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Abstract 35 

This work presents a study on the preparation of novel self-assembling naphthalene sulfonate-functionalised graphene 36 

oxide membranes, whose analysis aims at assessing their potentiality as an alternative to perfluorinated proton conductors. 37 

Three different graphene oxide-to-naphthalene sulfonate molar ratios and two different process temperatures were 38 

combined to identify the most suitable conditions to perform an effective functionalisation. ATR-FTIR, Raman and EDX 39 

spectroscopies, thermogravimetric analysis, static contact angle evaluation and XRD aimed to point out the introduction 40 

of sulfonic acid groups (–SO3H) in the GO framework, while optical and scanning electron microscopies verified the 41 

good membrane uniformity. The evaluation of the ion exchange capacity (IEC) demonstrated the proton-exchanging 42 

ability of the prepared membranes. The most promising sample underwent water uptake (WU) and electrochemical 43 

impedance spectroscopy (EIS) tests to examine the dependence of its water sorption and proton conductivity with respect 44 

to relative humidity and temperature, in order to deepen the assessment of its feasibility as a possible future electrolyte in 45 

alternative energy generators. A preliminary investigation of the mechanical properties of the above-mentioned sample 46 

was performed as well to expand the characterisation of its behaviour. 47 

 48 

Keywords: graphene oxide; naphthalene sulfonate; proton exchange membrane; materials characterisation; proton 49 

conductivity 50 
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1. Introduction 76 

The current energy system is becoming more and more unsustainable. Global energy demand is projected to grow at a 1 77 

per cent a year-rate, up to about 230000 TWh by 2050 [1], pushed by the parallel rise of world population at the same 78 

pace, up to 9.7 billion people in the next three decades [2,3]. Fossil fuels still cover about 79% of the primary energy 79 

consumption, but sources’ depletion and the greater awareness of public opinion on environmental themes is compelling 80 

the scientific community to turn attention on renewable energy. 81 

Fuel cells and, in particular, Proton Exchange Membrane Fuel Cells (PEMFCs), are deservedly gaining consideration as 82 

one of the most promising alternative energy sources, due to a higher efficiency than conventional heat engines and 83 

theoretically no emissions. Moreover, their compact designs, absence of moving parts and low temperatures of operation 84 

make them ideal power sources for both stationary and automotive applications. Even though the commercialisation has 85 

already begun, their competitiveness will be attained only through the optimisation of components, performances (output 86 

power densities > 1 W cm–2) and durability (8000–80000 hours) [4–6]. 87 

The core of a PEMFC is the proton exchange membrane and Chemours Nafion® is at present the most widespread 88 

electrolyte. Nafion® is a perfluorosulfonate copolymer whose lateral hydrophilic sulfonic acid groups (–SO3H) ensure a 89 

proton conductivity higher than 0.1 S cm−1 in appropriate levels of humidification conditions [7,8]. Furthermore, it 90 

features a reduced permeability to gases and suitable thermo-mechanical properties, albeit some disadvantages limit its 91 

performances: it can operate only in a restricted temperature range (60–80 °C) to avoid dehydration and a subsequent 92 

drastic conductivity drop; it is rather expensive (about 0.25 € cm−2); it is subjected to a deterioration in structural stability 93 

when its glass transition temperature (≈ 110 °C) is approached [9]; it is more prone to fuel crossover at lower thicknesses 94 

[7]. 95 

Therefore, the detailed study of novel materials able to replace Nafion® is recently occupying most of the research in this 96 

field [10–18]. Potential candidates should perform better than Nafion® in conditions of higher temperature and low 97 

relative humidity (RH), whose benefits range from the promotion of a faster and more efficient kinetics to the 98 

simplification both in water management and cell design. Moreover, they should ensure low electron conductivity, 99 

negligible hydrogen and oxygen permeability, chemical, thermal and mechanical stability, in order to meet the 100 

requirements for an efficient fuel cell operation [19]. Chemical modification of the perfluorinated sulfonic acid (PFSA) 101 

structure, fabrication of hybrid Nafion®-based copolymers or evaluation of the feasibility of different sulfonated and non-102 

sulfonated ionomers are some of the primarily investigated solutions to accomplish these complicated goals. 103 

Amongst several examined species, graphene oxide (GO) is earning remarkable appeal due to its noteworthy electronic 104 

insulation, self-assembling ability, mechanical properties and large surface area [20–22]. According to various proposed 105 

structural models [21], GO is characterised by the simultaneous presence of unoxidized benzene rings and oxygenated 106 

functionalities on aliphatic rings both in planar (epoxy, hydroxyl and carbonyl groups) and lateral position (carboxyl and 107 

hydroxyl ones). The amphiphilicity associated to the coupling of sp2- and sp3-hybridised carbon atoms generates 108 

hydrophobic and hydrophilic regions that may help water retention and consequently protons movement [23–25]. Bayer 109 

et al. [8] have prepared and analysed a self-standing GO membrane, observing moderately higher water uptake and 110 

swelling ratio with respect to Nafion®. While the first result suggested a greater water sorption capacity and thereby a 111 

probable higher proton conductivity in low humidity conditions, the second one revealed a detrimental thickness 112 

sensitivity to repeated hydration-drying cycles at the membrane-catalyst interface. Furthermore, GO displayed overall 113 

better mechanical characteristics than the conventional electrolyte, and an interesting through-plane proton conductivity 114 

of 0.55 mS cm–1 at 70 °C and 100% RH. 115 
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The functionalisation of GO skeleton with acid groups, for example sulfonic ones (–SO3H) [9,26–30] is considered an 116 

attractive approach to conveniently tune the features of this material. Sulfonated graphene oxide (SGO) is a promising 117 

candidate for PEMFC applications, as it fuses together GO strengths and an elevated concentration of oxygen-bearing 118 

moieties, amongst which sulfonic groups (–SO3H) provide a resemblance with the pendant chains of sulfonated ionomers. 119 

Ravikumar et al. [9] have fabricated and tested self-standing SGO sheets, whose through-plane proton conductivity 120 

reached 12 mS cm–1 at 30 °C and 100% RH, considerably improving that of unfunctionalized GO. 121 

This work aspires to assess an innovative GO functionalisation method that involves a reaction with naphthalene sulfonate 122 

(NS) compounds, which are amongst the most important and readily accessible derivatives of naphthalene [31–33]. They 123 

own a strong acid behaviour in solution and an extreme solubility in water. These species should be more compatible with 124 

the GO framework by virtue of their bulky aromatic rings that can establish π-π interactions [34], differently from those 125 

described in literature, such as sulfanilic [26] and chlorosulfonic acid [27]. Amongst the analysed sulfonating agents, 126 

naphthalene sulfonate molecules have proven useful to mitigate dehydration issues at reduced humidity and elevated 127 

temperatures. Turley et al. [35,36] have employed them for the functionalisation of the inner pore walls of mesoporous 128 

ceramic oxides, in order to foster proton transport in the abovementioned conditions; their composites exhibited promising 129 

proton conductivity values, up to about 21 mS cm–1 at 100 °C, 50% RH, one order of magnitude better than Nafion® in 130 

the same situation. Shudo et al. [34] have exploited the development of π-π stacking interactions to intercalate NS 131 

derivatives into GO, producing a hybrid solid electrolyte which displays an improved proton conductivity with respect to 132 

the virgin material. Values about 1.8 mS cm–1 at 85 °C, 40% RH have been obtained, more than one order of magnitude 133 

higher than those of GO in the same environment. 134 

One of the most interesting techniques to fabricate GO-based membranes is layer-by-layer (LBL) self-assembly, which 135 

has been increasingly exploited in recent studies due to its merit of overcoming issues of components’ dispersion typical 136 

of conventional solution casting methods. Jia et al. [37] have developed a LBL self-assembly procedure based on the 137 

repeated alternate deposition of polyurethane (PU), GO, poly(diallyldimethylammonium chloride) (PDDA) and again GO 138 

on a glass substrate up to the obtainment of a free-standing (PU/GO/PDDA/GO)200 membrane. In a comparable manner, 139 

