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Abstract

:

In this work, homogeneous, thin-film proton exchange membranes (PEMs) with superior proton conductivities and high methanol rejection were fabricated via a facile synthesis procedure. Sulfonated polyether ether ketone (sPEEK) was crosslinked via a Friedel–Crafts reaction by α,α′-dichloro-p-xylene, a non-hazardous and hydrophobic compound. PEMs with varying crosslinking and sulfonation degrees were fabricated to overcome the traditional trade-off between methanol rejection and proton conductivity. The sulfonation of PEEK at 60 °C for 24 h resulted in a sulfonation degree of 56%. Those highly sulfonated backbones, in combination with a low membrane thickness (ca. 20 µm), resulted in proton conductivities superior to Nafion 117. Furthermore, X-ray photoelectron spectroscopy proved it was possible to control the crosslinking degree via the crosslinking time and temperature. The PEMs with the highest crosslinking degree showed better methanol rejection compared to the commercial benchmark. The introduction of the crosslinker created hydrophobic membrane sections, which reduced the water and methanol uptake. Subsequently, the membrane became denser due to the crosslinking, hindering the solute permeation. Those two effects led to lower methanol crossovers. This study proved the successful fabrication of PEMs overcoming the trade-off between proton conductivity and methanol rejection, following a facile procedure using low-cost and non-hazardous materials.
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1. Introduction


In the last decades, climate change has become one of the major challenges of the modern world. Rising sea levels, droughts, increases in greenhouse gas emissions, and scarcity of resources confront the current generations with grave and pressing challenges. For those reasons, a new technological revolution towards clean and sustainable transport, energy sources, and industries is taking place [1]. The development of direct methanol fuel cells (DMFCs) and artificial photosynthesis is part of that technological revolution. The purpose of DMFCs is to generate energy using methanol as fuel, and artificial photosynthesis is used to generate fuel from energy with the aid of sunlight. Both technologies make use of an electrochemical cell, commonly equipped with a proton exchange membrane (PEM). Within a DMFC, methanol is oxidized in the anode compartment, which generates electrons and protons. The electrons carrying the free energy travel via an external circuit towards the cathode, which generates a potential difference. To maintain the charge balance, the protons also need to be transported to the cathode compartment through a semi-permeable membrane, i.e., a PEM [2,3]. On the other hand, within artificial photosynthesis, CO2 is reduced in the cathode compartment under the influence of an external potential difference and sunlight. Possible reaction products are methanol, ethanol, and ethylene. Similarly to DMFCs, the charge balance is maintained by transporting protons from the anode to the cathode compartment using a PEM [4,5].



PEMs are dense, semi-permeable membranes commonly fabricated from polymers containing fixed, negatively charged groups that give preference to proton transport while rejecting other compounds. Nowadays, perfluorinated PEMs, such as the commercial Nafion membranes, are the most commonly employed PEMs for DMFC and artificial photosynthesis [2,4,5,6]. They show high proton conductivities due to their phase-separated morphology, i.e., a hydrophobic backbone combined with hydrophilic side chains, and their high ion exchange capacity (IEC) [2,5,7,8]. Furthermore, these membranes have high thermal and chemical stability. However, Nafion has certain limitations, making it unsuitable for a broader application range. The main drawbacks are its high methanol permeability [6,9,10] and high production cost [9,10,11,12]. In addition, it contributes to global PFAS pollution, endangering human health and the environment [13,14,15,16].



