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Abstract 

The use nanotechnology along with the consideration of a functionalization and stabilization 

approach to the poly(vinyl alcohol) (PVA) was considered useful for the preparation of cost-

effective polyelectrolyte membranes. A set of nanocomposite and crosslinked membranes 

based in PVA/SSA/GO were prepared and analyzed as polyelectrolytes in direct methanol fuel 

cells (DMFCs). The crosslinking and sulfonation by the use of sulfosuccinic acid (SSA) 

enhanced the stability and increased the proton conducting sites in the PVA structure. The 

presence of graphene oxide (GO) augmented the stability, remarkably decreased the methanol 

crossover and enhanced power density curves. An optimum value for proton conductivity was 

found for the 0.50%wt of GO proportion, which decreased to higher concentrations of GO. 

Given the power density curve dependency on both the proton conductivity and the crossover 

reduction, the performance of these membranes as polyelectrolytes in DMFCs is strictly related 

to the balance between both factors. Therefore, a proportion of GO of 0.75%wt may assure 

suitable proton conductivity 3 mS·cm-1 and high resistance to methanol permeability, reaching 

promising power density of 16 mW·cm-2 with lower hydration levels. 

1. Introduction 

The demand for alternative environmentally friendly technologies to reduce the greenhouse gas 

emissions is nowadays higher than ever before. Fuel cells are one of the most promising 

technologies thanks to its capacity to convert chemical energy into electricity. Although several 
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fuels can be used, methanol ranks as one of the best alternatives due to its high fuel energy 

density, ease of transportation and refilling, and possibility to be obtained from renewable 

resources [1], [2]. In addition, it does not need bulky tanks, thereby reducing the volume and 

weight of the entire system. This flexibility of operation places direct methanol fuel cells 

(DMFC) as a real alternative to traditional energy conversion systems based on fossil fuels, 

being able to operate alone or in combination with other power electrical devices, such as 

batteries or supercapacitors. Consequently, this technology might be applicable to several 

industrial fields, as for instance, transport, energy or consumer electronics [3], [4]. 

Nevertheless, for this to become a reality there are still several drawbacks that need to be 

addressed [5], [6]. 

One of the main challenges DMFCs are facing is the methanol crossover [7]. This phenomenon 

occurs when methanol moves from the anode to the cathode across the membrane, resulting in 

a loss of performance. In order to obtain a long-lasting solution, it is necessary to reengineer 

the membrane. To that purpose, several possibilities are available: modification of Nafion 

membranes or research on new polymer blends and composites to obtain new materials with 

optimum properties for fuel cell applications [8]. Concerning research on polymer-based 

membranes, different alternatives have been proposed in the literature. In particular, membranes 

based in poly(vinyl alcohol) (PVA) have been reported with high potential for proton exchange 

polyelectrolytes, as it is a cost-effective and widely available polymer, with great 

functionalization possibilities and known to be a good methanol barrier, hence being a good 

candidate to tackle the crossover phenomena that negatively affects DMFC performance [9]–

[11]. However, its intrinsic lack of proton conductivity and high water solubility may be 

disadvantages that must be overcome. The use of crosslinking agents in combination with fillers 

may be considered to avoid both issues [12]. The combination of PVA and sulfosuccinic acid 

(SSA), may increase the mechanical properties, diminish swelling related problems and endorse 

dimensional stability to the polymer matrix [13]. In terms of chemical structure and reaction 
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mechanism, the crosslinking of PVA and SSA will result in a tridimensional architecture with 

the generation of ester linkages between both carboxylic cues of SSA and pendant hydroxyl 

groups of PVA [14]. In the literature, SSA concentration up to 50% has been considered. 

However, excessive crosslinking and sulfonation of the membranes result in higher rigidity and 

lower water swelling ability, that may promote cracking in the membranes and impair the 

proton conduction pathways, respectively [15], [16]. The crosslinking process is usually carried 

at temperature above 100 ºC, so as thermally promoted esterification is allowed between 

hydroxyl groups of PVA and carboxylic species of SSA [17]. Moreover, given the absence of 

ionic species in the PVA structure necessary for the proton transport, the SSA possesses 

sulfonic functional groups, which are essential to promote proton transport across the 

membrane. Nevertheless, although reasonable behavior of the PVA/SSA membranes has been 

reported, it is still far from that of the Nafion® membranes [18]–[22]. 