Shen et al. [38] have constructed depositional SPVDF(CS/GO)50 PEMs starting from a sulfonated poly(vinylidene 140 

fluoride) (SPVDF) substrate, onto which chitosan (CS) and GO have been deposited through an alternate dipping. 141 

Differently, a controlled self-assembly of the functionalised GO membranes via vacuum filtration has been chosen for 142 

the present work. Such procedure allows an easy manufacture of uniform, well-ordered multilayer sheets with precise 143 

thickness by means of a directional flow promoted by vacuum conditions [39]. Three GO-to-NS molar ratios have been 144 

investigated to understand the effect of this parameter on the fabrication process. In the same way, the influence of 145 

temperature has been studied by adopting two different operating conditions for each molar ratio. The obtained samples 146 

have undergone a detailed morphological and microstructural characterisation by means of optical microscopy (OM), 147 

attenuated total reflection Fourier-transform infrared (ATR-FTIR), Raman and energy dispersive X-ray (EDX) 148 

spectroscopies, thermogravimetric analysis (TGA), scanning electron microscopy (SEM), static optical contact angle 149 

(OCA) measurements and X-ray diffraction (XRD) experiments. Additionally, the ion exchange capacity (IEC) has been 150 

evaluated to assess the ability of the produced membranes to carry protons. The most promising membrane has been 151 

further examined with a preliminary investigation of its water uptake and proton conductivity at several combinations of 152 

temperature and relative humidity (RH), as well as of its mechanical properties. A comparison with benchmark samples 153 

of pure GO and Nafion® 212, extensively analysed in previous works amongst the authors’ research group [40,41], has 154 

permitted to demonstrate the appeal of these materials as potential proton conductors to be further investigated for their 155 

possible implementation in future electrochemical energy generators. 156 
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2. Materials and methods 157 

2.1 Membranes fabrication 158 

The produced membranes have been denominated X-GONS-TY, in which GO stands for graphene oxide, NS indicates 159 

naphthalene sulfonate, X represents the GO term in the GO-to-NS molar ratio and TY specifies the final process 160 

temperature, as explained in Figure 1. 161 

The methodology adopted for the preparation of the X-GONS-TY membranes has been inherited from a previous work 162 

within the authors’ research group [40,41], albeit some substantial modifications were necessary. Preliminarily, a 163 

naphthalene sulfonate sodium salt aqueous solution (commercial name Flube OS-39, acquired from Bozzetto Group) has 164 

been oven-dried at 120 °C for 1 hour to favour the recovery of the NS sodium salt. The residual solid has been accurately 165 

grinded in a mortar and the resulting fine powder, properly weighed in a beaker, has been acidified to restore the 166 

naphthalene sulfonic acid form by substituting the Na+ cations with H+ ions. This procedure has been completed by 167 

pouring into the beaker the proper volume of a 2 M nitric acid aqueous solution via an automatic pipette (Transferpette®, 168 

BRAND GMBH + CO KG), followed by dilution with 10 mL of deionised water and magnetic stirring for 20 minutes at 169 

500 rpm. Meanwhile, a round-bottomed flask has been filled up by 25 mL of a GO commercial aqueous dispersion (0.4 170 

wt.%, supplied by Graphenea, Inc.), containing 100 mg of GO, and inserted in the LABSONIC LBS 1-H3 (Falc 171 

Instruments s.r.l.) for 10 minutes. A mild ultrasonication has been performed in an ice bath to achieve a strong 172 

homogenisation while limiting overheating and, consequently, a possible undesired GO thermal reduction. Afterwards, 173 

the previously prepared acidified NS has been trickled into the flask containing the GO mixture. Then, the flask has been 174 

inserted into an oil bath, attached to a reflux condenser, and positioned on a magnetic stirrer to blend the dispersion at 175 

500 rpm. As depicted in Figure 1, two different process conditions have been investigated during the stirring phase: 176 

Condition A, in which the temperature has been kept to 25 °C for 6 hours; Condition B, in which the temperature has 177 

been initially set to 25 °C for 3 hours and then increased to 100 °C for the remaining 3 hours. Subsequently, the mixture 178 

has been diluted with 150 mL of deionised water (to raise its pH to avoid possible issues to the pumping system) and 179 

vacuum filtered on a Büchner funnel through a Durapore® PVDF filter disk (pore size of 0.22 µm, thickness of 125 µm, 180 

supplied by Merck Millipore); this procedure allowed to separate the aqueous medium from the GONS layers and to 181 

promote their settling and compacting. Eventually, the obtained self-assembled membrane has been oven-dried at 40 °C. 182 

 183 

Fig. 1 (a) Scheme of the preparation steps of X-GONS-TY membranes; X identifies the GO-to-NS molar ratio, 184 

while TY specifies the final temperature adopted during the stirring phase, i.e., 25 °C in Condition A and 100 °C in 185 
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Condition B; (b) details of the dispersion on filter paper during vacuum filtration; (c) details of the membrane on filter 186 

paper after vacuum filtration, with established interactions between GO layers and NS groups 187 

 188 

2.2 Morphological and microstructural characterisation 189 

Optical microscopy (OM) images have been acquired at 15x magnification with the Olympus trinocular tube SZ4045TR 190 

CTV connected to the DFC290 digital CCD camera; their recording and analysis have been performed with the INFINITY 191 

ANALYZE software by Lumenera Corporation. 192 

Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy has been accomplished on all the as-193 

prepared X-GONS-TY samples by means of a ThermoElectron Continuμm IR microscope coupled with a FTIR Nicolet 194 

Nexus spectrometer (Thermo Fisher Scientific). The equipment consisted in a single reflection silicon crystal and a 195 

mercury cadmium telluride (MCT) detector cooled by liquid nitrogen. The spectra have been acquired in the wavenumber 196 

interval of 650–4000 cm–1, at a resolution of 4 cm–1 and with 128 scans. 197 

The Jobin Yvon Labram HR800 Raman spectrometer has been used to perform Raman spectroscopy on the samples, by 198 

applying a He-Ne laser (wavelength of 632.8 nm) as exciting source. The laser power has been set to 500 µW through a 199 

proper filter, in order to avoid heating effects or laser-induced degradation. The instrument was coupled with the 200 

microscope model Olympus BX41 equipped with a 50x objective, under which the samples have been placed to exploit 201 

a micro-Raman setup. Spectra have been recorded averaging three acquisitions, each one lasting 30 s. 202 

The EXSTAR 6000 TG/DTA 6300 by Seiko has allowed the execution of thermogravimetric analyses (TGA) on the 203 

produced membranes, with the following operating conditions: a heating rate of 10 °C min–1 from room temperature to 204 

1000 °C and an inert atmosphere obtained by supplying a 55 mL min–1 stream of nitrogen. 205 

Scanning electron microscopy (SEM) images have been acquired by the Cambridge Stereoscan 360 at 500x, 1000x and 206 

5000x magnifications; the chamber pressure has been set to 10–5 Pa, while the adopted accelerating voltage and current 207 

probe were 20 kV and 200 pA, respectively. 208 

Cross-sectional SEM images at 1000x magnification have been obtained by the Carl Zeiss S.p.A. microscope model EVO 209 

50 EP, as a means of evaluating the thickness of the X-GONS-TY membranes. The same instrument, equipped with the 210 

EDX spectrometer model INCA 2000 PENTAFET LZ4 by Oxford Instruments plc, has been employed to perform energy 211 

dispersive X-ray (EDX) spectroscopy on the specimens under a variable pressure ranging from 30 to 40 Pa. 212 

Optical contact angle (OCA) measurements have been carried out with the OCA 15 plus, provided by DataPhysics 213 

Instruments GmbH, and mounting a 752x582 pixels resolution CCD video-camera able to record up to 50 frames per 214 

second. The obtained images were then processed by the software SCA 20. 215 

The diffractometer model D8 Advance by Bruker Corporation has been used for the X-ray diffraction (XRD) analysis. 216 

