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ABSTRACT 

Polymer Electrolyte Membrane Fuel Cells (PEMFCs) are the most assuring alternative power 

sources for a clean energy/environmental future, however, performance needs to be improved for 

large-scale commercialization. One of major current technical challenges is limited proton 

conductivity in catalyst layers. Recent emerging material, i.e., graphene, has a great potential to 

improve key transport properties including proton conductivity throughout the unique two 

dimensional structure, large effective surface area, and anticipated enhanced surface transport 

phenomena. Graphene, carbon black (CB) and carbon nano tubes (CNT) are used as additives in 

the catalyst layer in order to improve and compare the proton conductivity. The additives were 

implemented to the Nafion® solution variable wt. %, which were sprayed over Nafion® 

membrane as test samples. For the proton conductivity measurement, the test samples were 

sandwiched between the two electrodes maintaining a uniform pressure to ensure the uniform 

mechanical/electrical contact between the electrodes and samples. This cell assembly was tested 

using a potentiometer, and the obtained impedance was analyzed through the Nyquist plot at 

specified conditions of current voltage range. 

The experimental results show that the proton conductivity enhancement increases with the 

increasing graphene content. The enhancement is also compared to those of CB- and CNT-based 

membrane, showing that graphene-based Nafion® membrane provides higher proton conductivity 

than the CB-based Nafion® membrane. This may be related to the unique graphene structures, 

and the further studies will be needed to articulate the role of the graphene on the proton 

conductivity. The results thus obtained, provide an insight into finding an optimal material for 

improving the proton transport of PEM aiming at the optimal catalyst layer material design. 
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1 INTRODUCTION 

1.1 Background 

Fuels such as petroleum, natural gas and oil are presently being used in the market as a 

resource for energy production. However, constant exploitation of these natural resources would 

result in a complete depletion in the years to come. Also, the rise in demand is expected to result 

in an increase of the production cost of these energy resources. Burning these fuels emit harmful 

gases, which are toxic to the environment thus disrupting the nature. In an attempt to desperately 

prevent the extinction of these natural resources and maintain a clean environment, researchers 

have extensively developed alternative clean energy conversion systems including a fuel cell, 

which uses clean and abundant hydrogen. Among others, hydrogen and oxygen fuel cell is one of 

the most attractive alternative clean energy sources, resulting in extensive research recently.  

The fuel cells provide many advantages over other traditional power sources such as minimal 

noise, pollution, harmful by-product emissions, renewable fuel and a high efficiency. However, 

there are also a few disadvantages such as high production costs and bigger in size as they are 

usually stacked in groups. 

A fuel cell is presently the most reliable form of alternate energy with a power output of 0.8-

0.9 volts with a few hundreds of ampere per cm2. A typical fuel cell consists of three essential 

components, namely, cathode/anode electrodes and liquid, solid, or polymeric electrolyte. 

The Proton Exchange Membrane (PEM) fuel cell, uses the Nafion® membrane as an 

electrolyte whereas Platinum (Pt/C) is used as a catalyst. The primary processes to be modeled in 

the catalyst layer are electro-chemical reactions at the catalyst surface as given below, the 
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delivery of reactants to the reaction site and the Ohmic losses associated with proton and electron 

migration[1].  

4H+ + 4e− + O2 → 2H2O + Heat 

The fuel for the cell is dispersed on the catalyst layer through the channels in the anode and 

cathode parts. Typically, a cathode electrode uses dispersed platinum and carbon (Pt/C) with a 

proton conducting polymer, here Nafion®, provides a dominating ionic-conducting pathway, 

while the electron transport through the carbon and oxygen diffuses through the porous 

structures among them as shown in Figure 1. 

 

Figure 1 PEMFC working principles including the various reactant/product such as electron, proton, 

oxygen, hydrogen, and water. 

 The efficiency of the fuel cell is related to the increased proton conductivity through the 

catalyst layer and by avoiding over flooding of the cell[2], [3]. Research has been conducted to 

improve these conditions in order to improve the power output density. However, the one of the 

bottlenecks in the current catalyst layer is limited proton conductivity for the high energy 
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conversion efficiency and future large commercialization. Due to this lack of efficient proton 

conductivity, the performance of the fuel cell is affected immensely[1], [4]. Efforts have been 

made to the design of fuel cells with increased energy density, suitable operating temperatures 

and low impact for environment[5]. Electro-catalyst is the key to improve the Oxygen Reduction 

Reaction (ORR) and fuel oxidation reaction in fuel cell. Although there have many attempts in 

the past to optimize the catalyst layer through structural engineering using different type of 

carbons such as carbon nanotube (CNT) and carbon black (CB)[6]. However, graphene-based 

materials have shown a great potential to enhance the desired properties due to high 

conductivity, optical transparency, and thermal, optical and electrochemical stability[7]. 