Extensive research has been undertaken on alternative polymers to replace the perfluorinated membranes. Polyether ether ketone (PEEK) is a low-cost polymer, showing good film-forming properties and easy sulfonation [17,18,19,20,21,22,23]. Generally, sulfonic acid groups are used as the functional groups in PEMs. The combination of these polar groups and the hydrophobic aromatic backbone provides the membrane with a phase-separated structure [24]. Recently, many efforts have been devoted to preparing the membranes with dense structures to minimize the solvent absorption rates and swelling degrees [25]. Crosslinking the polymer leads to a dense, tortuous 3D network with steric effects, which leads to decreased swelling. Additionally, a crosslinked membrane structure shows increased cation/anion permeation, lowers the hydrogen and methanol crossover, and enhances the thermal and mechanical stability [26,27]. Various studies on employing sulfonated PEEK (sPEEK) as the polymer backbone have already been performed [17,18,19,20,21,22,23]. For example, Li et al. [21] synthesized self-crosslinked sPEEK membranes with sulfonic acid groups on the aliphatic side chains. They used concentrated sulfuric acid to perform the sulfonation, after which the sPEEK was reduced with borohydride. The pending sulfoalkoxy groups were added by using 1,3-propane sultone. Their results showed an even higher proton conductivity than Nafion 212. However, despite that good performance, two consecutive solvent steps, in addition to the sulfonation step, were required for the membrane synthesis, complicating the fabrication process. Furthermore, various toxic chemicals, such as borohydride and 1,3-propane sultone, were used during the synthesis. Furthermore, the authors did not report the methanol permeability, which is a crucial parameter for applications such as DMFCs and artificial photosynthesis. Zhong et al. [22] synthesized sPEEK membranes crosslinked via UV light using benzophenone (BP) and triethylamine (TEA) as the photo-initiator. Similarly, due to the use of diallyl bisphenol, they were not able to avoid toxic chemicals as membrane polymer building blocks. Wang et al. [23] used a polymer that only showed a weakly phase-separated structure, leading to inadequate proton conductivity. Zhao et al. [18] sulfonated PEEK using concentrated sulfuric acid and crosslinked the polymer using benzoxazine. The obtained membranes showed good methanol permeability and proton conductivity, but a trade-off was necessary for those two parameters. With an increasing crosslinking degree, the methanol permeability ranged between 5.79 × 10−5 and 5.46 × 10−7 cm2/s, and the proton conductivity ranged between 7.76 × 10−2 and 1.61 × 10−4 S/cm, whilst the commercial Nafion 117 membrane has a methanol permeability and proton conductivity equal to 1.88 × 10−6 cm2/s and 0.0891 S/cm, respectively. Again, the use of toxic compounds, such as aniline, paraformaldehyde, and bisphenol A, was required to synthesize the membranes. In another study by Zhao et al. [19], more inexpensive and safer chemicals were used for the crosslinking, i.e., styrene, divinylbenzene and AIBN. The resulting membranes showed competitive results compared to Nafion, but they were again not able to obtain a membrane that simultaneously showed better methanol retention and proton conductivity compared to the commercial benchmark.



This study aims at tackling the main limitations of the current PEMs, i.e., overcoming the trade-off between methanol rejection and proton conductivity, whilst only using non-hazardous, low-cost chemicals for the PEM synthesis. Methanol crossover and proton conductivity are two key performance parameters of a PEM. More specifically, methanol crossover is seen as one of the most notable technical barriers causing performance losses, whilst the proton conductivity is in direct relation to the energy requirements of a system [28]. This study employed α,α′-dichloro-p-xylene (DCX) as a low-cost, non-hazardous crosslinker. The chloromethyl groups on the benzene ring of DCX enable a Friedel–Crafts reaction between DCX and the aromatic rings of the sPEEK backbone. Additionally, the hydrophobic character of DCX can lower the methanol crossover. To the best of our knowledge, DCX has not been used in the fabrication of PEMs or in the crosslinking of sPEEK. It has only been used in a limited number of studies for the crosslinking of nanofiltration membranes [29,30]. Furthermore, thin film PEMs having a highly sulfonated PEEK backbone will be fabricated in order to limit the proton resistance.




2. Materials and Methods


2.1. Materials


Polyether ether ketone (PEEK) pellets (KetaSpire KT-820 NT SP) were bought from Solvay specialty polymers (Brussels, Belgium). These PEEK pellets have a diameter of approximately 2.5 mm. Sulfuric acid (S.G. 1.83, ≥95%) and p-xylylene dichloride (98%) were purchased from Thermo Fisher Scientific (Geel, Belgium). Aluminum chloride (reagent grade, 98%) and N,N-dimethylacetamide (DMAc) were purchased from Sigma Aldrich (Hoeilaart, Belgium). All chemicals were used without further purification.




2.2. Membrane Synthesis


A schematic overview of the membrane preparation process is given in Figure 1. The PEEK polymer (3 g) was dissolved in 40 mL of concentrated sulfuric acid (95%) and stirred at 500 rpm on a hot plate stirrer at 60 °C/90 °C for 24 h. A 100 mL Duran© reagent bottle was used together with a 35 × 6 mm magnetic stirring rod. It is important to note that the degree of sulfonation depends on the dissolution rate of the pellets, which in turn depends on the stirring rate, sulfonation temperature and time, and dimensions of the recipient and stirring rod. sPEEK was obtained by precipitating the polymer solution in water. The sPEEK polymer was stirred in water for 24 h to remove impurities. Afterward, it was dried in a vacuum oven for 15 h at 60 °C. As preparation for the crosslinking step, a 100 mL three-necked flask was dried overnight at 60 °C and flushed with dry N2 gas for 10 min. N,N–dimethylacetamide (DMAc) was added to the flask and flushed with dry N2 gas for 10 min. No change in the volume of the solvent was observed. The total amount of solvent was equal to 7 mL per obtained gram of dry sPEEK-mass. AlCl3 was added and stirred for five minutes, after which 1.68 g of the crosslinker dichloro-p-xylene (DCX) was added and stirred for ten minutes. The dry sPEEK polymer was added, and the solution was stirred for 6 h to obtain a homogeneous casting solution. The casting solution was cast on a glass plate at a thickness of 250 µm, and the solvent was evaporated in a vacuum oven at 60 °C for 2.5 h. The glass plate with the dry polymer film was put in an oven at elevated temperatures to perform the crosslinking reaction. The temperature and time for the crosslinking and sulfonation were different for each membrane type; Table 1 shows the synthesis details for every type. The synthesis of the non-crosslinked sulfonated membrane (sPEEK membrane) followed the abovementioned sulfonation step, after which the dry sPEEK polymer was dissolved in DMAc (7 mL DMAC/g sPEEK) and cast at 250 µm.