The as-prepared membranes have been irradiated with X-rays characterised by a wavelength of 1.54 Å, emitted by a Cu-217 

Kα filament and filtered through a monochromator. The experiments have been executed at a scanning rate of 0.02° per 218 

second in the angular interval of 5–30°, with a count time of 1 s. 219 

 220 

2.3 Ion exchange capacity 221 

Ion exchange capacity (IEC) has been determined through a classic acid-base titration technique, specifically following 222 

the procedure proposed by Vinothkannan et al. [42]. X-GONS-TY samples have been oven-dried at 60 °C for 1 hour in 223 

order to obtain their dry mass, then they have been equilibrated in 250 mL of a 2 M NaCl aqueous solution in order to 224 

permit the exchange between H+ ions and Na+ ones on the oxygenated and sulfonic acid sites. Eventually, the immersed 225 

membrane portions have been withdrawn from the solution, which has been titrated against controlled volumes of a 0.01 226 
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M NaOH one. By defining IEC (meq g–1) as the milliequivalents of ionic sites provided with an exchangeable proton per 227 

gram of dried species, Equation 1 can be employed to compute it: 228 

𝐼𝐸𝐶 =
𝑉𝑁𝑎𝑂𝐻 ∙ 𝐶𝑁𝑎𝑂𝐻

𝑚𝑑𝑟𝑦

 (1)  229 

VNaOH (mL) is the volume of the NaOH solution extrapolated at the turning point of the titration curve, CNaOH is its 230 

concentration (mmol mL–1) and mdry (g) is the pre-equilibration dry mass of the sample. 231 

 232 

2.4 Water uptake and swelling ratio 233 

The experimental setup employed for the quantification of water uptake (WU) and swelling ratio (SR) of the most 234 

promising X-GONS-TY membrane was comprised of a lab-built humid chamber, a thermohygrometer with external probe 235 

model C3121 (Comet System s.r.o.) and a digital micrometer (±1 µm of sensitivity). The dry mass and dry thickness of 236 

the samples, cropped in easily manageable rectangular portions, have been measured after 2 hours of oven-drying at 60 237 

°C aimed at evaporating any trace of humidity and excess water trapped in the midst of GO layers. Afterwards, the 238 

membrane sections have been introduced in the humid chamber and left for 1 hour to be homogeneously wetted in the 239 

desired temperature and relative humidity (RH) settings, with the purpose of understanding how they responded to 240 

different operating conditions, reasonably similar to the typical ones of a PEM fuel cell. Five temperatures have been 241 

investigated, namely 20, 40, 60, 80 and 100 °C, accurately controlled by an insulated shell with oil recirculation and a 242 

thermocouple inserted in the internal environment. The thermohygrometer, characterised by an accuracy of ±2.5% RH in 243 

the 5–95% range, was applied to check the level of humidification ensured by 600 mL of deionised water and of a saturated 244 

solution of magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), 95% and 53% RH respectively. These values can be 245 

considered adequately constant in the examined temperature interval, as checked in a previous study [43]. Thereafter, the 246 

samples have been extracted from the chamber and their surface has been carefully dabbed with paper to remove the 247 

excess water drops. Eventually, wet mass and wet thickness were measured, allowing the computation of the 248 

corresponding water uptakes and swelling ratios via Equations 2 and 3: 249 

𝑊𝑈 (%) =
𝑚𝑤𝑒𝑡 − 𝑚𝑑𝑟𝑦

𝑚𝑑𝑟𝑦

∙ 100 (2)  250 

𝑆𝑅 (%) =
𝑡𝑤𝑒𝑡 − 𝑡𝑑𝑟𝑦

𝑡𝑑𝑟𝑦

∙ 100 (3)  251 

in which mwet (g) and mdry (g) are the wet and dry masses of the specimens, whereas twet (µm) and tdry (µm) are the wet 252 

and dry thicknesses. 253 

 254 

2.5 Proton conductivity 255 

Proton conductivity investigation has relied upon electrochemical impedance spectroscopy (EIS), performed in an 256 

experimental apparatus analogous to the one described in Section 2.4. A Teflon® cell has been implemented to hold the 257 

sample via clamping between two stainless steel electrodes (Figure S1). Three temperatures (20, 60, 80 °C) and two 258 

relative humidities (53, 95%) have been explored to understand their effects on the ionic conductivity, for a total of six 259 

different environmental conditions. Conveniently dimensioned samples have been oven-dried at 60 °C for 2 hours; then 260 

they have been assembled on the Teflon® holder, inserted in the chamber and exposed to its controlled environment for 1 261 

hour. Afterwards, three measurements have been carried out by means of the Bode Analyser of the STEMlabTM 125-14 262 

board by Red Pitaya. A potentiostatic mode has been adopted by setting a frequency interval of 1–107 Hz and a signal 263 

amplitude of 0.5 V. Firstly, the obtained Bode diagrams have been transformed to visualise a Nyquist plot; then, the 264 
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software ZView® (Scribner Associates Inc) has been used to fit them. Equation 4 has allowed to infer the proton 265 

conductivity σ (S cm–1) as the inverse of the resistivity ρ (Ω cm); the latter has been computed, coherently with the second 266 

Ohm’s law, as the product of the extracted internal resistance Ri (Ω), the sample’s width w (cm) and thickness t (cm) 267 

divided by the electrodes inter-distance d (cm), as shown in Figure S1: 268 

 𝜎 =
1

𝜌
=

𝑑

𝑅𝑖 ∙ 𝑤 ∙ 𝑡
 (4)  269 

 270 

2.6 Mechanical properties 271 

The Synergie 200 test system by MTS Systems Corporation has been used to evaluate the mechanical properties of the 272 

most promising X-GONS-TY membrane at room temperature and atmosphere. The test has been conducted on both 273 

pristine samples and on specimens previously treated at 80 °C for one hour, in order to assess any temperature effect. 274 

Several strips of 70 mm in length, 10 mm in width have been tested in tensile mode by applying a strain rate of 1 mm 275 

min–1 to measure the corresponding forces and elongations. Tensile strength, strain at break and Young’s modulus have 276 

been derived as test outputs from the so-obtained stress-strain curves. 277 

The Future Tech FM-810 micro-hardness tester by Kawasaki has been employed to determine the Vickers hardness (VH) 278 

of the specimen with the most promising GO-to-NS molar ratio, averaging ten measurements on both virgin and 80 °C-279 

treated samples with an applied load of 300 gf (2.9 N) for 15 s at ambient conditions. 280 

 281 

3. Results and discussion 282 

3.1 Membranes fabrication 283 

The key aspect of this work has been the research of an optimised recipe and of the best reaction conditions to attain 284 

freestanding ion-conducting membranes with suitable properties for a potential PEMFC application. The innovative 285 

production protocol, for which there is a scarcity of established literature references, has been modulated starting from 286 

the methodology already discussed in previous works within the authors’ group [40,41]. Three different GO-to-NS molar 287 

ratios and two different process temperatures have been combined and investigated, for a total of six coherently termed 288 

samples (X-GONS-TY, in which X represents the GO content and TY is the final temperature condition). The precise 289 

amounts of NS have been calculated on the basis of an estimated GO average molecular mass of 35.3 g mol–1 [40,41]. 290 

This value is associated to an empirical formula (C1.5H0.2N0.01S0.03O), derived from the analysis of the elements contained 291 

in the commercial dispersion [44] performed by the supplier. Chemicals and surfactants of the initial mixture, usually 292 

added to promote the production of GO and to enhance its in-water dispersibility, are mainly accounted for by the presence 293 

of nitrogen and sulphur [20,45]. The carbon-to-oxygen ratio, equal to 1.5, has been computed in a previous work by Basso 294 