Especially, with rich porosity and multidimensional electron transport path, three-dimensional 

(3D) graphene structure is highly desirable for catalyst loading to facilitate the mass transfer and 

maximize the accessibility to the catalyst surfaces[8]–[12]. Moreover, carbon, i.e., graphene, is 

abundant in the Earth’s surface, it is highly desirable and readily available material for basic 

research[13]. However, many of its properties are currently subjected to intense research and 

debate. 

1.2 Motivation 

PEMFC is commercially the most attractive and efficient among other cells because of its 

low operating temperatures and quick start-up[14]. The conversion of the chemical energy of a 

fuel and an oxidant into electricity is mainly carried out in the catalyst layer placed between the 

membrane electrolyte and anode, and electrolyte and cathode. When a group of fuel cells are 

stacked in series and/or parallel, it can generate enough power. Hence, it will run an automobile, 

charge a mobile phone, light a bulb and more for a green pollution free environment. For these 

purposes, the Fuel cell’s proton conductivity needs to be increased. Conventionally, Pt-based 
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materials have been recycled as active electrochemical catalysts for both anodes and cathodes in 

fuel cells[15]. Although Pt-based materials have been considered as the best electrochemical 

catalyst for the ORR in fuel cells, they still face a lot of hurdles. For example, Pt-based cathode 

electrochemical catalysts are subject to the crossover effect caused by the fuel molecules that 

diffuse from the anode side to the cathode through the membrane in fuel cells and CO poisoning 

that generates the carbonates precipitation and results in lowering the pH of the system[16]-[17]. 

Furthermore, a major “bottleneck” in the market availability of the fuel cell technology is the 

high cost of Pt, together with its limited reserve in nature[18]. In order to efficiently manage the  

cost of a fuel cell it is necessary to replace the Pt with a metal or metal-free catalyst, and this has 

thus generated a great deal of interest[15][19]. 

On the other hand, nanotechnology has emerged in various ways and this leads to many 

scientific discoveries of materials such as graphene. This recently emerging material possess 

some exceptional properties such as high surface area to volume ratio, mechanical, electrical and 

thermal conductivities[20], [21]. Graphene has shown enhanced electrical/proton transport 

properties, but understanding the detailed mechanisms and other important transport properties in 

the presence of graphene in Nafion® has not been thoroughly investigated.  

This work focuses primarily on understanding the transport property enhancement 

throughout various ex-situ experiments, in order to build a firm foundation for the future, 

optimal, graphene/carbon-based fuel cell catalyst design. 

1.3 Previous Study 

Previously, various carbon additives have been added to the catalyst layer in order to 

enhance the proton conductivity. The addition of carbon particles such as multi-wall carbon 
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nanotube (MWCNT)[22] and various combination of polymer[23] improved the cell 

efficiency up to a noticeable range.  

Extensive research has been performed to improve the catalyst layer of the fuel cell in 

order to improve the cell performance. Marinkas et al. employed pure graphene as a support 

for the catalyst layer reduces the mass transport because of the well oriented roof tile structure 

of graphene. This effect can be reduced by adding different carbon particles or MWCNT 

which destroys the structure and forms a porous layer for mass transport[22]. 

Russell in his research produced various membrane electrode assemblies (MEAs) using 

various combinations of polymer and carbon loadings while the platinum catalyst surface area 

is held constant after which polymerization curves were used to compare the performance. 

This in turn indicated that both Nafion®  and carbon content significantly affect the cell 

performance[23]. Norskov et al. presented a mathematical model which depicted the ORR 

over Pt. Note that the rate constant for activated proton/electron transfer to adsorbed oxygen 

or hydroxyl can account for the increased kinetics in proton transfer [24]. 

The polymeric ionomer is the essential part of the catalyst layer, and it not only acts as a 

transport membrane but also as a binder and transport medium for electrochemical catalytic 

activity within the catalyst layer[4]. The catalyst layer can be developed by improving the 

combination and interplay of catalyst, support and ionomer that collectively form the catalyst 

layer[4][22]. 

