different concentration of KOH). In the case of AEMs, these channels 

increase the hydroxide ion (OH-) transfer from one positive QA to the next one, which in turn 

increase OH- conductivity. 

 

Table 2 shows the WU and IEC results. From the WU experiments carried out at 25°C, it can be 

observed a slight improvement in WU and IEC data for membranes containing graphene, but this 

observation was not observed at 50°C probably due to the change in the morphology and thickness 

of the AEMs when temperature increased [21]. From our experiments, it was observed that the 

IEC of the composite AEMs was improved with graphene concentration up to 3.16 mmol/g, 

corresponding to 0.50 w/v %. Increasing the graphene loading led to a decrease in IEC probably 

due to the reduction of the free ionic groups with the number of carbon nanoparticles. These results 

could be probably due to the membranes’ structure and by the thermal and mechanical behaviour. 

This is the subject of our next investigation which is presented further on.  
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Table 2. FAA3 membranes and composite alkaline membranes Water Uptake (WU) and Ionic 

Exchange Capacity (IEC) 

 

 Membranes Water uptake (%) (IEC) 

(mmol/g) 25°C 50°C 

FAA3-20® 15.6 23.53 1.88 

FAA3-30® 16.2 37 1.6 

AEM-Ion 13.56 32 1.72 

AEMGr0.25% 15.33 21.43 2.75 

AEMGR0.50% 18.46 21.89 3.16 

AEMGr0.75% 16 19.50 2.18 

AEMGr1% 15.71 18.98 2.21 

 

3.1 Hydroxide conductivity and activation energy 

It is well-known that the water content influences to a large extent the ionic conductivity behaviour 

of the membranes [36]. However, in the case of composite membranes, this dependency is not 

necessarily true, especially at temperatures higher than temperatures (50°C and more). Figure 4 

(a) shows the hydroxide ion conductivity of the membranes in the temperature range of 25°C to 

80°C in 0.01 M KOH (pH = 12) under fully humidified conditions (RH = 100%). Values are 

summarized in Table 3. The data show that FAA3-30® is stable up to 55 °C, FAA3-20® is stable 

up to 60°C, and AEM-Ion can be measured up to 75°C. It was found that the OH- conductivity for 

all samples increased with temperature. Moreover, the FAA3-20® conductivity (26.88 mS cm-1) 

measured at 25°C is in good agreement with the one reported by Aricò et al. (30 mS cm-1 in water 
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at 25°C) [37]. It was observed that the inclusion of different quantities of graphene in the ionomer 

solution decreased the transport barrier for OH- anions and increased the ionic conductivity, and 

enhanced the alkaline solution stability of the composite membranes. For example, at a 

temperature of ca. 80°C, a value of 113.27 mS cm-1 corresponding to 0.50 w/v % of graphene can 

be achieved. This value corresponds to an activation energy Ea of 4.72 kJ/mol. Ea for all the 

membranes was calculated by using the Arrhenius equation (Eq. 4) represented in Figure 4(b). 

From the linear plots, the intercept (lnσ0) and the slope (1/T 103(K-1)) could be determined. Here, 

the slope is equal to (-Ea/R) and from this relationship, the activation energy for all the membranes 

can be determined.  

 

The hydroxide ion conductivity as well as the Ea values are in very good agreement with IEC 

values, clearly indicating that OH- conductivity increases with graphene loading up to 50 mg. It is 

likely that graphene interacts with the polymer matrix through hydrogen bonding and forms 

additional nano-confined channels that create supplementary pathways for hydroxide ions to be 

transported through the reverse-Grotthus mechanism. In this case, proton jumps from one water 

molecule to the nearest OH- ion, creating a new water molecule and forming a new OH- ion that is 

transferred through the composite AEM membrane [38-41]. Thus, this finding could explain the 

enhancement of the hydroxide ion conductivity and thermal stability for the obtained composite 

AEMs, compared with the one in the absence of graphene. It is worth noting that increasing the 

graphene may limit the mobility of the conductive ions and hindering and disrupting the hydroxide 

ion pathway through the membrane [42-44]. For example, in our conditions, gradual reduction in 

OH- conductivity for graphene concentration higher than 0.50 w/v % was observed. 
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Figure 4. (a) Hydroxide conductivity and, (b) Arrhenius plot for the FAA3 and composite 

alkaline membranes 

 

Table 3. Hydroxide conductivity and activation energy (Ea) in domain of 25 °C to 80 °C 

Membranes Hydroxide conductivity  (mS/cm) Activation 

energy Ea 

(kJ/mol) 