2.3. Material Characterization


	1.

	
FTIR spectra of the membrane films were obtained with an FTIR Spectrometer (Spectrum 100, PerkinElmer, Waltham, MA, USA) in ATR mode using a diamond crystal (scan number = 4, resolution = 4 cm−1).




	2.

	
The H-NMR spectrum was determined by dissolving 0.05 g sPEEK in 1 mL of deuterated DMSO. The H-NMR instrument (Bruker Avance III HD 400, Kontich, Belgium) was operated at 400 MHz. The degree of sulfonation was determined via the method of Arul Joseph Helen Therese et al. [31]:


   n  12 − 2 n   =    H E     H A  +  H B  +  H C  +  H D  +  H  A ′   +  H  B ′      















Degree of sulfonation (DS)   = n ⋅ 100 %   in which    H A   ,    H B   ,    H   A ′     ,    H   B ′     ,    H C   ,    H D    and    H E    refer to the area below the peaks on the H-NMR spectrum corresponding to the aromatic hydrogens on position A, B, A′, B′, C, D and E, respectively. The identification of the aromatic hydrogen peaks is given in Figure 2 [31].



	3.

	
X-ray photoelectron spectroscopy (XPS) was carried out on a Kratos Axis SUPRAX-ray photoelectron spectrometer equipped with a charge neutralizer and a magnetic focusing lens, using Al K monochromated radiation (1486.7 eV). The surface charging of these samples was neutralized using a flood gun. All the spectra were fitted using CasaXPS, with energy referencing the C 1s peak. The background was corrected using a Shirley-type function.




	4.

	
Scanning electron microscopy (SEM): To visualize the membrane structure and pore sizes, the membranes were analyzed using an SEM ULTRA (Zeiss). Membrane samples of approximately 1 cm2 were placed on an SEM holder and sputter coated with a gold layer of 1.5 to 2 nm (BALZERS UNION FL 9460 BALZERS SCD 030). A voltage of 5 kV was used to obtain an image of the membrane surface. To evaluate the cross-section of the membrane, the membranes were repeatedly dipped in deionized water and consecutively immersed in liquid nitrogen. At these low temperatures, the membranes became brittle and could be broken without deforming the cross-section. A gold coating was also applied to these samples before the SEM analysis [32].








2.4. Membrane Parameters


	1.

	
Ion exchange capacity: The dry mass of the membranes was measured on an analytical balance, and the sample was immersed in a 12 v% HCl solution for 48 h to protonate the sulfonic acid groups. The membrane samples and storage bottles were thoroughly washed with Milli-Q water before immersing the samples in a 1 M NaCl solution for 48 h. The protons in this NaCl solution were titrated with a 0.5 M NaOH solution using phenolphthalein as the indicator. The IEC was calculated using the following formula:


  IEC   ( mmol / g ) =    c  N a O H   ⋅  V  N a O H    m   








in which    c  N a O H    ,    V  N a O H     and  m  are the concentration of NaOH (mmol/L), the volume of NaOH used during the titration (l) and the mass of the tested membrane sample (g), respectively.




	2.

	
Water and methanol uptake: The membrane samples were dried for 20 h at 55 °C, and the dry membrane mass was determined. Afterward, the membranes were soaked in pure water/methanol for 24 h. The membranes were taken out of the corresponding bath, excess liquid droplets were removed from the surface using a paper towel, and the mass of the membrane samples was determined. The uptake was calculated as follows:


  Water   uptake   ( % ) =    m  w a t e r      m  d r y     ⋅ 100 − 100  










  Methanol   uptake   ( % ) =    m  m e t h a n o l      m  d r y     ⋅ 100 − 100  








in which    m  d r y     is the weight of the dry membrane sample (g), and    m  w a t e r     and    m  m e t h a n o l     are the membrane mass (g) after being soaked for 24 h in water and methanol, respectively.




	3.