Ansari et al. utilized a highly oriented, graphite-oxide nanosheets-Nafion® membrane to 

increase electronic conductivity. They observed nearly nine orders of magnitude increase with 

a 5 wt% graphite-oxide nanosheet at an extremely low relative humidity condition (RH, <1 

ppm)[25]. Ikeda et al. developed a graphene oxide (GO) hybrid with alkylamines, showing 
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proton conductivity improvement[26], and Karim et al. utilized GO to form one-dimensional 

hydrogen-bonded channels for enhanced proton transportation[27]. Ravikumar and Scott 

employed a sulfonated graphene oxide as a good proton conductor[28], and Zarrin et al. 

showed moderate proton conductivity and performance using Nafion® hybrids[29]. Ghosh et 

al. employed bare graphene and functionalized graphene for a porous electrode and measured 

35-45% increased active electrochemical surface areas compared to typical Pt/C with 0.6 mg-

Pt/cm2 in the overall performance[30]. 

 Sahu et al. developed an ideal environment by controlling the physical parameters in an 

attempt to increase the proton conductivity[14]. Sun et al. derived that downsizing catalyst 

nanoparticles to single atoms is highly desirable to maximize the efficiency which is however, 

very challenging[31]. Suzuki et al. calculated the effect of carbon nanoparticles on the 

formation of porous structures which determine the performance of PEM catalyst layer[6], 

however, they failed to control the pore structure over a wide range and determine the effect 

of proton conductivity.  

Further research has revealed that the addition of graphene into the catalyst layer improves 

the cell efficiency as it has good electrical and ionic conductivity however, using pure 

graphene as a support for the catalyst layer reduces the mass transport because of the well 

oriented roof tile structure of graphene[22]. In another effort made by Ravikumar et al., the 

performance of fuel cell was enhanced by addition of different acidic functional groups. 

However, commercially the use of this membrane was limited because of fuel crossover and 

lifetime of MEAs[28]. Further researches have concentrated on increasing the performance of 

catalyst layer by addition of carbon nano additives following which a research was conducted 

by Li et al. which displays the ORR catalytic activity of the carbon molecule and the kinetics 
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of ORR is comparably higher than Oxygen Evolution Reaction process[32]. However, the 

claimed catalytic performance was resulted from electrolyte decomposition and need re-

evaluation. The electrochemical impedance spectroscopy was used in a research to evaluate 

the performance of graphene in a research conducted by Hou et al. which demonstrates that 

the improvement of proton conductivity of graphene due its highly conductive nature of 

graphene itself as a support material as well as large surface area greatly influencing charge 

transfer efficiency and active proton loading[33]. However, Hou et al. lacked to explain the 

through plane conductivity of the membrane and the effect of graphene over the proton 

conductivity itself. Aravind et al. demonstrated that the ORR reaction can be improved using 

graphene/nanotube composites as cathode electrodes by synthesizing hybrid nanocomposites 

of graphene and MWCNT using thermal CVD technique[34]. In another research by Karim et 

al., graphite oxide (GO) was used to increase the proton conductivity and it was observed that 

the hydrophilic sites present in GO attracts the protons and establishes a pathway for protons 

for conduction[27]. Buchsteiner et al. reported the hydration behavior of graphite materials is 

regulated mainly by synthetic method, hydration process, and surface charge of the membrane 

layers[35]. Graphite oxide exhibited hydrophilic behavior and this accumulation of water 

between the interlayers due to hydrogen bonding undergo localized motions, resulting in 

faster proton movement[27]. 

Most common phenomenon of developing a new catalyst layer is the necessity to 

minimize the platinum loading for efficient PEM fuel cells[22][36]. However, a clear insight 

is required as to how the performance of the catalyst layer increases by engineering an 

appropriate material into a catalyst layer and the factors effecting the change in performance 

due to addition of carbon nano particles and the effect of hydration. Enotiadis et al., 
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concentrated their work on developing a graphene-oxide based Nafion® membrane using 

various hydrophilic functional groups (-NH2, OH, -SO3H) as nanofillers and observed a 

remarkable behavior at up to 140°C thus verifying water retention properties of graphene 

oxide films[37] but their work lacked the insight of use of graphene membrane and the effect 

of water hydration using graphene nano-additives. 