In order to improve the performance of PVA/SSA membranes, several alternatives have been 

proposed in the literature [23]–[25]. Among them, the preparation of composites has received 

great attention. To such purpose a variety of fillers have been studied such as ceramics (TiO2, 

SiO2, hydroxyapatite), montmorillonite (MMT), silica particles or graphene oxide (GO) [26]–

[31]. Among them, graphene oxide (GO) may be a good alternative due to its nanometric scale, 

and good mechanical, chemical and electrical properties that may provide additional benefits 

to the membrane. Such is the case as the improvement of the proton conductivity, due to an 

increase in the surface area between the polymer matrix and the filler, as well as the reduction 

of the absorption of the fuel solution, which result in lower crossover phenomenon [32]–[37]. 

In terms of structure, the GO nanoparticles may be enclosed into the above described 

crosslinked structure, with the possibility of both chemically reaction with SSA molecules, and 

establishing intermolecular interactions with SSA and PVA by means of hydrogen bonding 

[38]–[40]. In terms of concentration of GO, percentages above 1.00%wt have been reported to 
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result in aggregation and agglomeration and difficulties for the GO dispersion in the PVA 

matrix [41], [42] as well as the loss of proton conductivity [42]–[44]. 

Therefore, the aim of this work is to evaluate the performance in a DMFC of a series of 

nanocomposite and crosslinked PVA-based membranes with a 30%wt of SSA as a function of 

GO concentration (0%, 0.50%, 0.75% and 1.00%wt). For this purpose, the chemical and 

structural characterization along with the evaluation of the thermal properties and thermo-

oxidative stability are essential for the validation of the membrane preparation procedure. 

Furtherly, the methanol solution absorption and retention ability of the membranes needs to be 

addressed as an indirect evaluation of the methanol crossover. The characteristic polarization 

and power density curves and the study of the electric and protonic conductivities may allow 

understanding the mechanisms governing proton exchange through the polyelectrolyte. The 

study of these properties should allow elucidating the capacity of these composite membranes 

for their potential application, avoiding the crossover of methanol and maintaining high power 

density. 

2. Results and Discussion 

2.1. Crosslinking and Sulfonation: Surface Morphology and Chemical Structure 

The obtained crosslinked membranes were smooth, flat and uniform, which microscopic 

surface micrographs are shown in Figure 1. Non-significant differences in terms of porosity or 

rugosity were found between M-0 and M-1.00 membranes, so that the presence of GO did not 

altered the surface flatness. However, submicron grains could be intuited in the membrane 

containing GO, which may be ascribed to nanoparticles in the surface of the membranes. 
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Figure 1. FE-SEM surface micrographs of the M-0 and M-1.00 membranes. 

The chemical structure of the membranes was assessed by means of Fourier transform infrared 

spectroscopy (FT-IR) in order to investigate the existence of crosslinking and sulfonation. The 

obtained FTIR spectra of the membranes are plotted in Figure 2 as a function of the GO content. 

 

Figure 2. Fourier transform infrared spectra of the membranes. 

All the membranes showed the characteristic bands of the PVA, especially those corresponding 

to the ‒OH stretching vibration from the intermolecular and intramolecular hydrogen bonds at 

3300 cm-1 and ‒CH2‒ stretching at 2920 cm-1 [45]. Given the thermal crosslinking process with 

the SSA, the ester bond (‒COO‒) band was perceived in all cases [16]. The C=O stretching 

signal at 1710 cm-1 was also identified. The use of SSA as sulfonating agent resulted in an 

intense band around 1035 cm-1, characteristic of the sulfonic groups (‒SO3H), that may have 

overlapped the C‒O stretching band, expected at 1050 cm-1 [46], [47]. The main bands of the 

GO, expected at 1615 cm-1 for the C=C and at 1220-1250 cm-1 for the CO stretching were 

absent, possibly overlapped by the previously described signals of the PVA and SSA. The low 

GO content, between 0.50 and 1.00%wt, and the absence of the characteristic GO signals may 

also be correlated with a good particle dispersion [42]. Altogether, the crosslinking may bring 

stability to the membrane whereas the sulfonation approach, responsible for introducing proton-
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conducting sites in the polymer structure, may improve its protonic conductivity. These features 

were subsequently evaluated in further sections. 