Peressut et al. [41] as a rounded ratio between the atomic percentages of carbon (55.75%) and oxygen (36.23%). The 295 

derivation of the formula has been completed by applying the same calculation to the other elements. EDX spectroscopy 296 

compositional results performed on a pure GO membrane have permitted the validation of such formula, since a carbon-297 

to-oxygen atomic percentage ratio of roughly 1.6 has been extrapolated [41]. The proposed formula demonstrates a certain 298 

trustworthiness, since it complies with various widely accepted GO structural models reported in literature [21]. 299 

Initially, a 1-to-1 molar ratio between the GO substrate and the functionalising agent has been selected as a first try. The 300 

1-GONS-T100 membrane has shown some integrity problems during the separation from the PVDF filter employed in 301 

the vacuum filtration step, which have caused its undesired complete fragmentation. This phenomenon may be ascribed 302 

to the detrimental effect of the elevated NS content on the overall self-assembling capability of the resulting composite. 303 

Consequently, it has been decided to increase the molar ratio to 5-to-1 in order to favour the self-assembling and to attain 304 
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a better resemblance to pristine GO in terms of stability and flexibility. As expected, the resulting 5-GONS-T25 and 5-305 

GONS-T100 specimens have demonstrated an improvement in manageability. Lastly, the 10-to-1 molar ratio has been 306 

tested to verify if a reduced amount of sulfonating species could still provide a suitable enhancement in the ion exchange 307 

propensity while approaching the structural stability typical of bare GO. As a matter of fact, 10-GONS-T25 and 10-308 

GONS-T100 macroscopic appearance was readily comparable to the one of benchmark GO, as visible in Figure 2. 309 

Nonetheless, no sensible differences have been detected for the six products from a macro-morphological point of view; 310 

this outcome suggests a certain homogeneity in the production method independently from the specific GO-to-NS molar 311 

ratio. The chemical compatibility between naphthalene aromatic rings and GO sp2-hybridised domains could be reckoned 312 

as the main reason [46]. 313 

 314 

Fig. 2 OM images of the X-GONS-TY samples at 15x magnification: (a) 1-GONS-T25, (b) 1-GONS-T100, (c) 5-315 

GONS-T25, (d) 5-GONS-T100, (e) 10-GONS-T25, (f) 10-GONS-T100, (g) GO reference 316 

 317 

 318 

 319 

 320 
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3.2 Morphological and microstructural characterisation 321 

3.2.1 Attenuated total reflection Fourier-transform infrared spectroscopy 322 

Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectra of the synthesised X-GONS-TY membranes 323 

are portrayed in Figure 3. This characterisation technique allows to acquire information on the superficial traits of the 324 

prepared materials, since the depth of penetration of the evanescent wave emitted in ATR experiments is few micrometres, 325 

and it permits to check the effectiveness of the functionalisation via NS compounds from a qualitative standpoint. 326 

X-GONS-TY samples display some contributions that are typical of the GO skeleton, already disclosed in previous works 327 

[40,41]. In detail, the bands centred at 981 cm–1 and 1032 cm–1 might identify the stretching of C–O in unstable lactols 328 

and peroxides and C–OH bonds in tertiary alcohols. Besides, the band between 1300 and 1400 cm–1 might be assigned to 329 

the bending of O–H bonds in hydroxyl, carboxyl, and phenol moieties. Then, the bands centred at 1615, 1730 and 1815 330 

cm–1 could be associated to the bending of adsorbed water’s O–H bonds, C=O stretching in carboxyl and carbonyl ones 331 

and C=O stretching in anhydride groups. Lastly, the structured broad band made of three overlapping contributions 332 

located between 3000 and 3600 cm–1 can be attributed to O–H stretching in peripheral carboxylic acid moieties, tertiary 333 

alcohols, and adsorbed water molecules, respectively. 334 

The successful introduction of NS molecules within the membrane is suggested by the rising of several contributions that 335 

hint the presence of species other than GO: the band in the 815–850 cm–1 region might be associated to S–OH stretching 336 

in –SO3H groups [47]; the one between 1100 and 1250 cm–1 is compatible with the reciprocal in-plane movements of 337 

carbon atoms and substituents in the aromatic rings of naphthalene, as well as with the stretching vibrations of O=S=O in 338 

sulfonic acid moieties [28,48–50]. Moreover, with respect to pristine GO, a contribution rises in X-GONS-TY membranes 339 

at about 1580 cm–1, matching the stretching of C=C bonds in sp2-hybridised regions. They can be partly ascribed to the 340 

aromatic rings of NS molecules, as well as to a broadening of the graphitic domains of GO, potentially caused by a partial 341 

reduction of the oxygen-containing sites [42,47]. This observation is strengthened by the lower intensity of the bands 342 

attributed to lactols and peroxides (981 cm–1), as if these less stable surface groups are partially removed in X-GONS-TY 343 

membranes as a consequence of the sulfonation procedure. 344 

Given the bulky nature of naphthalene sulfonates and the presence of aromatic rings akin to the framework of GO, it is 345 

reasonable to expect that the functionalisation does not necessarily involve a chemical reaction with the oxygenated 346 

groups of GO. Conversely, as these molecules intercalate within GO flakes there may be the development of preferential 347 

π-π interactions amongst NS rings and GO unoxidized domains, favouring the insertion of naphthalene sulfonates within 348 

the membrane and an effective functionalisation [34,51]. This hypothesis seems to be supported by comparing from a 349 

qualitative point of view the ATR-FTIR spectra of X-GONS-TY specimens in Figure 3a, where it is possible to notice 350 

that, even by varying the concentration of the sulfonating agent, the shape of the spectra does not change significantly. 351 

Furthermore, the comparison between the spectrum of 5-GONS-T100, taken as an example, and the one of the reference 352 

Flube OS-39 NS powder (Figure 3b) shows that most of the original vibrations of the NS molecule do not vary 353 

considerably after their insertion in GO, suggesting that only slight chemical modifications take place during the mixing 354 

process and become more visible only in the samples prepared at higher process temperatures. In fact, the contributions 355 

attributed to NS species seem to be slightly more intense with respect to adjacent bands in the case of T100 membranes, 356 

possibly demonstrating a moderate influence of the working temperature on the chemistry of the process, both in terms 357 

of potential reduction and of overall effectiveness. 358 
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Fig. 3 (a) ATR-FTIR spectra of the investigated X-GONS-TY membranes; (b) comparison amongst the infrared spectra 360 

of Flube OS-39 NS powder, GO reference and 5-GONS-T100 361 

 362 

3.2.2 Raman spectroscopy 363 

The previous assumptions (Section 3.2.1) seem to be reinforced by the analysis of the Raman spectra of the prepared X-364 

GONS-TY membranes, which are shown in Figure 4, whereas the corresponding bands positions and intensity ratios are 365 

summarised in Table 1. Raman spectroscopy allows to investigate the effect of the introduction of NS molecules on the 366 

carbonaceous framework of GO, in terms of possible alterations to its characteristic D and G bands. The G band can be 367 

related to the presence of graphitic domains, with a typical position of about 1580 cm–1 in crystalline graphite [52,53]. 368 

Pristine GO displays a slightly blue-shifted G band, centred at about 1601 cm–1, as a consequence of the increase in the 369 

number of defects following the oxidation of graphite; this causes the rising of the well-known D (about 1340 cm–1) and 370 

D’ (about 1620 cm–1 and merged with the G band) modes as well [8,54]. In general, the D band becomes more intense as 371 

sp2 hybridisation is interrupted by sp3 regions involving bonds among carbon atoms and oxygenated functionalities, and 372 

the D/G intensity ratio can provide an insight on the proportion between defective and graphitic regions in GO-based 373 

specimens [8,52–54]. By comparing the GO reference with X-GONS-TY membranes, it is possible to notice that the 374 