Moreover, diagnostic techniques for investigating porous structure and transport 

phenomena in CLs have not yet been completely developed and it is been speculated that the 

pore size [16] and fabrication techniques [16] play a major role in developing a high 

performance catalyst layer. Recent studies show that employing an emerging material, i.e., 

graphene, improves the performance significantly [8] [17] than the traditional CLs. The shape 

and catalytic activity varies depending upon the fabrication process [16]. Nevertheless, the use 

and mechanism behind the proton conductivity increment using graphene in Nafion® has not 

been thoroughly investigated and the actual behavior of graphene based membranes was yet to 

be discussed. 

1.4 Objective 

This work focuses primarily on understanding the transport property enhancement 

throughout various ex-situ experiments, in order to build a firm foundation for the future, 

optimal, graphene-based fuel cell catalyst design. Also, effort is been made in understanding 

and increasing the catalytic activity than the standard catalyst layer by enhancing the transport 

property by using three different carbon materials namely graphene, Carbon Black (CB) and 

CNT. Here, we develop new graphene-based Nafion® nanocomposites for enhanced transport 

properties, which are favorable to high fuel cell performance. Graphene is used as a support 

material for catalyst layer and the results are compared to that of other carbon materials such 
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as CB and CNT which are also speculated to increase the CL performance through various ex-

situ experiments, in order to build a firm foundation for the future, optimal, graphene/carbon-

based fuel cell catalyst design. 
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2 APPROACH 

The proton conductivity of a traditional Nafion® based catalyst layer is very limited 

because of which, in this research, synthesized graphene is used as an additive besides CB- and 

CNT- based carbon additives in the Nafion® membrane and the cell is tested for any 

improvement in through plane proton conductivity by using the Potentio-Electrochemical 

Impedance spectroscopy test. 

2.1 Experimental 

2.1.1 Materials 

2.1.1.1 Electrode Plates 

Fuel cell is typically sandwiched by two electrodes, i.e., anode and cathode, and they are 

usually made up of electron conducting materials such as copper, aluminum and carbon alloys. 

The gaseous reactants, i.e., oxygen and hydrogen, is supplied through flow channels, and here 

two copper electrodes with the flow channels were designed. 

2.1.1.2 Nafion® Membrane 

Nafion® is the one of the state-of-the-art PEMs (a registered trademark of DuPont), and it 

is widely used in various applications including PEMFC, water electrolysis, humidity sensor, 

artificial photosynthesis, etc.[38]. It shows heterogeneous water wetting behaviors as it has a 

TeflonTM backbone (hydrophobic) with terminated by perfluorosulfonic acid side chains 

(hydrophilic). Unlike TeflonTM, however, it adsorbs water through hydrophilic sites, which in 

turn results in nanophase segregation to form water/proton pathways. Upon hydration, it swells 

and the water/proton transport is highly dependent upon the degree of hydration[38]. 
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Figure 2 Nafion® molecular structure including the backbone and side chain[39]. 

Three membrane types namely, N 212 (2mil), N 117 (7mil), and N 1110 (10mil) were purchased 

from Ion Power, Inc. These are non-reinforced films used as separators or PEM in fuel cells. 

2.1.1.3 Nafion® Solution 

Nafion® perfluorinated resin solution containing 15-20% water was purchased from 

Sigma-Aldrich chemistry which was used while sonicating the carbon nano additives. Sonicating 

the resin solution with the additives, allowed the carbon particles to settle down and mix with the 

solution and later this mixture was used to spray over the Nafion® membrane. 

2.1.1.4 Graphene 

 Graphene powder was purchased from Angstrong materials Inc. It possesses high 

conductivity, rich porosity and multidimensional electron transport path[5] because of which it is 

highly desirable for catalyst loading to facilitate the mass transfer and maximize the accessibility 

to the catalyst surface[15].  
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2.1.1.5 Carbon Black (CB) 

 Carbon black XC-72 (subtypes are acetylene black, channel black, furnace black, lamp 

black and thermal black) was purchased from Fuel Cell Earth, Inc. Carbon black is a form of 

para crystalline carbon that has a high surface-area-to-volume ratio, albeit lower than that 

of activated carbon. The particle size of CB XC-72 was approximately 50 nm with a density of 

1.7-1.9 g/cm3. 

2.1.1.6 Carbon Nano Tube (CNT) 

CNT was purchased through MER Corporation, AZ, USA, with a 140 nm of tube 

diameter. The carbon atoms are arranged in the form of tubular cylinders which exhibit good 

mechanical, thermal and electrical properties[40]. 