2.2. Thermal Properties and Thermo-Oxidative Stability 

The thermal properties of the membranes were assessed by means of differential scanning 

calorimetry (DSC) and the thermo-oxidative stability was evaluated by means of 

thermogravimetric analyses (TGA). The results of both techniques were superposed for a proper 

evaluation of the thermal transitions up to 200 °C. The obtained calorimetric thermograms along 

with the derivative thermogravimetric curves (DTG) until complete decomposition are plotted 

in Figure 3. 

 

Figure 3. Superposed calorimetric (25-200 °C) and derivative thermogravimetric (25-600 °C) 

thermograms. 

The calorimetric thermograms were characteristic for the PVA/SSA-based crosslinked 

membranes [18]. An amorphous morphology was suggested given the absence of the melting 

transitions, as reported before for the PVA-based membranes with a SSA content above 15 %wt 

[16], [48]. The release of free (<100 °C) and bound water (>100 °C) were perceived as 

endothermic processes, which enthalpy is plotted in Figure 4. The free water is expected to be 

occupying the free volume available in the membrane structure, while the bound water is 
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assumed to be interacting by hydrogen bonding with the available sulfonic, hydroxyl and 

carboxyl groups [49]. Regarding the effect of the nanoparticles, the water release enthalpies 

decreased as the GO content increased, suggesting the lower ability of the membranes to host 

water molecules. Moreover, calorimetric thermograms were slightly displaced towards higher 

temperatures, which would imply stronger membrane-water interactions. 

The acquired TGA thermograms revealed a multi-stage thermo-oxidative decomposition. The 

free and bound water release stages were corroborated along with the ester scission and sulfonic 

group decomposition, the PVA backbone decomposition and the char degradation [47]. 

Moreover, when bounded water is released, hydroxyl groups from the PVA molecules may be 

eliminated, giving as a result polyene structures [16]. The obtained results for these stages are 

gathered in Table 1 in terms of the mass loss contribution and peak temperature of the DTG 

curve. As well, the residue percentage (R) after decomposition was included. 

Table 1. Characteristic peak temperatures and associated mass loss to the different thermo-oxidative 

decomposition stages as a function of the membrane composition. 

 Free H2O Bounded H2O Ester/‒SO3H PVA backbone Char  

 T ∆m T ∆m T ∆m T ∆m T ∆m R 

 (°C) (%) (°C) (%) (°C) (%) (°C) (%) (°C) (%) (%) 

M-0 96.18 4.82 189.12 14.56 264.84 16.80 443.31 30.59 514.43 31.00 2.23 

M-0.50 93.19 3.12 190.53 13.95 263.99 18.71 444.52 26.95 521.52 34.27 3.00 

M-0.75 103.64 3.35 192.44 12.79 264.14 19.49 444.02 29.98 515.51 31.43 2.96 

M-1.00 104.35 2.13 - 9.36 264.16 19.04 443.69 28.48 523.96 34.32 3.67 

As suggested by the calorimetric analysis, the peak temperatures of the water release were 

slightly displaced towards higher values and the mass contribution decreased as a function of 

the GO content. The peak temperature of the ester group scission and the sulfonic group 

decomposition remained almost constant around 264 °C. However, the mass contribution for 

this stage slightly increased when GO was incorporated. The degradation of the ester bonds of 
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the PVA-SSA and SSA-GO molecules may be the responsible for this higher mass contribution. 

Then, the PVA backbone decomposition occurred around 444 °C. Finally, the char 

decomposition occurred from 514 °C onwards, with a mass contribution of more than 30%. As 

expected, the residue varied between 2.23 and 3.67%, being higher as the GO content increased. 

For comparison purposes, the water release enthalpy and consequent mass loss step during 

thermogravimetry are plotted in Figure 4. Both parameters decreased as a function of the GO 

proportion, which highlight the lower water content of the membranes when GO content 

increased. This observation may be correlated with a more compact structure due to the 

presence of GO particles, that resulted into a less free volume architecture due to high 

interaction with PVA and SSA with subsequent less functional group availability for water 

incorporation [50]. 