Raman spectra of the latter do not vary significantly with respect to those of the virgin material, as suggested by the 375 

similar D and G modes positions and intensity ratios. The absence of visible discrepancies appears in agreement with the 376 

hypothesis that the introduction of NS species takes place as an intercalation among GO layers, therefore only slightly 377 

affecting the original graphitic structure of pristine GO. Non-covalent π-π bonds are likely to be established between the 378 

aromatic rings of NS and the sp2-hybridised regions of GO layers. The chemical compatibility of the involved species has 379 

allowed a fostered self-assembling of adjacent GO sheets from the aqueous dispersion up to the formation of stable 380 

supramolecular structures. The prepared membranes have disclosed a satisfactory manageability, except for 1-GONS-381 

T100 which appeared more fragile. In the case of high NS content, the steric hindrance of such molecules could have 382 

interfered with the generation of non-polar interactions, worsening the overall stability of the sample [34,51]. 383 
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Fig. 4 Raman spectra of the investigated X-GONS-TY membranes and of GO as reference 385 

 386 

Table 1. Raman bands positions and intensity ratios of X-GONS-TY membranes and of GO as reference. 387 

Sample D band position [cm–1] G band position [cm–1] D/G intensity ratio 

1-GONS-T25 1338 1605 1.50 ± 0.07 

1-GONS-T100 1340 1603 1.35 ± 0.03 

5-GONS-T25 1341 1602 1.37 ± 0.10 

5-GONS-T100 1342 1603 1.35 ± 0.05 

10-GONS-T25 1341 1600 1.32 ± 0.01 

10-GONS-T100 1341 1601 1.35 ± 0.06 

GO 1342 1601 1.43 ± 0.03 

 388 

3.2.3 Thermogravimetric analysis 389 

The thermograms of the prepared X-GONS-TY samples are illustrated in Figure 5. They have been useful to identify 390 

changes in the thermal behaviour of the examined materials and to witness the emissions of oxygenated or sulfonated 391 

derivatives, probably symptomatic of the presence of –SO3H groups. 392 

Four ranges of mass losses can be recognised. The first one, with an average value of 15%, takes place below 110 °C; it 393 

is caused by the evaporation of physically adsorbed water, trapped in the GO sheets by the hydrophilic groups. The second 394 

one of about 20–35% occurs in the range 175–225 °C and it is associated to the decomposition of oxygenated 395 

functionalities (such as epoxides, tertiary alcohols and carboxylic acids) and to the release of COx gases [55]. The third 396 

one is the smallest (2–5%) and it may be glimpsed between 280 and 300 °C. It can be ascribed to the decomposition of 397 

sulfonated moieties covalently bonded to NS compounds intercalated within GO flakes, as witnessed in ATR-FTIR 398 

spectra [27,56]. It can be intended as a qualitative proof of the reaction effectiveness, seeing as it is absent in typical GO 399 

thermograms (Figure S2a) already discussed in a previous work amongst the authors’ research group [41]; however, its 400 

limited value could mean a small quantity of inserted S-bearing groups. One can notice that the temperature range at 401 

which the desulfonation is triggered in X-GONS-TY samples is less broad than the one of Nafion® 212 (280–380 °C 402 

[41]), as visible in Figure S2b. A possible explanation could be the minor stability of the introduced functionalities. A 403 

continuous mass loss starts when the experimental temperature overcomes 400 °C. It is included between 20 and 25% 404 

and it is linked to the breakdown and partial pyrolysis of the GO stacking due to the weakening of the inter-layer 405 
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interactions and to the collapse of the basal plane [20,28,42]. 5-GONS-T100 appears to be the most thermally resistant 406 

amongst the synthesised species, especially in the range of operating temperatures of PEMFCs. In fact, it exhibits the 407 

smallest adsorbed water mass drop (≈ 10%), suggesting a probable better water retention ability, in agreement with the 408 

findings of Shudo et al. [34]. Moreover, it has the positive aspect of a larger residual mass (≈ 40%) with respect to virgin 409 

GO (≈ 25% [41]), which could recommend a positive influence of the functionalisation process by means of a 410 

reinforcement of the aromatic domains promoted by the interaction with naphthenic fractions. 411 

 412 

Fig. 5 Thermograms of the investigated X-GONS-TY membranes 413 

 414 

3.2.4 Scanning electron microscopy 415 

Scanning electron microscopy (SEM) ensures a complete overview on the morphology of the X-GONS-TY samples at 416 

different dimensional scales. Images at 500x, 1000x and 5000x magnifications are collected in Figure 6. They show a 417 

relative uniformity and an overall compactness of the structure at the microscopic level. This suggests a decent integration 418 

of the functionalising species within the GO matrix and consequentially a possible chemical compatibility between the 419 

aromatic portion of the NS molecules and the sp2-hybridised regions of GO. Surface defectiveness is a common feature 420 

of the six samples, mainly as disorder in the flakes packing. 10-GONS-T25 and 10-GONS-T100 display some jagged 421 

zones and the highest unevenness, rather similar to that of pristine GO (Figure S3) [41]. This feature is reasonable, since 422 

they have been manufactured by employing the largest GO-to-NS molar ratio. 423 

 424 
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Fig. 6 SEM images of the X-GONS-TY samples at 500x, 1000x and 5000x magnification (from left to right): (a-c) 1-425 

GONS-T25, (d-f) 1-GONS-T100, (g-i) 5-GONS-T25, (j-l) 5-GONS-T100, (m-o) 10-GONS-T25, (p-r) 10-GONS-T100 426 

 427 
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Cross-sectional SEM images at 1000x magnification of the X-GONS-TY samples are displayed in Figure 7, along with 428 

a 10000x-magnified image of a reference GO membrane. They have been exploited also for the estimation of the average 429 

specimens’ thicknesses, which are listed in Table 2. The compactness of the stratified layers in the functionalised samples 430 

is comparable to virgin GO (Figure 7g), as already supposed from the surface homogeneity observed in Figure 6. 431 

Nevertheless, the thicknesses of the investigated samples differ from the one of GO depending on the employed GO-to-432 

NS molar ratio. 10-GONS membranes, which are prepared with the highest GO content, prove thicknesses between 433 

7.6±0.2 and 9.7±0.3 µm, the closest to their pure precursor (3.6±0.2 µm). Values coherently increase up to 17.3±1.1 µm 434 

when GO-to-NS molar ratio is reduced to 5. The specimens with the lowest GO-to-NS molar ratio, 1-GONS-T25 and 1-435 

GONS-T100, are 15.3±0.2 and 23.5±0.5 µm-thick, respectively. It can be noticed that the thickening of X-GONS-TY 436 

membranes with respect to pure GO, related to the intercalation of NS moieties within the GO sheets, appears to be 437 

consistent with the observations inferred from ATR and Raman spectroscopies. 438 

 439 

Fig. 7 Cross-sectional SEM images of X-GONS-TY samples at 1000x magnification: (a) 1-GONS-T25, (b) 1-GONS-440 

T100, (c) 5-GONS-T25, (d) 5-GONS-T100, (e) 10-GONS-T25, (f) 10-GONS-T100; (g) GO cross-sectional SEM image 441 

at 10000x magnification is reported as reference 442 
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Table 2. X-GONS-TY membranes and reference GO thicknesses. 443 

Sample Thickness [μm] 

1-GONS-T25 15.3 ± 0.2 

1-GONS-T100 23.5 ± 0.5 

5-GONS-T25 17.3 ± 1.1 

5-GONS-T100 17.1 ± 0.2 

10-GONS-T25 9.7 ± 0.3 

10-GONS-T100 7.6 ± 0.2 

GO 3.6 ± 0.2 

 444 

3.2.5 Energy dispersive X-ray spectroscopy 445 

Semi-quantitative elemental analysis of the proposed materials has been performed via energy dispersive X-ray (EDX) 446 

spectroscopy to realise the effect of the NS-based sulfonation process on the composition of the products. The extrapolated 447 

weight percentages of carbon (C), oxygen (O) and sulphur (S) are shown in Figure 8 and compared with those of a GO 448 

reference. The six X-GONS-TY samples exhibit a growth in sulphur content with respect to virgin GO, which is 449 

compatible with the hypothesis of an effective combination of NS moieties and GO substrate through the discussed 450 

innovative functionalisation protocol. Interestingly, since each sulfonic acid group (–SO3H) bears three oxygen atoms, 451 

one would have also expected an increase in the weight percentage of this species, as a consequence of the introduction 452 

of naphthalene sulfonates. On the contrary, a visible drop is detected, especially for the T100 samples. The occurrence of 453 

a slight reduction of the GO framework which forces the loss of O-bearing moieties, more accentuated when the reaction 454 

temperature is higher, can be supposed to elucidate this behaviour. 1-GONS-T100 has the highest sulphur content, 455 

coherently with its GO-to-NS molar ratio, but the strong presence of NS molecules has been detrimental in terms of 456 

structural stability, inasmuch the membrane has crumbled as soon as it has been recovered from the PVDF filter. 5-457 