2.1.1.7 De-Ionized (DI) Water 

  DI water is also known as demineralized water because is free of any kind of mineral 

ions such as sodium, calcium, iron and copper, and anions such as chloride and sulfate. DI water 

was used to remove any impurities present over the surface of the membrane and to maintain a 

liquid equilibrium by dipping all the membranes i.e. with and without nano additives for a period 

of 30 min in a DI water bath. 

2.1.2 Sample Preparation 

2.1.2.1 Carbon-based Nafion® Solution 

Three types of carbon based nano additives were added to 20 ml Nafion® solution 

separately at 0.1, 0.5, 1, 2, 3, and 4 weight percentages accordingly. This mixture was then 

sonicated using a high frequency sonicator for 90 min in order to mix the solution at nano scale. 

http://en.wikipedia.org/wiki/Paracrystalline
http://en.wikipedia.org/wiki/Amorphous_carbon
http://en.wikipedia.org/wiki/Surface-area-to-volume_ratio
http://en.wikipedia.org/wiki/Activated_carbon
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2.1.2.2 High Frequency Sonicator 

Sonication is a process of in which sound waves are used to agitate particles in solution. 

Such disruptions can be used to mix solutions, speed the dissolution of a solid into a liquid (like 

sugar into water), and remove dissolved gas from liquids. High frequency ultra-sonic waves are 

passed through a bath of water in which a small closed bottle-containing Nafion® solution and 

additives are mixed thoroughly up to nano scales. 

 

Figure 3 Sonication of graphene-, CNT-, CB-based Nafion® solution ink 

Varying weight percentage of carbon nano-additives were added to 20 ml of Nafion® 

solution separately in increasing manner. The solution was then sonicated using an electric 

sonicator setting the frequency up to 1,000 Hz for 90 min. After the sonication, the solution was 

removed and sprayed over the liquid equilibrated membrane, which was dried and later placed 

on a glass plate prepared for spraying.  

2.1.2.3 Thin Film Coating 

A compressed air spray brush was used to spray the Nafion® solution and sonicated nano 

additives over the Nafion® membrane. Nafion® membrane is typically considered to be the most 
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suitable material for PEMFC. A 3×3 in2 Nafion® membrane was cut and dipped in DI water in 

order to equilibrate for 10-15 min such that the membrane swells. The thickness of the liquid 

equilibrated swollen membrane is noted and the membrane is left for drying. Once the membrane 

is dried, the solution was then sprayed over the dry membrane until a thick layer is formed using 

a compressed air spray brush at a pressure of 20 psi. After spraying on one side as shown in 

Figure 4, the membrane is left to dry and then the procedure is repeated on the other side.  

 

Figure 4 Graphene based Nafion® solution sprayed over a Nafion® film attached to a glass piece for 

support with the help of polytetrafluoroethylene (PTFE) tape. 

After the graphene coating is dried at ambient temperature, the thickness of the 

membrane is again noted and the membrane is dipped in DI water. This liquid equilibrated 

membrane acts as a PEM for the cell on either sides of which the Nafion® - graphene solution is 

sprayed uniformly. 
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2.1.3 Measurement 

The liquid – equilibrated (treating with DI water) membrane was sandwiched between the 

two electrodes of the cell as shown in Figure 5 and the entire set up was connected to a 

potentiostat. 

 

Figure 5 Impedance spectroscopy measurement set-up 

The proton conductivity is measured using an impedance spectroscopy apparatus with a 

frequency range between 10 and 300 kHz maintaining a voltage peak-to-peak variation of 10 mV 

at 0 V. 

2.1.3.1 Potentiostat 

SP-150 series potentiostat was used from BioLogic science instruments in order to 

measure the impedance spectroscopy using the Potentio Electrochemical Impedance 

Spectroscopy-PEIS test. It performs impedance measurements into potentiostatic mode in 
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applying a sinus around a DC potential E that can be set to a fixed value or relatively to the cell 

equilibrium potential which generates a Nyquist plot. 

Nyquist plot is used to read frequency responses of linear systems. It displays both 

amplitude and phase angle in a single plot, using frequency as a parameter in the plot. They have 

properties that allow to check the systems stability using mathematical developments to plot 

imaginary, Im (z) against real, Re (z) values for selected frequency range. 