 

Figure 4. Comparison of the water ‒free and bounded‒ release enthalpy (calorimetry) and mass loss 

(thermogravimetry) as a function of the membrane composition. 

2.3. Membrane Stability and Methanol Solution Uptake in Simulated Service Conditions 

The membranes were furtherly evaluated by means of the methanol solution uptake at 

equilibrium. For this purpose, membranes were immersed in a 1 M methanol solution during 65 

days. On the one hand, all of them were hydrolytically stable after the assay and no weight loss 
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due to erosion or fragmentation was found. Indeed, a neat mass increase was found in all cases 

once reached the equilibrium given the solution incorporation. 

The determination of the swelling behavior is important for a satisfactory application as proton 

exchange membrane, especially in the case of DMFCs where membranes work in direct contact 

with the methanol solution. The obtained absorption mass percentages (Ms) after 65 days of 

immersion along with the time to reach the equilibrium are plotted in Figure 5. 

 

Figure 5. Equilibrium mass percentages at saturation (Ms) as a function of the membrane composition. 

In general, membranes became more flexible once saturated given the plasticizing effect of the 

absorbed solution [17]. The hydrophilic carboxyl, hydroxyl and sulfonic groups of PVA, SSA 

and GO may have attracted water and methanol molecules. However, the addition of GO 

considerably decreased the swelling of the membranes. The Ms progressively moved from 

42.50% to 34.82% and 30.23% for the M-0.50 and M-0.75, respectively. Then, for the M-1.00, 

a higher diminution was perceived, reaching the value of 18.79%, the half-mass percentage at 

saturation of the M-0 membrane. The decrease of the solution uptake may be correlated to the 

higher matrix-nanoparticle interactions, which have resulted in lower functional sites available 

for the solution incorporation, as perceived in previous sections [51], [52]. Both chemical and 

physical interactions reduced the free volume holes and turned the membranes into a more 
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compact structure. This behavior may be associated to the reduction of the time to reach 

equilibrium with the addition of GO. Whereas the M-0 continued increasing mass until 350 h, 

the M-1.00 membrane was saturated in less than 24 h. For the PVA/SSA, it has been reported 

that the structure of the membranes may change during immersion. Once the hydrophilic 

functional groups have completely interacted with the dissolution, more water and methanol 

may be absorbed because of the membrane expansion and swelling. This is the above-

mentioned plasticizing effect [17]. Conversely, the GO contributed to modulate the membrane 

expansion which will result in higher dimensional stability when in contact with the methanol 

solution during service [37]. 

For a deeper characterization of the methanol solution uptake, the diffusion coefficient (D) was 

calculated, along with permeability (P) and the n coefficient for the determination of the 

diffusion type. The obtained results are gathered in Table 2. The solution uptake rate increased 

for higher GO content, and therefore, the diffusion coefficient (D) slightly increased for higher 

proportions of GO. Although this behavior may be striking, the higher hydrophilicity of the GO 

nanoparticles may be the responsible of the increase of D [53]. Moreover, as a result of the 

preliminary drying stage before immersion, the avidity of the GO nanoparticles for water 

molecules may be higher, and therefore, the diffusion coefficient was slightly higher than for 

the M-0 membrane. Considering the calculated solubility at the equilibrium, and the membrane 

thickness around 120 µm, the presence of GO nanoparticles diminished the methanol solution 

permeability (P) from 4.94·107 cm2·s-1 for the M-0 to 4.48·107 cm2·s-1 for the M-1.00 

membrane. This behavior was in line with that reported in the literature for the crosslinked 

PVA/SSA with similar percentages of SSA [48], [54], [55]. In general, permeability to 1 M 

methanol solution was considerably lower than that of Nafion® 117, reported in the range from 

10-5 to 10-6 cm2·s-1 [56]–[59]. 
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In terms of diffusion type, a pseudo-Fickian pattern (n ≤ 0.5) was found in all cases, despite of 

the presence of GO. This behavior is characteristic for the crosslinked polymers and 

composites, and responsible of the complex and anomalous penetration pattern of the fluid into 

the membrane [60]. However, when GO was absent in the composition in the M-0 membrane, 

the n was 0.21, closer to the Case I or Fickian diffusion (n = 0.5). The higher concentration of 

GO in the membrane, the more anomalous diffusion behavior occurred.  