GONS-T100 exhibits the second highest sulphur weight percentage and a carbon-to-oxygen ratio (1.495±0.036) close to 458 

virgin GO (1.5 [44]), accompanied by an adequate flexibility and manageability. 459 

 460 

Fig. 8 EDX spectroscopy results of the investigated X-GONS-TY membranes and virgin GO as reference 461 

 462 

 463 

 464 
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3.2.6 Optical contact angle 465 

The static optical contact angle evaluation has been executed by means of ten measurements on different positions of 466 

each investigated membrane, with the purpose of enhancing the reliability of the results, displayed in Figure 9. The 467 

synthesised X-GONS-TY membranes are all included in the hydrophilic interval. 1-GONS-T25 has returned the highest 468 

OCA value, surpassing the hydrophilicity limit (dashed horizontal line) when its error interval is considered. This outcome 469 

can be explained by the counterbalancing effect of the bulky non-polar naphthenic moieties on the overall water-470 

compatible behaviour of both the oxygenated functionalities in the GO framework and the –SO3H groups added by the 471 

sulfonating agent [57]. The fact that the 10-GONS samples’ behaviour is the closest to that of pristine GO (68.98±3.37° 472 

[41]) can be taken as a confirmation of this observation, since they possess the lowest NS content. Another possible reason 473 

is the slight increase in hydrophobicity induced by the presence of wrinkles on the surface of the specimens [58], as 474 

appreciated from SEM images (Figure 6). 475 

 476 

Fig. 9 OCA outcomes of the investigated X-GONS-TY membranes 477 

 478 

3.2.7 X-ray diffraction 479 

X-ray diffraction experiments have aimed at checking modifications in the layer spacing of the produced X-GONS-TY 480 

membranes and at comparing them to that of pristine GO. The acquired diffractograms allow to observe that GO exhibits 481 

an interlayer distance of about 0.82 nm, corresponding to a reflection located at 2θ = 10.76° that describes a 001-reflection 482 

plane. This distance is more than twice the intersheet spacing of natural graphite, i.e., 0.34 nm associated to a 002-483 

reflection plane (2θ = 26.60°). The larger interplanar distance of GO may be correlated to the perturbation of the 484 

carbonaceous backbone caused by the intercalation of oxygenated functional groups and water molecules amidst of 485 

adjacent flakes [26–28,42,59,60]. 486 

Concerning X-GONS-TY specimens, their diffraction patterns all exhibit a marked increase in the interlayer spacing with 487 

respect to GO, with values in the 0.95–0.88 nm range, corresponding to 2θ = 9.29–10.05°. These results may be interpreted 488 

as a consequence of the bulky nature of NS molecules and of the corresponding steric hindrance that prevents GO layers 489 

to pack more closely and confirms the successful introduction of NS species [32,59]. 490 
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Fig. 10 XRD patterns of the investigated X-GONS-TY membranes 492 

 493 

3.3 Ion exchange capacity 494 

Ion exchange capacity (IEC) is a powerful parameter to estimate the quantity of ionic sites that can favour the transport 495 

of ions throughout an electrolytic membrane. The outcome of IEC tests carried out on X-GONS-TY specimens is provided 496 

in Figure 11. 497 

All average IEC measurements are larger than the one of GO (0.72 meq g–1, determined in a previous work [41]), ranging 498 

between a 2-fold and 4-fold improvement. The worst result surprisingly belongs to 1-GONS-T100 (1.46±0.16 meq g–1), 499 

which has been prepared with the highest amount of naphthalene sulfonates and has supplied the largest sulphur weight 500 

percentage (5.75±0.79 wt.%) via EDX spectroscopy. This information seems quite conflicting, but it can be combined 501 

with the increase in the carbon-to-oxygen ratio witnessed in the EDX spectrum to explain the possible occurrence of a 502 

moderate partial reduction of the GO skeleton during the studied functionalisation, as suggested in Section 3.2.5. Besides, 503 

it must be remembered that EDX is a quite shallow analysis; hence, the high sulphur content measured in 1-GONS-T100 504 

may be caused by an accumulation of unreacted naphthalene sulfonate molecules in-surplus on the surface of the 505 

specimen, which do not substantially contribute to the proton exchange mechanism. 10-GONS samples having a better 506 

IEC than 1-GONS ones could confirm the detrimental action of an excess of functionalising agent. 5-GONS-T25 and 5-507 

GONS-T100 membranes returned the best IEC determinations, 2.87±0.53 and 2.90±0.03 meq g–1 respectively, again 508 

recommending that the optimal recipe should be in the neighbourhood of theirs. These values are remarkable, even 509 

surpassing the vast majority of the ones achieved by other novel electrolytes illustrated in literature [11,18,28,30]. They 510 

recommend a strong tendency to ion exchange phenomena, which is a desired feature in PEMs. 511 

In light of the observations on the rising of bands associated to NS functionalities in ATR-FTIR spectra, the overall best 512 

thermal resistance determined by TGA, the best compromise between sulphur content (4.62±0.13 wt.%) and carbon-to-513 

oxygen ratio (1.495±0.036) measured through EDX analysis, an adequate manageability and flexibility, as well as an IEC 514 

value of 2.90±0.03 meq g–1 with restrained variability, 5-GONS-T100 has proven to be the most promising of the 515 

examined innovative X-GONS-TY membranes. Therefore, it has been subjected to water uptake (WU) and 516 

electrochemical impedance spectroscopy (EIS) tests, in order to complete its characterisation in terms of evaluation of its 517 

water retention ability and proton conductivity in the typical operating conditions of a PEMFC. 518 
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Fig. 11 Ion exchange capacity of the X-GONS-TY membranes 520 

 521 

3.4 Water uptake and swelling ratio 522 

Water uptake (WU) and swelling ratio (SR) experimental outcomes of the 5-GONS-T100 membrane are summarised as 523 

a function of temperature in Tables 3 and 4. 524 

 525 

Table 3. Water uptake and swelling ratio results of 5-GONS-T100 at 53% RH as a function of temperature. 526 

Temperature [°C] Water uptake [%] Swelling ratio [%] 

20 25.14 ± 1.16 9.84 ± 11.47 

40 33.89 ± 2.99 38.17 ± 24.73 

60 37.15 ± 5.92 37.61 ± 17.07 

80 17.31 ± 1.44 45.82 ± 28.73 

100 18.08 ± 9.19 40.31 ± 12.16 

 527 

Table 4. Water uptake and swelling ratio results of 5-GONS-T100 at 95% RH as a function of temperature. 528 

Temperature [°C] Water uptake [%] Swelling ratio [%] 

20 20.67 ± 0.72 20.51 ± 8.88 

40 24.67 ± 8.00 15.16 ± 9.07 

60 30.05 ± 3.05 25.67 ± 20.97 

80 45.50 ± 26.80 47.55 ± 26.74 

100 18.31 ± 5.00 63.12 ± 4.41 

 529 

The investigated material exhibits a remarkable water sorption capability at low temperatures and at 53% RH, with a 530 

maximum of 37.15±5.92% at 60 °C. In this range, it outperforms both Nafion® 212 and virgin GO, whose detailed analysis 531 

has been executed in a previous work amongst the authors’ research group [41], presumably due to the hydrophilicity of 532 