25 °C 50 °C 55 °C 60 °C 75 °C 80 °C 

 

FAA3-20® 26.88 33.07 35.14 36.92 - - 3.60 

FAA3-30® 21.38 26.27 27.70 - - - 3.32 

AEM-Ion 20.16 24.50 25.78 27.25 31.43 - 3.44 

AEMGr0.25% 49.70 60.54 64.12 67.91 77.51 79.64 4.37 

AEMGR0.50% 66.52 84.05 89.35 94.40 108.68 113.27 4.72 

AEMGr0.75% 51.26 64.12 68.66 71.73 81.07 83.03 4.41 

AEMGr1% 44.61 53.83 55.57 59.68 67.37 70.50 4.25 
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3.3. Scanning electron microscopy (SEM) characterization 

The thickness of the composite membranes was determined by cross-sectional measurements using 

a scanning electron microscopy (SEM). From the cross-sectional views presented in Figure 5, it is 

evident that the membranes are dense, uniform and without pores. The top-view morphology of 

the membranes shown in the left-hand side of each SEM picture, indicate that the roughness of the 

composite membranes increased with graphene loading, the surface was uniform, and no cracks 

were observed. These observations could be due to the uniform distribution and dipole-dipole 

interaction between the graphene and ionomer solution.  
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Figure 5. Top-view (left) and cross-section (right) morphology of the (a) FAA3-20®; (b) FAA3-

30®; (c) AEM-Ion; (d) AEMGr0.25%; (e) AEMGr0.50%; (f) AEMGr0.75%; (g) AEMGr1% 

 

 

3.4. FTIR Analysis 

Overlaid FTIR spectra of all membranes are presented in Figure 6. The broad absorption at 3,100–

3,700 cm-1 is associated with O-H stretching vibration, and the bands in the region of 2,700–3,100 

cm-1 are attributed to C-H symmetric and asymmetric stretching O-H groups. The finger-print 

region shown in Figure 6(b) is useful for detailed FTIR analysis from which are noticed the 

(b) (a) 

(c) 

(e) 

(d) 

(f) 

(g) 
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characteristic peaks of –CH2Br located at 1,078 cm-1 and 650 cm-1 attributed to the stretching and 

bending vibration from the bromide [21]. 1,025 cm-1 and 866 cm-1 correspond to C-H in-plane 

bending and out-of-plane C-H bending vibrations respectively, from the aromatic rings. The 

absorption peaks at 1,466 and 1,602 cm-1 are due to the stretching vibration of N-C bonds in the 

QA (quaternary ammonium) groups (–N+(CH3)3) [9]. The peak at 1,671 cm−1 can be assigned to 

the vibration of =CH2 bending from the aromatic rings [45]. In all studied composite membranes, 

an increase in absorbance with increased graphene loading was observed, suggesting a successful 

inclusion of graphene into the AEM polymer and homogenous composite membrane formation 

due to the interaction between the graphene with the ionomer solution through the hydrogen-

bonding.  

Figure 6. Overlaid FTIR spectra of membranes in domain of (a) 400-4000 cm-1; (b) finger-print 

region 400 cm-1 – 2,000 cm-1 
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3.5. UV-Vis characterization 

The optical properties of the commercial membranes, AEM-Ion and obtained composite 

membranes were investigated by UV–Vis spectroscopy (Figure 7). Figure 7 shows the UV-Vis 

transmission spectra of graphene-anion polymer composite films with a thickness of about 12 µm 

determined from the cross-sectional SEM image (Fig. 5). In this figure, the transmittance spectra 

of the commercial and AEM-Ion membranes are also shown for comparison purposes. The 

analysis of the spectra demonstrates that the transmission decreases due to the incorporation of 

graphene in the ionomer matrix. It can be observed that the optical scattering of FAA3-20®, 

FAA3-30® and AEM-Ion graphene occurs in the range of 400-600 nm, and after incorporating 

graphene in the ionomer, the transmission decreases. Moreover, the composite membranes present 

(see inset of Figure 7) two types of characteristic features: the first is an optical scattering in the 

range of 300-400 nm that is characteristic of graphene interaction π-π* transition of the aromatic 

C-C bond that shifted (right) with an increase in graphene loading [39,40]. The second one in the 

range of 400-600 nm which is caused by n-π* transitions of the C-O bond and graphene insertion 

into the polymer matrix.  
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Figure 7. UV-Vis spectra of membranes in domain of 300-1000 nm 

 

3.6 Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

The thermal decomposition curves of the membranes are shown in Figure 8, and the resulted values 

are presented in Table 4. From the figure, two steps can be observed, the first step from room 

temperature (RT) to 155 °C and the second between 165 °C to 350 °C which are assigned to the 

loss of the physically and chemically absorbed water in the membranes, and to the degradation of 

the QA groups, respectively [21,45]. The mass loss in the temperature range of 350°C to 450°C 

can be ascribed to the wt% of CH2Br groups [47]. It can be noticed that for the composite 

membranes with graphene concentration higher than 0.25 w/v %, this step is not present. This 

observation could be presumably due to the reaction between the graphene and the polymer cation. 