 

Table 2. Diffusion parameter (D), n coefficient and permeability (P) as a function of the membrane 

composition. 

 D 106 P·107 n 

 (cm2·s-1) (cm2·s-1)  

M-0 1.16 4.94 0.21 

M-0.50 1.36 4.73 0.16 

M-0.75 1.56 4.70 0.13 

M-1.00 1.72 4.48 0.07 

Even though diffusion slightly increased as a function of the GO content, the lower absorption 

at equilibrium along with the more anomalous diffusion type may suggest higher tortuosity and 

therefore lower methanol crossover across the membrane, as suggested in the literature [61], 

[62]. This, along with the reported slow water diffusion between graphene oxide layers would 

result in lower crossover [63]. Moreover, the lower plasticizing effect as a function of the GO 

percentage can be correlated with a highly interrelated and compact structure with less space 

for the swelling and generation of hydrophilic channels for the solution diffusion and, thus, 

reducing crossover, one of the main drawbacks of the membrane development in the DMFC 

field [36], [64]. Altogether, given the well-known contribution of the water molecules to the 

proton transport, the consequences of the lower membrane solution uptake and different 
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diffusion behavior must be investigated in terms of the DMFC performance and the proton 

conductivity of the membranes. 

2.4. Direct Methanol Fuel Cell (DMFC) Performance 

The direct methanol fuel cell (DMFC) performance of the membranes was evaluated, which 

results are plotted in Figure 6 by means of the polarization and the corresponding power density 

curves as a function of the GO content and a methanol concentration of 1 M. 

 

Figure 6. DMFC polarization curves (left) and their corresponding power density curves (right) obtained 

for a methanol concentration of 1 M. 

The performance of the membranes with high GO content (M-0.75 and M-1.00) was 

considerably higher than that obtained for membranes with low GO content (M-0 and M-0.50). 

The significant reduction of the methanol crossover found in the previous section is in 

accordance with the remarkable increase of the OCV in those MEAs with M-0.75 and M-1.00 

membranes, as plotted in Figure 7. In addition, the crossover reduction may be the responsible 

for the better power density when GO content increased. As occurred with the uptake ability of 

methanol solution, (Figure 5), this behavior was not linear. In particular, the greatest 

improvement was found when de GO composition increased from 0.50 to 0.75%wt, which 

values were close to those reported for Nafion® 117 in 1 M methanol solution at 50 ºC (~30 

mW·cm2) [65]. At this point, although the influence of the methanol crossover has been 
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highlighted on the cell performance, the obtained results suggest that other factors such as the 

proton conductivity may contribute and therefore must be evaluated. 

 

Figure 7. Maximum power densities and open circuit voltages of the crosslinked PVA/SSA and 

PVA/SSA/GO composite membranes in DMFC at a concentration of 1 M. 

2.5. Electrical and Proton Conductivity 

Dielectric thermal analysis (DETA) allows to study the electrical (σdc) and proton conductivity 

(σprot), which are key parameters in the reengineering process of a given membrane for DMFC 

applications [66]. Figure 8 shows the obtained values for the PVA/SSA/GO membranes in their 

original (dry) state as a function of temperature. 
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Figure 8. Logarithm of the electrical conductivity (σdc) (left) and proton conductivity (σprot) (right) as a 

function of the membrane composition and temperature, obtained from the membranes in their original 

(dry) state. 

In general, both σdc and σprot increased as a function of temperature, due to the higher molecular 

mobility. The electric conductivity remained between 10-10 and 10-11 S·cm1 for all studied 

membranes. Given the low electrical conductivity required for DMFC applications, these values 

can be considered as suitable [8]. Regarding proton conductivity (σprot), it increased with the 

addition of GO and a maximum value was found for the M-0.50 membrane. Membranes were 

furtherly analyzed at the service temperature after being immersed in water during 24 h. Figure 