2.1.3.2 Proton Conductivity 

Traditional approach of catalyst layer design includes the selection of a membrane, which 

is coated with nano sized additives. Current research uses a graphene based catalyst layer. This 

graphene-based catalyst layer possess versatile properties by using graphene as additives over a 

Nafion® film because of its high mechanical, electrical and thermal properties[41]. 

The membrane sandwiched between the fuel cell is connected to a potentiostat (EC-Lab) 

and a through-plane proton conductivity is measured using an electrochemical impedance 

spectroscopy with a frequency range between 10 and 300 kHz, voltage peak-to-peak variation of 

10 mV at 0 V. The resistance was obtained from the Nyquist plot, i.e., the real part resistance as 

shown in Figure 6. 
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Figure 6 Nyquist plot for thin film coated Nafion® membrane and graphene based Nafion® solution coated 

over Nafion® membrane at room temperature and between 10 – 300 kHz of frequencies 

The proton conductivity of the thin film was calculated as 

 R
A


  (1) 

 
1




  (2) 

where, L is the length, A is the surface area of the membrane , δ is the thickness of membrane, R 

is the resistance, ρ is the resistivity and  σ is the proton conductivity. 

2.1.3.3 Interfacial Resistance  

Interfacial resistance is the contact resistance the catalyst layer, and two electrodes i.e., 

anode and the cathode layer. The real and imaginary values were presented in the Nyquist plot 

from which interfacial resistance was separated from the resistance offered by the coating using 

Eq. (4). A schematic diagram including the interfacial resistances is illustrated in Figure 7 the 
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resistance of the catalyst layer can be calculated by subtracting the actual resistance from 

interfacial resistance. The total resistance for a membrane and a thin Nafion® resin coated over 

the membrane, Rt, is plotted as a function of the sample thickness and the extrapolated resistance 

to the zero thickness, i.e., offset on y-axis, as shown in Figure 8, which is considered as an 

interfacial resistance. This was subtracted from the measured data as given as 

 2t c mR R R   (3) 

 2m t cR R R   (4) 

where, Rc, is the contact resistance, Rm is resistance of membrane. 

 

Figure 7 Cell assembly sandwiched by two electrodes for measuring the resistances of the membrane and 

thin films, and contacts (a) for bare membrane, (b) for membrane coated with nano additives 

Similarly as shown in Figure 7(b), the resistance of thin film, Rf, was calculated using Eq. (5). 

 
1 ( 2 )
2

2 mt cf RR R R    (5) 
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Figure 8 Experimental results of the electrical resistance, Rt, as a function of sample thickness for both the 

bare Nafion® membrane and Nafion®-solution-coated Nafion® membrane at T = 300 K and liquid 

equilibrium. Linear curve fits are also shown for the offset 

2.1.3.4 Contact Angle Measurement 

The water contact angle of the fabricated carbon-based membranes was measured using a 

KSV CAM 100 goniometer. Since Nafion® is hygroscopic, water contact angle changes as the 

sample absorbs the water. For the quasi-steady state water contact angle, it was measured at 5 

min after the water dropped on the sample. Carbon-based-N212 membrane coated with 0.1, 0.5, 

1, 2, 3 and 4 carbon wt% was used for the water contact angle measurement. 
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Figure 9 Water contact angle measurement set-up 

 

 

  



21 
 

3 RESULTS AND DISCUSSIONS 

3.1 Proton Conductivity Measurement of Thin Nafion® Film 

Proton conductivity increases with increase in Nafion® content[42]. The experiment was 

repeated with coating the membrane with Nafion® solution creating a thin film over the 

membrane. The proton conductivity of this thin film was calculated using the potentiostat. It was 

observed that the increase in thickness increased the proton conductivity for Nafion® membrane 

due extensive surface contact with the cell surface. Although the thin film thickness was not well 

controlled, the measured average proton conductivity of the thin film liquid equilibrated 

membrane is nearly 0.0003 S/cm. Note that the average proton conductivity of the bare liquid 

equilibrated Nafion® membrane is 0.00021 S/cm. 

 

Figure 10 Proton conductivity of Nafion® membrane coated with Nafion® solution plotted with respect to 

thickness of the membrane 

 

3.2 Proton Conductivity Measurement of Graphene Coating 

Graphene flakes were purchased from Angstrong materials, were added to Nafion® 

solution which was purchased from Sigma-Aldrich by weight percentages of 0, 0.1, 0.5, 1, 2, 3 
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and 4. This solution was then sonicated for 90 minutes in order to ensure desired mixture of 

graphene with Nafion® solution. The graphene-Nafion® mixture was then sprayed on either side 

over a dry 2, 7, and 10 mil thick Nafion® membrane. 