S-bearing functionalities that allows a considerable permeation and inter-layer trapping of water molecules. At 80 °C, 533 

water uptake suffers a significant decrease, but it remains 1.5-fold higher than Nafion®’s (11.34% [41]). Differently, 5-534 

GONS-T100 demonstrates a worse performance than pure GO (32.21% [41]) at the harshest operating conditions, as well 535 

as a higher swelling ratio (40.31±12.16%). This last feature may be explained by the proneness to structural weakening 536 
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of the GO stacking provoked by the insertion of the sterically bulky naphthenic groups, corroborated by the slight fragility 537 

of the specimens; in addition, the highest temperatures may be responsible for a partial removal of the weakest oxygenated 538 

moieties and a consequent rise in the hydrophobicity of GO flakes, resulting in weaker attractive interactions and larger 539 

swelling. Since SR is considered as a useful parameter to appraise the tendency of the sample to swell when water is 540 

adsorbed, a higher value would represent a plausible and undesired failure of the component when sealed in the fuel cell 541 

assembly. As a consequence, the structural stability of the material must be enhanced in the view of an application in low 542 

humidification PEMFC devices, though the introduction of naphthalene-based molecules has not excessively worsened 543 

the properties of the GO substrate. 544 

At 95% RH, the proposed membrane proves again a growing water sorption trend with temperature up to 80 °C, before 545 

undergoing a sharp reduction at 100 °C. In detail, outcomes vary from 20.67±0.72% at 20 °C to 30.05±3.05% at 60 °C, 546 

overtaking the corresponding ones of Nafion® 212 (from 11.38% to 10.62% [41]) but resulting lower than those of bare 547 

GO (from 60.00% to 67.42% [41]). This behaviour suggests a slightly accentuated hydrophobicity of the sample compared 548 

to pristine GO (OCA 68.98±3.37° [41]), to be ascribed to the introduction of bulky non-polar naphthenic moieties. 549 

Conversely, it can be noticed that 5-GONS-T100’s water uptake raises to 45.50±26.80% at 80 °C, whereas its swelling 550 

ratio is 47.55±26.74%. The insertion of hydrophilic –SO3H groups might be able both to positively affect a deeper 551 

intercalation of water molecules amidst the GO sheets [34,61] and to partially attenuate the probable GO thermal reduction 552 

above 50 °C [41,55] via their higher thermal stability, guaranteeing an adequate behaviour in the examined conditions. 553 

 554 

3.5 Proton conductivity 555 

Proton conductivity assessment has relied upon the fitting of the Nyquist plots derived from the electrochemical 556 

impedance spectroscopy (EIS) tests, described in Section 2.5. In detail, a modified Randles cell (Figure 12) has been 557 

chosen to fit the experimental data [62]. The cell consists of an overall ohmic resistance (Rel) in series with a RC element, 558 

in turn involving a constant phase element (CPE) in parallel with the internal resistance (Ri) [62–64]. Rel corresponds to 559 

the intercept of the semicircle in the high-frequency portion of the real impedance axis (ZRe) and stands for the ohmic 560 

losses taking place in the system. The CPE replaces the ideal capacitor typical of regular Randles cells, so to better 561 

describe the roughness and inherent porosity of the electrode/electrolyte interface, which are responsible for depressed 562 

Nyquist arcs. In the end, Ri is the semicircle diameter and characterises the material’s internal resistance, useful to 563 

compute its conductivity (Equation 4). 564 
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Fig. 12 Measured data (■) and corresponding fitting (––) of 5-GONS-T100, examined at 60 °C, 53% RH. Inset: 566 

modified Randles cell, employed for the fitting of the experimental Nyquist plot 567 

 568 

Proton conductivity is considered as the fundamental parameter for novel PEMs, since it indicates the suitability of a 569 

membrane in fuel cell devices. The average proton conductivities of 5-GONS-T100 are reported in Figure 13 as a function 570 

of temperature at 53% and 95% relative humidity (RH). 5-GONS-T100 shows a growing ionic conductivity trend with 571 

temperature and relative humidity variations. This behaviour can be linked both to the protons’ accelerated mobility due 572 

to temperature excitement and to the presence of naphthalene-based structures, which could improve the inter-sheet 573 

distribution of –SO3H functionalities by the generation of π-π interactions between the aromatic portion of the sulfonating 574 

agent and the unoxidized zones in the GO structure [34,59]. In this fashion, the risk of a disequilibrium between well-575 

hydrated and dry regions is likely minimised. The role of the introduced –SO3H groups in 5-GONS-T100 is to amass 576 

water clusters via hydrogen bonding, guaranteeing the formation of an efficient proton transport network [65,66]. The 577 

correct hydration of the membrane is of paramount importance to enable the transport mechanism known as Grotthuss 578 

hopping, which is based on multiple jumps of H+ ions from a hydrolysed site to the adjacent one within the water 579 

molecules network. 580 

At 53% RH, 5-GONS-T100’s proton conductivity goes from 0.0354±0.0001 S cm–1 at 20 °C to a maximum of 581 

0.2958±0.0312 S cm–1 at 80 °C, outperforming bare GO (0.0549±0.0002 S cm–1 [41]). This experimental observation 582 

confirms that a proper functionalisation of GO is necessary to increase its potentiality as an alternative to Nafion®. The 583 

same consideration can be made looking at the 95% RH results attained at 20 and 60 °C. Then, the measured conductivity 584 

raises to 1.7135±0.0600 S cm–1 at 80 °C, that is roughly one order of magnitude higher than the values reported in literature 585 

for the perfluorinated electrolyte [26,42,67]. This outcome is in agreement with the largest WU result monitored in the 586 

same conditions and with the abundance of ion exchange sites surveyed through IEC (Section 3.3). It could be ascribed 587 

to the microphase separation of hydrophilic and hydrophobic domains favoured by naphthenic moieties and fostering the 588 

formation of proton transfer highways. Once more, the effectiveness of the proposed innovative sulfonation protocol is 589 

advised, though it must be considered the possibility of a slight distortion of the attained results, ascribable to the 590 

employed experimental setup and to the significant presence of condensed water vapour on the electrodes, always detected 591 

at the end of the tests. 592 
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Fig. 13 Proton conductivity of 5-GONS-T100 as a function of temperature at 53% and 95% RH 593 

 594 

3.6 Mechanical properties 595 

Tensile strength tests have been executed to verify the mechanical performances of the promising 5-GONS-T100 596 

membrane, in order to acquire information related to its handling, which would be critical during the membrane electrode 597 

assembly (MEA) preparation. Moreover, 5-GONS-T100 has undergone micro-hardness indentation tests aimed at 598 

evaluating its Vickers hardness. This parameter could be useful to comprehend the membrane surface resistance to 599 

compression [68–71], a typical condition to which an electrolyte is subjected in actual fuel cell applications. 600 

Stress-strain curves of 5-GONS-T100 and of reference GO are highlighted in Figure 14, whereas the derived results for 601 

tensile strength, elongation at break and Young’s modulus are tabulated in Table 5 along with average Vickers hardness 602 

values from micro-hardness tests. The mechanical tests conducted on pristine specimens (Figure 14a-b) show that 5-603 

GONS-T100 is extremely stiff with a maximum elongation of 0.18±0.04%, one order of magnitude lower than the one of 604 

pristine GO (2.04±0.51%). In the same way, GO’s tensile strength (457.9±120.9 MPa) is about one order of magnitude 605 

higher than that of 5-GONS-T100 (67.1±7.7 MPa). However, the slope of the curves and, therefore, the Young’s moduli 606 

of the two materials are comparable. These results implicate that the introduction of NS functionalities does not seem to 607 

influence the elasticity of GO layers, but to cause an overall undesired embrittlement of the final product. The restrained 608 

variability of the outcomes obtained for 5-GONS-T100 with respect to the ones of virgin GO suggests an enhanced 609 

homogeneity of the membrane’s structure; this could be potentially associated to the reliability of the 5-GONS-T100 610 

preparation method, resulting in a more uniform stacking of the material’s flakes. As shown in Figure 14c-d, both GO 611 

and 5-GONS-T100 membranes seem to exhibit an embrittlement after being treated at 80 °C for one hour. This result can 612 

be a consequence of a partial removal of oxygenated functionalities taking place at high temperatures, as witnessed from 613 