9 compares the obtained σprot in the dry and wet states. Significant differences were perceived, 

including an increase of two orders of magnitude when the membranes were hydrated. This 

observation is strictly correlated to the contribution of the vehicular mechanism by means of 

the absorbed water molecules, both free and bound. Again, a maximum was obtained for the 

M-0.50 membrane. In particular, although this composition revealed a σprot of 3.06 mS·cm-1 at 

25 ºC, it was still lower than that of the Nafion® 117 membrane with 37.4 mS·cm-1. Even 

though the proposed membranes are still below the Nafion® performance in terms of proton 

conductivity, a promising reduction in the methanol solution uptake and permeation coefficient, 

along with a reasonably good fuel cell behavior with the addition of small proportions of GO 
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and simple and cost-effective preparation methodology makes these membranes promising 

candidates for further developments in this field. 

 

Figure 9. Comparison of the σprot in the dry and wet states as a function of the membrane composition. 

As the proton transfer is understood as a combination of vehicular and Grotthuss mechanisms 

[67]–[69], the presence of GO in the membrane may have promoted a more compact structure, 

with lower free volume, in which the ionic sites for proton transport are closer. Thus, less 

molecules of water are required to proton transfer [51]. However, when GO content increased 

reached 1.00 %wt, the σprot considerably decreased. The lower hydration ability of the 

membranes with high GO content may have reduced the crossover phenomenon found in 

previous sections but also the contribution of the water molecules to the vehicular proton 

transport mechanism. In addition, the ionic pathways may have been blocked by GO 

nanoparticles, which may have reduced the proton hopping mechanism and subsequently the 

overall proton conductivity [65]. 

According to the results found in this study, the Figure 10 schematizes the proposed 

contribution of the Grotthuss and vehicular proton transport mechanisms and methanol 

crossover as a function of the GO content in the PVA/SSA/GO membranes. 
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Figure 10. Scheme of the proposed contribution of the Grotthuss and vehicular proton transport 

mechanisms and methanol crossover as a function of the GO content in the membranes. 
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3. Conclusions 

The prepared nanocomposite and crosslinked membranes based in PVA/SSA/GO may be 

postulated as a cost-effective alternative for being used as polyelectrolytes in direct methanol 

fuel cells (DMFCs).  

Regardless of the amount of GO, they revealed a non-porous smooth and flat surface along with 

appropriate thermal stability, flexibility and a low electric conductivity. In terms of performance 

in DMFC, it was demonstrated that the balance between both the proton conductivity and the 

ability of the membrane to slow down the crossover process is essential for a successful 

application. Whereas proton conductivity increases with the inclusion of GO until a percentage 

of 0.50%wt, the presence of GO in the membranes decreases the absorption of the methanol 

solution, further as GO content increased. 

Better power density performance with GO was achieved. However, a non-linear relationship 

was defined. Overall, membranes with GO proportion of 0.75%wt combined good proton 

conductivity and high resistance to methanol permeability and exhibited appropriated behavior 

with lower hydration levels for being used as polyelectrolytes in DMFCs. 

4. Experimental Section 

4.1. Materials 

Poly(vinyl alcohol) (PVA) with Mn 67 000 g·mol-1 (degree of hydrolysis min. 99%), glacial 

acetic acid (99.8% anhydrous), sulfosuccinic acid (SSA) (70%wt solution in water) were all 

purchased from Sigma-Aldrich. Methanol from Panreac (99.9% purity) and Millipore water 

were used. All chemicals were used without further purification. 

The graphene oxide (GO) was prepared from graphite powder using the Modified Hummers 

Method (MHM) [42], [70], [71]. Concisely, graphite powder (<20 μm) was mixed with H2SO4 

and NaNO3, below 20 °C, after which KMnO4 was progressively added under constant stirring. 
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Then, the mixture was diluted in distilled water and the temperature increased to 98 °C. To 

reduce the remaining KMnO4, a H2O2 solution 30% was added and the solid phase was washed 

with HCl 37% and ethanol until neutral pH was reached. Finally, the GO powder was filtered 

and dried in a vacuum oven at 60 °C. All the reactive used for the GO preparation were 

purchased from Sigma-Aldrich. 