	
The cation/anion permeation of the membranes was determined following the same procedure as reported by Deboli et al. and Firganek et al. [33,34]. First, the membrane was immersed in a 0.1 M KCl solution for 24 h. To perform the experiment, the membrane (active area 19.63 cm2) was positioned in a two-compartment cell equipped with two saturated calomel electrodes. The donor compartment was filled with a 0.5 M KCl solution and the receiving cell with a 0.1 M KCl solution. The potential difference over the membrane was measured by means of the potentiostat Origaflex 01A from Origalys (France). The setup was left unattended until a stable value was reached (approximately 5 to 10 min). The cation/anion permeation was calculated, dividing the experimental potential difference (   V  e x p    ) by the theoretical potential difference (   V  t h e o r    ), as can be seen in the following equation:


  α    %  =   Δ  V  e x p     Δ  V  t h e o r     ⋅ 100  















The same experiment was performed using a combination of 0.1 M NaHCO3 and 0.5 M NaHCO3. The theoretical potential difference was calculated with the Nernst equation using the appropriate activity coefficients and was equal to 36.47 mV and 36.13 mV for the experiment using KCl and NaHCO3, respectively [35,36].




2.5. Performance Testing


	1.

	
Methanol diffusion coefficient and permeability: To measure the methanol crossover of the membrane, the membrane was first soaked in water for 24 h. Then, the membrane was placed in a two-compartment diffusion cell. Both compartments had the same dimensions, having a thickness of 1 cm and a circular cross-section with a diameter of 6 cm. The concentrate side was filled with a 2 M methanol solution and the dilute side with demineralized water. The setup was left unattended for 90 min to make the methanol diffuse through the membrane. The compartments were emptied in separate beakers and the solutions were intensely mixed before taking three samples of 20 µL. It is important to note that the mixing of the solution is crucial since methanol–water mixtures can have microscopic configurational inhomogeneities [37]. The methanol concentration of the samples was analyzed via GC-FID (TurboMatrix HS 40, PerkinElmer), with helium as the carrier gas. The methanol diffusion coefficient [38] and the methanol permeability are calculated as follows:


   M e t h a n o l   d i f f u s i o n   c o e f f i c i e n t :   D     (  cm 2  / min ) =   Δ C   t ⋅  C 0       V B  ∗ L  A    










  M e t h a n o l   p e r m e a b i l i t y   P   ( 1 / min ) =   Δ C   t ⋅  C 0     











  Δ C  ,  t  and    C 0    are the average concentration changes in the concentrate and dilute compartment (mol/L), time of the experiment (min) and the methanol concentration of the concentrate compartment at the start (mol/L), respectively. VB, L and A represent, respectively, the volume in the dilute compartment (cm3) (which is similar to the concentrate compartment), the thickness of the membrane (cm) and the surface area of the membrane (cm2). The diffusion coefficient D describes the diffusion of methanol through the membrane, normalized by membrane surface area and by membrane thickness. Therefore, this parameter gives insight into the performance of the membrane material since the thickness of the membrane does not influence this parameter. The permeability parameter P describes the methanol crossover through the complete membrane. The membrane thickness does have an influence on this parameter; therefore, the methanol permeability represents a more general membrane performance.




	2.

	
Proton resistance: AC impedance spectroscopy with a frequency range from 200 kHz to 1 Hz and an oscillating voltage between −10 and 10 mV (Biologic Sp-150 instrument) was used to determine the proton resistance of the membranes. Before performing the experiment, the membrane was soaked in a 1 M H2SO4 solution for 24 h. The membrane (active area = 1 cm2) was put in a two-compartment cell sandwiched between two platinum electrodes. During the experiment, a 1 M H2SO4 solution was pumped through both compartments at a flow rate of 49 mL/min. The blank measurement was performed following the same procedure without the membrane. The resistance value was derived from the intersect at high frequencies on a complex impedance plane with the Re(Z) axis. The proton resistance normalized by thickness was obtained by dividing that resistance value by the membrane thickness.









3. Results


3.1. Membrane Synthesis


Since the sulfonation of the PEEK polymer only occurs when it is dissolved, the dissolution rate is crucial for reproducibility. Using the procedure as described in Section 2.2, the polymer was fully dissolved after approximately five hours. The sulfonation reaction is an electrophilic substitution reaction in which sulfonic acid groups attach to carbon atoms showing the highest electron density [39]. The targeted sulfonation reaction is shown in Figure 3. During the washing of the polymer, the sPEEK that was sulfonated at 90 °C for 24 h partially dissolved in water. This is due to the increased hydrophilicity of the polymer after the sulfonation reaction. Therefore, extra attention has to be given to the washing of the polymer in order to avoid losses, e.g., by lowering the temperature of the washing water or by performing an additional filtration step after the washing step. Furthermore, flushing of the flask and solvent (DMAc) with N2 before adding the AlCl3 is crucial because of the reactive behavior of AlCl3 with water.