EDX spectroscopy results. However, the previous effect seems to be much more pronounced in GO, while the mechanical 614 

behaviour of 80 °C-treated 5-GONS-T100 membranes is fairly consistent with the one of pristine samples, even though 615 

displaying a larger variability. 616 

Furthermore, Vickers hardness values recorded for 5-GONS-T100 are moderately higher than the ones of pure GO, both 617 

for pristine (20.34±1.06 vs 12.80±0.94 HV) and 80 °C-heated specimens (23.20±3.11 vs 13.27±2.25 HV); these results 618 

seem to confirm a slight embrittlement of both GO and 5-GONS-T100 membranes after they are treated at higher 619 

temperatures. Considering that hardness and compressive strength are quasi-linearly related [69,70] up to 15% of 620 

elongation [68], these results can be exploited to deduce information about the better overall compressive behaviour of 621 

5-GONS-T100. This hypothesis may be reinforced by the immediate failure of GO samples when the load applied during 622 
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hardness tests has been raised to 1000 gf, while 5-GONS-T100 has provided comparable performances. This feature can 623 

be considered valuable with a view of a potential application in fuel cells, since compressive stresses are among those 624 

typical of the closure procedure of a unit assembly. 625 

Table 6 reports a comparison of the ion exchange capacity, proton conductivity and tensile strength performances of 5-626 

GONS-T100 with state-of-the-art PEMs discussed in recent studies. The potentiality of the proposed 5-GONS-T100 blend 627 

for fuel cell applications is again suggested by the largest IEC value, second highest proton conductivity and a tensile 628 

strength consistent with other innovative materials. 629 

 630 

Fig. 14 Stress-strain curves of pristine (a) 5-GONS-T100, (b) GO, and of 80 °C-treated (c) 5-GONS-T100, (d) GO 631 

 632 

Table 5. Tensile strength, strain at break, Young’s modulus and Vickers hardness results extrapolated from mechanical tests. 633 

Sample 
Temperature 

[°C] 

Tensile strength 

[MPa] 

Strain at break 

[%] 

Young’s modulus 

[GPa] 

Vickers hardness 

[HV] 

5-GONS-T100 
25 67.10 ± 7.70 0.18 ± 0.04 37.41 ± 2.58 20.34 ± 1.06 

80 26.13 ± 15.66 0.08 ± 0.07 21.39 ± 7.50 23.20 ± 3.11 

GO 
25 457.9 ± 120.9 2.04 ± 0.51 52.92 ± 6.42 12.80 ± 0.94 

80 43.15 ± 1.77 0.98 ± 0.14 5.68 ± 0.63 13.27 ± 2.25 

 634 

 635 
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Table 6. Summary of properties and comparison of state-of-the-art PEMs. 636 

Membrane 
IEC 

[meq g–1] 

Proton 

conductivity 

[S cm–1] 

Tensile strength 

[MPa] 
Reference 

S-bg-PI/S-r-PI 80:20 1.80 0.30 123.0 [15] 

sPSU 1.36 0.0053 15.4 [17] 

SPEEK/rGONR@TiO2 1.63 1.78 64.5 [18] 

0.5%v/v S-GO/S-PEKES 0.99 0.0059 45.8 [28] 

(PU/GO/PDDA/GO)200/85%PA ― 0.391 0.4 [37] 

SPVDF(CS/GO)50/PA ― 0.234 28.8 [38] 

GO 0.72 0.196 457.9 
[41], 

Present work 

SGO-1 1.20 0.242 ― [41] 

(PVC/SGO)5/85%PA ― 0.0363 19.3 [50] 

SFBCN/SPVdF-HFP-10/FSiO2-10 1.61 0.0931 ― [56] 

SP/SGO-08 1.45 0.0089 36.5 [65] 

PVdF/SPEEK-sCMK-3 1.76 0.081 826.2 [66] 

5-GONS-T100 2.90 1.71 67.1 Present work 

 637 

4. Conclusions 638 

The herein disclosed experimental work has illustrated an effective and simple procedure for the fabrication of 639 

naphthalene sulfonate-functionalised graphene oxide (X-GONS-TY) freestanding membranes and a preliminary 640 

assessment of their feasibility as innovative electrolytes in proton exchange membrane fuel cells (PEMFCs). 641 

Three different GO-to-NS molar ratios and two different reaction temperatures have been combined to produce six 642 

samples, whose extensive analysis has allowed to clarify the effects of the above-mentioned parameters on the properties 643 

of the final membranes. Morphological characterisations such as attenuated total reflection Fourier-transform infrared 644 

(ATR-FTIR) spectroscopy and thermogravimetric analysis (TGA) have assisted in the evaluation of the sulfonation 645 

treatment’s effectiveness. In parallel, semi-quantitative EDX elemental analysis has highlighted a simultaneous partial 646 

reduction of the GO framework, which can be probably attributed to a thermally induced degradation, obviously more 647 

pronounced at higher temperatures. IEC evaluation has helped in defining the abundance of ion exchange sites of each 648 

sample, which is fundamental to guarantee an appropriate proton conductivity. Specifically, it has been noticed that the 649 

membranes having the highest naphthalene sulfonate content (1-to-1 GO-to-NS molar ratio) display the lowest IEC 650 

values, despite they have demonstrated a significant increase in sulphur’s weight percentage. This outcome has evidenced 651 

the detrimental effect of the intercalation of an excessive amount of NS species, already supposed after the severe 652 

fragmentation of the specimen synthesised at 100 °C (1-GONS-T100) when separated from the PVDF filter. Besides, 5-653 

GONS-T100 has yielded the best IEC of 2.90±0.03 meq g–1, suggesting that the optimal molar ratio must be searched in 654 

the proximity of 5-to-1. Since it has also shown the best thermal stability and a suitable increase in sulphur’s content, it 655 

has been identified as the most promising membrane and subjected to water uptake (WU) and electrochemical impedance 656 

spectroscopy (EIS) tests at various temperature and humidification conditions. The selected sample has exhibited the best 657 

water retention capability and the highest proton conductivity of 1.713±0.060 S cm–1 at 80 °C and 95% relative humidity, 658 

whereas it has returned the overall highest WU values and a conductivity generally approaching the one of Nafion® at 659 

53% relative humidity. Eventually, the characterisation of 5-GONS-T100 has been completed by means of both tensile 660 
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strength and micro-hardness tests. The obtained results have highlighted the fragility of the fabricated membrane, whose 661 

elongation at break does not overcome 0.2%, confirming some criticalities in terms of integrity arisen during the 662 

manufacturing of larger samples. However, while the resistance to tensile stresses resulted to be poor, the higher Vickers 663 

hardness recorded for 5-GONS-T100 with respect to pure GO may suggest a better resistance to compressive stresses 664 

typical of a fuel cell assembly, a feature that can be considered valuable. Nevertheless, a fuel cell test has been impossible, 665 

inasmuch the membrane could have failed during the MEA fabrication or during the experiment execution, as a 666 

consequence of the witnessed brittle behaviour. Further analyses will be fundamental for the validation of the obtained 667 

data and for the development of suitable synthesis routes, with the purpose to optimise the functionalisation and to enhance 668 

the structural properties of the prepared material. Different GO-to-NS molar ratios in the neighbourhood of 5-to-1 should 669 

be investigated to isolate the optimal recipe that permits to manufacture a membrane with a balance between functional 670 

and mechanical features. The incorporation of suitable cross-linking agents could also be helpful, so as to reach a 671 

sufficient stability that guarantees reliability in the operational environment of a PEMFC. 672 
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