4.2. Membrane Preparation 

Nanocomposite membranes based in PVA/SSA/GO were prepared by means of a solvent-

casting procedure [72]. First, PVA (5 g) were dissolved in deionized water (100 mL) and 

magnetically stirred at 90 °C for 8 h. Then, the aqueous solution of SSA was gradually added 

to the flask in order to achieve a 30%wtPVA and furtherly stirred for 24 h [47]. Afterwards, four 

identic aliquots of this solution were obtained, which were mixed with GO dispersions, refluxed 

at 90 °C overnight and finally cooled down to room temperature. The GO dispersions 

containing the 0.50, 0.75 and 1.00%wtPVA were previously prepared in deionized water (10 mL) 

and sonicated for 1 h. Finally, the solutions were cast on a Teflon® mold dishes. Once dry, the 

membranes were cross-linked at 110 °C during 2 h. The membranes were labelled as M-0, M-

0.50, M-0.75 and M-1.00, according to the GO percentage with respect to the PVA. 

4.3. Membrane Physicochemical Characterization 

4.3.1. Field-Emission Scanning Electron Microscopy (FE-SEM) 

The surface of the prepared membranes was evaluated by means of Field-emission scanning 

electron microscopy (FE-SEM). The membranes, previously vacuum dried, were platinum 

sputter-coated during 10 s using a Leica EM MED020 coater. Surface electronic micrographs 

were taken in a Zeiss Ultra 55 at 22 ºC with a 1 kV voltage. 
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4.3.2. Fourier Transform Infrared Spectroscopy (FTIR) 

The chemical structure was assessed by means of Fourier transform infrared spectroscopy 

(FTIR). Analyses were carried out in a Thermo Nicolet 5700 infrared spectrometer with an 

attenuated total reflectance accessory (ATR). The spectra were collected from 4000 to 400 cm-

1 at a resolution of 4 cm-1 along 64 scans. The spectra of three different locations of the sample 

were averaged. Backgrounds were collected and results were processed by means of the 

Omnic® Software. 

4.3.3. Differential Scanning Calorimetry (DSC) 

The thermal properties were assessed by means of differential scanning calorimetry (DSC) 

using a Mettler Toledo DSC 822 analyzer. Thermograms were obtained from 25 °C to 220 °C 

at 10 °C·min−1. All the experiments were run under nitrogen atmosphere (50 mL·min−1). Three 

consecutive scans of heating, cooling and heating were carried out. Samples were analyzed in 

triplicates and results were evaluated by means of the STARe® Software. 

4.3.4. Thermogravimetric Analysis (TGA) 

The thermo-oxidative stability of the membranes was assessed by means of thermogravimetric 

analysis (TGA) in a Mettler-Toledo TGA 851 analyzer. The samples, with a mass of about 4 

mg were introduced in an alumina pans, with capacity of 70 μL, and were analyzed in triplicates 

from 25 to 800 °C with a heating rate of 10 °C·min−1, under an oxygen atmosphere (50 

mL·min−1). Results were analyzed by means of the STARe® Software. 

4.4. Membrane Validation 

4.4.1. Methanol Solution Absorption 

Specimens of 1 cm2 were preliminarily dried at 30 ºC and vacuum conditions into a Heraeus 

Vacutherm 6025 oven for 48 h until constant mass, and subsequently immersed into closed 

vials containing 1 M methanol solution (20 mL) at 50 °C. The change in the mass of the 
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specimens was evaluated gravimetrically up to saturation according to Equation (1) with a 

Mettler-Toledo XS205 Dual-Range, where mt refers to the mass measured along immersion and 

m0 is the initial mass of the membranes. The aqueous media was replaced weekly during 

immersion by fresh 1 M methanol solution. 

𝑀𝑡(%) =
𝑚𝑡−𝑚0

𝑚0
× 100  (1) 

According to the geometric structure of the material under study, the solution to Fick's law for 

the diffusion evaluation may be different [23]. For the case of a plane sheet geometry, the mass 

uptake at time t may be designed as Mt and the uptake at the equilibrium as Meq. Therefore, for 

the earlier stages of solution uptake (Mt/Meq ≤ 0.5), the Fick's law can be simplified using 

Stefan's approximation described in Equation (2) [73]. 