With the addition of graphene nano-flake particles to the Nafion®, the proton conductivity 

increases in all the bare Nafion® membrane thicknesses as shown in Figure 11. The proton 

conductivity increases significantly up to the 2 wt.% of graphene, and when it is greater than 2 

wt.% it increases nearly linearly as it reaches a percolation threshold.[43] It is also observed that 

the proton conductivity improvement of the thicker Nafion® membrane with respect to the 

graphene content is smaller than those of the thinner membrane. Perhaps, this is caused by the 

different ratio of the proton conductivity between the bulk membrane and graphene-based 

Nafion® coating.[44] 

 
Figure 11 Proton conductivity of graphene-based Nafion® catalyst layer with variable weight percentages. 

3.3 Proton Conductivity Measurement of Carbon Black (CB) Coating 

CB was mixed similarly as Graphene in variable weight percentages and the mixture was 

sonicated and sprayed over Nafion® membrane. The measured proton conductivity of the carbon-

black-based Nafion® as a function of the carbon-black content is shown Figure 12, comparing 
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with the graphene-based-Nafion® on 7mil thick membrane. The carbon black in Nafion® almost 

linearly increases the proton conductivity up to 3 wt%, and slows down at 4 wt%. However, the 

degree of the proton conductivity enhancement at the same weight percentage is smaller than that 

of the graphene. 

 

Figure 12 Proton conductivity of CB based Nafion® catalyst layer. 

3.4 Proton Conductivity Measurement of Carbon Nano Tubes (CNT) Coating 

CNT additives are mixed with Nafion® solution and the process is repeated as in the case 

of graphene and carbon black. The CNT and Nafion® solution is then coated over Nafion® 

membrane and is allowed to dry. The dry membrane is treated with DI water and sandwiched 

between the cells and tested under similar current and frequency. 

These results are similar in the case of CNT where the proton conductivity increases until 

it reaches a percolation threshold and later seizes to increase. It is also noted that the proton 

conductivity enhancement by carbon black and CNT is much less than the ones of graphene at 

the low carbon black, CNT and graphene content. 
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Figure 13 Proton conductivity of CNT based Nafion® catalyst layer with varying weight percentages 

3.5 Comparison of Carbon Additives 

With the addition of carbon additives, it can be shown in Figure 14 that the addition of 

graphene, CB and CNT nano additives, the performance of the catalyst layer increases with 

graphene exhibiting maximum performance at 3 weight percentage and was almost similar for 4 

weight percentage. Also, the standard deviation was plotted for all the results for which the 

experiments were repeated for 3 times each showing minimum and maximum deviations. 

 

Figure 14 Comparison of 7mil membranes with different carbon additives. The standard deviation is also 

shown. 
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3.6 Water Contact Angle Measurement 

Controlling the wettability of graphene and understanding the surface characteristics plays 

a vital role for many applications[45]. The results show that with the increase in weight 

percentage of graphene, the water contact angle increases and ranges between 113.94° at 0 

weight percentage of graphene to 133.27° at 3 percentage of graphene content. The reason for 

this behavior is assumed to be the smooth surface of graphene, which in turn provides the water 

to float over the membrane making it hydrophobic. On the other hand the bare Nafion® 

membrane exhibits hydrophilic nature. Also, at quasi-steady-state water contact angle of CB and 

CNT-based Nafion® membrane exhibited hydrophilic behavior with minimum contact angles at 

maximum carbon weight percentage as shown in Figure 15 (b).  
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Figure 15 Water contact angle measurements observed using goniometer (a) comparison of average water 

contact angle for 7 mil thick Nafion® membrane coated with Nafion® solution, graphene, CB and CNT 
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with respect to time at 0.5 wt% of carbon. (b) Water contact angle at 300 sec of 7 mil thick Nafion® 

membrane coated with variable graphene weight percentages at room temperature (T = 300 K). (c) Water 

contact angle of thin Nafion® solution coated over Nafion® membrane at 60 sec. (d) Water contact angle 

measurement of graphene based Nafion® solution at 60 sec at 2 weight percentage. (e) Water contact 

angle of CNT based Nafion® solution at 60 sec at 2 weight percentage. (f) Water contact angle 

measurement of CB based Nafion® coating at 60 sec at 2 weight percentage. *Note that the percentage 

error of measurements for CB is very less and hence is not visible in Figure 15(b). 