The synthesis procedure resulted in thin, semi-transparent films with a thickness of around 20 µm in the dry state. The obtained membranes can be seen in the Supporting Information (Figure S1). All the membranes, except for the non-crosslinked sPEEK membrane, did not dissolve after immersion in DMAc for 72 h, indicating a crosslinked polymer structure. The crosslinking followed the Friedel–Crafts mechanism using AlCl3 as the catalyst and p-xylylene dichloride (DCX) as the crosslinker. Figure 3 illustrates the targeted sulfonation and crosslinking reaction. During this reaction, the carbon atoms with the highest electron density are again most favorable to bind with the crosslinker. Since the crosslinking reaction targets the same carbon atoms as the sulfonation, the crosslinking degree will be influenced by the sulfonation degree. A higher sulfonation degree lowers the availability of carbons on which the crosslinking can occur. Therefore, the crosslinking properties cannot be understood without taking the sulfonation into account.




3.2. Membrane Characterization


The H-NMR spectra of sPEEK sulfonated at 60 °C for 24 h is shown in Figure 4a. The same peaks, corresponding to the aromatic hydrogen peaks as in the work of Arul Joseph Helen Therese et al. [31], were observed, i.e., at 7.88–7.7 ppm (A, A′), 7.56–7.5 ppm (E) and 7.31–6.92 ppm (C, D, B, B′). The hydrogen E peak corresponds to the hydrogen of the -SO3H group. After sulfonation at 60 °C for 24 h, a sulfonation degree of 65% was reached.



FTIR analysis was used to obtain a qualitative confirmation of the sulfonation of PEEK in the crosslinked membranes. Figure 4b shows the FTIR spectra of sPEEK and the four crosslinked sPEEK membranes. Peaks originating from the PEEK backbone are present in the fingerprint region of the spectra. The peak at 1648 cm−1 belongs to the C=O group in the backbone, whilst the peaks at 1595 cm−1 and 1415 cm−1 correspond to skeletal ring vibrations. The peak at 1307 cm−1 shows the bending motion of the C-C(=O)-C group, while the peak at 1185 cm−1 is due to asymmetric stretching of the diphenyl ether group. The peaks at 1217 cm−1 and 1159 cm−1 show the aromatic hydrogens in plane deformation, and the peak at 928 cm−1 refers to the aromatic hydrogens out of plane bending mode. The presence of the sulfonic acid groups is confirmed due to the presence of the peaks at 1080 and 1030 cm−1, which correspond to the symmetric stretching of O=S=O and the stretching vibrations of S=O, respectively. The split peaks in the range between 860 and 840 cm−1 are due to the isolated hydrogen in a 1,2,4-trisubstituted ring [40]. In addition, the peaks at 1179 and 1405 cm−1 correspond to the S=O bond [41,42,43]. Furthermore, the intensity of the peak around 1480 cm−1 is more enhanced for the membranes sPEEK/DCX-CX190°C and sPEEK/DCX-CX24h. Since this peak is located at the edge of the fingerprint region, it might correspond to the C-H bond of a methylene group. A methylene group would only be present in this membrane structure when the crosslinking reaction has occurred (see Figure 3). This would indicate that those two membrane types have an enhanced crosslinking. However, the quantitative determination of the crosslinking degree via the FTIR analysis remains complex, and the main focus of the FTIR analysis is the qualitative confirmation of the presence of sulfonic acid groups.



The surface and cross-section SEM images of the considered membranes in this work are shown in Figure 5 and Figure 6, respectively. Based on both figures, it can be stated that the membrane surfaces are smooth without defects, holes, or pores. However, the membranes became brittle due to the dry conditions during the SEM sample preparation and analysis. The brittleness made the membranes very sensitive to cracks during the handling. Those cracks can be seen in the cross-section image and show the importance of handling the membranes in wet conditions. Furthermore, the intensity of the peak around 1480 cm−1 is more enhanced for the membranes sPEEK/DCX-CX190°C and sPEEK/DCX-CX24h. Since this peak is located at the edge of the fingerprint region, it might correspond to the C-H bond of a methylene group. A methylene group would only be present in this membrane structure when the crosslinking reaction has occurred (see Figure 3). This would indicate that those two membrane types have an enhanced crosslinking. However, the quantitative determination of the crosslinking degree via the FTIR analysis remains complex, the main focus of the analysis is the qualitative confirmation of the presence of sulfonic acid groups.