𝑀𝑡

𝑀𝑒𝑞
=

8

𝜋1/2
(
𝐷𝑡

𝑙2
)
1/2

  (2) 

where D is the diffusion coefficient, t the time of absorption and l is the thickness of the sample. 

By representing the Mt/Meq ratios as a function of the square root of time, it can be calculated 

Ө, the slope of the plot. So, the diffusion coefficient (D) can be calculated according to the 

Equation (3). 

𝐷 = 0.0625𝜋𝑙2𝜃2  (3) 

In order to understand the degree of interaction between the methanol solution and the 

membrane, it can be calculated the sorption coefficient S using the Equation (4). 

𝑆 =
(𝑚𝑠−𝑚0)

𝑚0
  (4) 

where mp is the membrane initial dry weight and ms is the weight of the specimen at the 

equilibrium.  

The permeation coefficient (P) can be therefore calculated by combining the diffusion and 

sorption coefficients in Equation (5) [74], [75]. 
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𝑃 = 𝐷 · 𝑆  (5) 

In terms of diffusion behavior, it may be considered that, for short times, the Equation (6) may 

be considered that, if linearized applying logarithms as in Equation (7), the slope may allow to 

obtain the n coefficient for the diffusion type evaluation. 

𝑀𝑡

𝑀∞
= 𝐾 · 𝑡𝑛  (6) 

log (
𝑀𝑡

𝑀∞
) = log𝐾 + 𝑛 · log 𝑡  (7) 

4.4.2. Polarization Curve Measurements 

To identify the real potential of the synthetized membranes for being used in fuel cells, they 

were tested by means of membrane electrode assemblies (MEAs) in a single DMFC of 3.8 cm2 

of active area. Before assembling the single cell, membranes were sandwiched between two 

full wet filter papers for 30 min to hydrate them properly. In order to apply a uniform pressure 

a ceramic plate was placed on top. 

Commercial electrodes from Freudemberg were used to prepare the MEAs, Pt-Ru/C (3 mg·cm-

2, BC-M100-30F H2315 T10A) for the anode and Pt/C (1 mg·cm-2, BC-H225-10F) for the 

cathode. Thus, after the hydration process, membranes were placed between the electrodes and 

the set was clamped between two monopolar plates by 4 screws with 2 N·m of torque. Each 

monopolar plate consists of a stainless steel 316L plate with a parallel-channel flow pattern to 

supply the reactants. 

Membranes with different GO content were tested in the single DMFC. The anode of the cell 

was supplied with 1 M methanol solutions, at 3 mL·min-1, whereas pure humidified oxygen at 

50 mL·min-1 was continuously provided to the cathode. The polarization curves were acquired 

at 50 °C and 1 bar oxygen pressure. Before conducting the polarization curve measurement, the 

single cell was subjected to a thermal conditioning procedure. It consisted in heating the cell at 

open circuit voltage (OCV) up to the working temperature (50 °C) by means of a heat 
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exchanger. Polarization curves were obtained keeping each point for 60 s. The polarization 

curve measurements were performed in a previously reported experimental setup [76]. 

4.4.3. Dielectric Thermal Analysis (DETA) 

The proton and the electric conductivities of the membranes were analyzed by means of 

dielectric thermal analysis (DETA), using a Spectrometer of Novocontrol Technologies. The 

response was measured in the frequency range f = 10-1 – 107 Hz, at temperatures between -150 

to 100 °C. All the measurements were obtained under isothermal conditions by increasing steps 

of 10 °C. The sample electrode assembly (SEA) consisted in two stainless steel electrodes (20 

mm diameter) filled with the sample. The proton conductivity of the polyelectrolytes was 

calculated according to Equation (8). 

𝜎𝑝𝑟𝑜𝑡 =
𝐿

𝐴∙𝑅𝑜
  (8) 

where L is the thickness of the polyelectrolytes in cm, A the area of the electrode in contact with 

the membrane in cm2, and R0 the protonic resistance in ohms (Ω). The value of R0 is taken from 

the Bode plot in the high frequency range, in which the value of log |Z| tends to a non-frequency 

dependent asymptotic value and the phase angle reaches its maximum value [77].  

The electric conductivity (σdc) was also measured from the Equation (8) but with the values of 

R0 at low frequencies, where the measured real part of the conductivity reaches a plateau. 
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