The absence of this mass loss step in the AEMGr0.50%, AEMGr0.75% and AEMGr1% profile in 

the temperature range of 350°C to 450°C suggests that these membranes are more thermally stable 

than the other ones. The mass loss at temperatures higher than 450°C is caused by the 

decomposition of the polymer backbones.  
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Figure 8. TGA plots of all membranes in the temperature range of of RT-800 °C 

 

 

Table 4. FAA3 membranes and composite alkaline membranes characteristics 

Membranes TGA (%) Tg (°C) 

FAA3-20® 3.7     34.8          13.8         46.00   206 

FAA3-30® 2.7     34.7       11.7      47.5 207 

AEM-Ion 4.2     37.8       12.9      48.2 208 

AEMGr0.25% 4.7     36.7       12.1      44.9 209 

AEMGr0.50% 4.5     35.1                     57.6 212 

AEMGr0.75% 6.8     34.7      56.9 213 

AEMGr1% 6.5     32.8      61.1 214 

 

The effect of graphene addition into the ionomer solution on the glass transition temperature 

(Tg) was investigated by DSC as shown in Figure 9. It was found that the presence of graphene 

nanoparticles increases the stiffness of the polymer which was manifested by the enhancement of 
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the Tg with increased graphene loadings. This finding could be due to the result of the well 

dispersed large surface area (SA = 500 m2/g) graphene nanoparticles causing strong interfacial 

interactions between the graphene and the polymer matrix, and substantially influencing the 

thermal and mechanical properties of the membrane [48]. These results can also be correlated with 

the improvement of the hydroxide ion conductivity of the composite membranes and demonstrate 

the successful incorporation of the graphene nanoparticles into the Fumion® solution.  

 

 

 

 

 

 

 

 

 

Figure 9. DSC curves of FAA3 and composite alkaline membranes 
 

 

3.7 Dynamic Mechanical Analysis (DMA) 

Figure 10 shows the dynamic thermomechanical response of all membranes i.e. the storage 

modulus over time (40 min) at an isothermal temperature (40 °C) (a change of the storage modulus 

over 40 minutes). Usually, the dynamic mechanical properties are directly related to chemistry, 

therefore, the DMA results presented in Figure 10(a) show that the most stable samples are the 

commercial membranes [48-50]. However, graphene functionalities increase stiffness of the 



 

25 
 

composite membranes in comparison with the AEM-Ion (Figure 10(b)), causing an increase in 

storage modulus. These results further confirm that by using graphene as filler for anion solution, 

it is possible to produce alkaline exchange membranes with better thermal and mechanical 

stability.  

 

Figure 10. Dynamic thermomechanical response for (a) the FAA3 and composite alkaline 

membranes; (b) AEMs composite membranes 

 
Conclusions 

Composite graphene modified AEM membranes were successfully developed via a simple method 

of mixing graphene at various loading with Fumion FAA-3-SOLUT-10 ionomer. The structural 

characterization experiments highlighted that the fabrication of the composite membranes was 

possible. Electrochemical, thermal and mechanical characterization of the composite membranes 

showed an improved behaviour when compared to pristine Fumasep® FAA3 membranes. It was 

found that the hydroxide ion conductivity increased with graphene concentration and temperature 

due to the unique 2-D structure of graphene that changes the ion conducting mechanism. The 

hydroxide ion conductivity results indicated that the conductivity values decreased for the 

AEMGr0.75% and AEMGr1% membranes, suggesting that the excess amount of graphene could 
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hinder/disrupt the continuity of ion conduction pathways in the composite membrane. The 

improved electrochemical, thermal and mechanical properties of the composite AEMs based upon 

graphene inclusion into the anion-exchange polymer solution, are the basis for future 

investigations. These membranes will be used for both electrolyzer and fuel cells tests, and the 

results will be reported in a follow-up paper.   
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