Photoelectron spectroscopy (XPS) analysis was performed on the synthesized membranes to investigate the surface elemental composition before and after crosslinking with DCX. Figure 7 and Figure 8 show the high-resolution XPS of C 1s and S 2p of the considered membranes, respectively. The spectra of O 1s can be found in the Supporting Information in Figure S2. The main constituents in the sPEEK sample were carbon and sulfur in the ionomer and oxygen in the ketone and ether linkages. The high-resolution C 1s spectra of the non-crosslinked sPEEK were fitted to four peaks with binding energies of about 284.6, 284.9, 286.3, and 288.2 eV (Figure 7a,b). The peak at 284.6 eV was assigned to the aryl C=C network, whereas the peaks at 284.9, 286.9, and 288.2 eV corresponded to alkyl (C-H), C–O-C/C-S, and carboxyl (C=O) groups, respectively [44,45,46]. A peak corresponding to C-C bonds appeared in the spectra of all membranes crosslinked with DCX (Figure 7c–f), whereas the intensity of the C-O and C=O peaks decreased. As can be seen in Figure 3, DCX is the only source of sp3 carbons (C-C) in the membrane polymer. The appearing C-C peak in Figure 7c–f, therefore, is only possible if crosslinking has occurred. Probably, the most interesting result from the XPS is that the sp2/sp3 carbon ratio gives information on the crosslinking degree of the polymer. More specifically, the lower the ratio, the higher the crosslinking degree. The ratios are given in Table 2. The sp2/sp3 ratio is the lowest for sPEEK/DCX-CX24h and sPEEK/DCX-CX190°C, which shows that a higher crosslinking time or temperature significantly increases the crosslinking degree. The sp2/sp3 ratio of sPEEK/DCX-CXs90 is higher than sPEEK/DCX due to its lack of crosslinking sites, which is caused by the high degree of sulfonation. As these membranes were kept in water, a broad peak at 288.5–289.0 eV, corresponding to surface carbonates, was found mainly in the C 1s spectra of sPEEK/DCX-CX24h membranes, which could be attributed to physisorption of dissolved CO2 [47].



Figure 8 shows the S 2p spectra with two peaks at 168.2 and 169.5 eV, corresponding to 2p3/2 and 2p1/2 sulfur. No discernible difference could be found in the S 2p spectra between the non-crosslinked and crosslinked sPEEK membranes, demonstrating that crosslinking had no influence on the sulfonation of the polymer. As shown in Figure S2 in the Supporting Information, the O 1s signal was deconvoluted to the main peaks of C-O-C at 533.3 eV, C=O at 531.5 eV, and -SO3H around 532 eV. The strong shoulder at a higher binding energy was seen primarily in the O 1s spectra of sPEEK/DCX-CX24h and sPEEK/DCX-CX190°C membranes, which could be attributed to the physical adsorption of dissolved H2O/CO2. This is in agreement with the carbon O 1s spectra [47].




3.3. Membrane Parameters


The ion exchange capacity (IEC) shows the amount of sulfonic acid groups per gram of dry membrane mass. These groups are responsible for the transport of cations through the membrane. The higher the IEC, the higher the proton conductivity. Figure 9a shows the IEC of Nafion 117 compared to the membranes synthesized in this study. The IEC of Nafion 117 (1.04 mmol/g) agrees with the values found in reference [48]. The results show that all the crosslinked sPEEK membranes show a higher IEC, which indicates that the sulfonation with concentrated H2SO4 for 24 h at 60 °C led to a sufficient number of functional groups. Increasing the sulfonation temperature to 90 °C triples the IEC compared to Nafion 117. Furthermore, the IEC decreases with increasing crosslinking density since the crosslinker increases the membrane mass without adding sulfonic acid groups. Figure 9b,c show the water and methanol uptake of the synthesized membranes compared to Nafion 117, respectively. The non-crosslinked sPEEK membrane is very hydrophilic and not dense due to the absence of DCX and, therefore, has the highest uptake values. However, the uptake values decrease with increasing crosslinking degree. For example, sPEEK/DCX-s90°C has relatively high uptake values due to its high sulfonation degree and limited crosslinking degree. Increasing the crosslinking degree further by increasing the crosslinking time (sPEEK/DCX-CX24h) and temperature (sPEEK/DCX-CX190°C) eventually leads to uptake values even lower than the commercial benchmark. Those membranes are very dense, making them more resistant to swelling, and contain more hydrophobic regions, which reject water and methanol.



Cation/anion permeation: Figure 10 shows the cation/anion permeation of Nafion 117 and the membranes of this study, tested for KCl (a) and NaHCO3 (b). The crosslinking degree has the largest influence on this performance parameter. The non-crosslinked sPEEK and the poorly crosslinked sPEEK/DCX-s90°C almost had no selectivity when KCl was used (16 and 33%, respectively) and a very poor selectivity when NaHCO3 was used (47 and 56%, respectively), despite having a high IEC. These results indicate that the electrostatic repulsion forces coming from the sulfonic acid groups are not sufficient to inhibit the anions from permeating through the thin, non-dense membrane. Since the higher sulfonation temperature led to fewer available crosslinking sites, a sulfonation temperature of 60 °C was considered optimal for this study. Crosslinking the membranes led to a higher cation/anion permeation due to the presence of more hydrophobic regions formed by DCX and a denser structure. This could also be linked to the lower water and methanol uptake values. The sPEEK/DCX membrane showed selectivity ratios of 66 and 74% when using KCl and NaHCO3, respectively. Although these values are higher than sPEEK and sPEEK/DCX-s90°C, they are still inferior to Nafion 117, which has selectivity values of 91 and 84% for KCl and NaHCO3, respectively. However, the selectivity values become comparable with the commercial benchmark when the crosslinking density is further increased. sPEEK/DCX-CX24 has selectivity ratios of 85 and 86% for KCl and NaHCO3, respectively, and sPEEK/DCX-CX190°C has selectivity ratios of 87 and 81% for KCl and NaHCO3, respectively. Therefore, a sufficiently crosslinked membrane can reach competitive selectivities compared to the commercial benchmark.




3.4. Performance Testing: Proton Resistance/Methanol Diffusivity


As mentioned before, very often, a trade-off has to be made between methanol rejection and proton conductivity when considering PEMs for applications in DMFCs and artificial photosynthesis. Figure 11 and Figure 12 show those two key performance parameters for Nafion 117 and the PEMs of this study. The methanol permeation data and the proton resistance values in Figure 11 are normalized by thickness and surface area. A thickness of 183 µm is assumed for Nafion 117, and the measured thickness of 20 µm is used for the PEMs of this study. Due to the normalization, Figure 11 shows the intrinsic properties of the membrane material without the influence of the membrane thickness. The most important observations are the lower resistance of the Nafion 117 membrane and the superior methanol diffusion coefficient of the PEMs of this study. These results are in line with the expectations. The morphology of Nafion consists of connected ionic clusters that serve as proton conducting channels [8], leading to high conductivity, while sPEEK-based membranes are known to have limited conductivities [49]. The relatively high standard deviations for the proton resistance come from the high sensitivity of the measurement values due to the low membrane resistance (see Figure 12) and low membrane thickness.



The shortcoming of the methodology of how the data are represented in Figure 11 is that it gives the impression that the membrane performance can easily be tuned by the thickness. However, a different membrane morphology will be formed during the solvent evaporation step if a thicker membrane is cast. Therefore, the membrane performance does not change linearly with the membrane thickness. A better way to compare the results of the synthesized PEMs of this study with Nafion 117 is via Figure 12. In Figure 12, the parameters are not normalized by the membrane thickness such that the effect of the low membrane thickness becomes visible. The methanol permeability and the proton resistance of Nafion 117 are indicated with a dotted line. Similar results in the literature were obtained for the proton resistance of Nafion 117 (see Napoli et al. [50]), indicating the validity of this approach. Their study showed an average proton conductivity of 0.0605 S/cm, tested in 1 M H2SO4, compared to 0.0407 S/cm in this study. The difference between the two values can be explained by a different setup and different pretreatments. The conversion from the measured 0.45 Ω cm2 in this study to 0.0407 S/cm follows the calculations explained by Napoli et al. [50], including 183 µm as the thickness for Nafion 117. The results from the electrochemical impedance spectroscopy are shown in the Supporting Information in Figure S3. The membrane proton resistance equals the intersect at high frequencies on the complex impedance plane with the Re(Z) axis. Figure 12 shows that although the proton resistance normalized by the membrane thickness of Nafion 117 is lower than the PEMs of this study, once the membrane thickness is taken into account, all sPEEK membranes have superior proton resistance values. The low thickness of the membranes in combination with the high IEC explains this significantly lower membrane resistance. In summary, the membranes with the lowest and highest resistance are, respectively, sPEEK/DCX-s90°C, which is sulfonated at the highest temperature, and sPEEK/DCX-CX24h, which has one of the highest crosslinking degrees. However, the difference in conductivities is limited.



The crosslinking degree has the largest influence on the methanol permeability. The non-crosslinked sPEEK membrane has a methanol permeability more than 50% higher than the commercial benchmark. Introducing some crosslinking (sPEEK/DCX and sPEEK/DCX-s90°C) lowers the methanol permeability, but competitive values are not reached. Additionally, sPEEK/DCX-s90°C has a slightly higher methanol permeability compared to sPEEK/DCX, as sPEEK/DCX-s90°C has a lower crosslinking degree due to a higher degree of sulfonation. However, sPEEK/DCX-CX24h and sPEEK/DCX-CX190°C are the two best-performing membranes. They both fall within the rectangular area, meaning that they have an improved proton resistance and methanol rejection compared to the commercial benchmark. The lower methanol permeability can be explained by the high crosslinking degree, which makes the membrane dense and less permeable for methanol. In addition, the presence of DCX creates hydrophobic parts, rejecting methanol. Those effects were also consistent with the lower water and methanol uptake values [34].





4. Conclusions


Crosslinked sPEEK PEMs were fabricated using a facile fabrication process with low-cost and non-hazardous chemicals, with the aim of overcoming the traditional trade-off between methanol rejection and proton conductivity. The highly sulfonated PEEK backbones were crosslinked via a Friedel–Crafts reaction with the hydrophobic monomer p-xylylene dichloride (DCX). The crosslinked PEMs did not dissolve in DMAc, confirming a successful crosslinking. The membranes were optimized by varying the sulfonation and crosslinking intensities. A sulfonation temperature of 60 °C resulted in a sulfonation degree of 56% and IECs higher than Nafion 117. A higher sulfonation temperature of 90 °C (sPEEK/DCX-s90°C) even led to an IEC of more than 3.5 mmol/g; however, at that degree of sulfonation, sPEEK became soluble in water, which is a practical issue. Furthermore, the sPEEK/DCX-s90°C had fewer available crosslinking spots due to the higher sulfonation degree, resulting in a lower performance. Therefore, a sulfonation temperature of 60 °C was considered to be optimal. In addition, all the PEMs showed lower proton resistance values than the commercial benchmark, which can be explained by the low thickness and the high IECs. The amount of crosslinking was controlled by varying the crosslinking time and temperature, and the crosslinking degree was measured using XPS. The crosslinking degree had a significant effect on the water and methanol uptake, cation/anion permeation, and methanol permeability. An increase in crosslinking degree makes the membrane more dense and, hence, less permeable for all solutes. Furthermore, since DCX is hydrophobic, it increases the hydrophobic character of the membrane, which rejects specific compounds, such as water and methanol. Due to those effects, the highly crosslinked membranes, i.e., sPEEK/DCX-CX24h and sPEEK/DCX-CX190°C, showed high performances, i.e., low water- and methanol uptake values, high cation/anion permeation and a low methanol permeability, as opposed to the poorly crosslinked PEMs, i.e., sPEEK and sPEEK/DCX-s90°C.



In conclusion, it could be stated that both sPEEK/DCX-CX24h and sPEEK/DCX-CX190°C overcame the traditional trade-off between proton conductivity and methanol rejection. Both membrane types showed lower resistance and lower methanol permeability. Therefore, this work showed the possibility of using a facile fabrication procedure using non-hazardous compounds for the synthesis of PEMs, which are able to overcome the trade-off between proton conductivity and methanol rejection.
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Figure 1. Schematic of the different steps for the membrane preparation. (a) Sulfonation of PEEK, (b) preparation of casting solution, (c) crosslinking of the membrane material. 






Figure 1. Schematic of the different steps for the membrane preparation. (a) Sulfonation of PEEK, (b) preparation of casting solution, (c) crosslinking of the membrane material.



[image: Applsci 14 03089 g001]







[image: Applsci 14 03089 g002] 





Figure 2. Identification of the different carbon types in a sPEEK backbone. The identification of the carbon types is used to calculate the degree of sulfonation [31]. 
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Figure 3. (a) The sulfonation reaction of PEEK into sPEEK, (b) the crosslinking reaction of the sPEEK with DCX via Friedel—Crafts. 
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Figure 4. (a) NMR images of sPEEK; (b) FTIR images of the membranes synthesized in this work. 
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Figure 5. SEM images of the membrane surface of (a) sPEEK, (b) sPEEK/DCX, (c) sPEEK/DCX-s90°C, (d) sPEEK/DCX-CX24h, and (e) sPEEK/DCX-CX190°C. 
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Figure 6. SEM images of the membrane cross-section of (a) sPEEK, (b) sPEEK/DCX, (c) sPEEK/DCX-s90°C, (d) sPEEK/DCX-CX24h, and (e) sPEEK/DCX-CX190°C. 
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Figure 7. High-resolution C 1s XPS spectra of the synthetized membranes; (a) comparison of all membranes before deconvolution, (b) sPEEK, (c) sPEEK/DCX, (d) sPEEK/DCX-s90°C, (e) sPEEK/DCX-CX24, and (f) sPEEK/DCX-CX190°C. 
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