 

 

 

 

  



28 
 

4 CONCLUSION 

This study examines the role of the graphene on the proton conductivity of the graphene-

based Nafion® membrane. The graphene-based Nafion® membrane was successfully fabricated 

by coating the Nafion®-graphene solution as a thin film on the Nafion® membrane. An 

impedance spectroscopy measurement was performed using a potentiometer for through-plane 

proton conductivity for the thin carbon-based Nafion® membrane at room temperature and 

complete liquid hydration. The contact resistance was successfully measured using the various, 

bare Nafion® membrane thickness, and subtract from the measured, total resistance. The carbon-

based Nafion® membrane exhibited significant increase in the proton conductivity, while the 

graphene-based one showed the improvement most. Here, it is postulated that the enhancement is 

primarily related to a transition of proton-conducting mechanism changes in the presence of the 

carbon. The small addition of graphene resulted in a wetting feature, independent of the graphene 

content up to 3 wt%. But for the CB- and CNT- based membrane the proton conductive behavior 

was slow compare to that of graphene at similar weight percentage and experimental conditions. 

It is noted that the proton conductivity enhancement by CB and CNT is  similar to that of 

graphene at the low CB, CNT and graphene content but as the weight percentage of graphene 

increases, the proton conductivity increases until 2 wt% and reaches a percolation threshold at 3 

weight percentage of graphene content. However, carbon black and CNT exhibits exhibit similar 

behaviors at 2 wt% of carbon content but the proton conductivity exhibited is half than that of 

graphene. Perhaps, it is speculated that the significant proton conductivity enhancement may be 

related to the unique 2-D structure and hydrophobic wetting behaviors of graphene. 

It has been known that the optimal catalyst layer design requires good 

proton/electron/oxygen (or hydrogen) transport and electrochemical reaction simultaneously. It is 
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observed that the graphene-based Nafion® membrane facilitates both the proton conductivity and 

the electrical conductivity (in our other study), but to determine the “real” optimal catalyst layer 

design, oxygen transport, and electrochemical reaction studies need to be further explored. 

It was also observed that with the increase in thickness, the proton conductivity of the 

membrane decreases, however, it is known that proton conductivity is an intrinsic property of the 

membrane and is independent of the material thickness. However, from the experimental results, 

it was observed that the bare membrane thickness is related to proton conductivity, which needs 

further investigation. 

 Water contact angle measurements were performed and it was observed that as the 

weight percentage of graphene increased, the hydrophobic nature of the membrane increases up 

to an average 133.27° on the other hand, CB- and CNT-based membrane exhibited hydrophilic 

behavior with the increase in carbon weight percentages exhibiting 28.42° and 89.17° at quasi-

steady state conditions. Hence, it is speculated that the proton conductivity enhancement in 

graphene is because of the presence of a unique 2-D structure and hydrophobic wetting. An in-

depth study is planned to be performed to further examine the role of the graphene in Nafion® 

using both the theoretical and experimental approaches. 
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5 FUTURE STUDIES 

Current research has paved path towards a better and idealistic advancement of application of 

graphene in a fuel cell. However, additional in-depth research will be required to attain a better 

and emphasized application of graphene based catalyst layers. Several suggestions for future 

work are made to enhance the proton conductivity and performance of the PEMFC 

1. The role of graphene could be further articulated using theoretical and/or experimental 

studies to further understand the phenomena of graphene acting as a proton conductor or 

catalyzing the proton conduction process. 

2. A better environment can be designed to control the humidity in the atmosphere or the 

gases supplied by using humidifiers or humidity controlled bottles. The test under the 

humidity controlled environment is expected to examine the role of the graphene. 

3. Different methods for depositing graphene over the catalyst layer can be explored such as 

using chemical vapor deposition (CVD) and dipping along with heat treatment for well-

controlled film thickness and consistent film quality. 

4. Further experiments can be performed using flow channels that could efficiently disperse 

the gaseous fuel over the catalyst layer to make the uniform humidity and fuel 

concentration. 

5. Other carbon nano additives such as MCWNT and nanofibers are strongly suggested to 

improve the proton conductivity which could be combined with graphene and tested for 

improvement in proton conduction and probably improve the splitting phenomenon of the 

hydrogen atom. 

6. An optimally-engineered GDL structure could also increase the wetting phenomenon of 

the catalyst layer without interrupting the flow of gasses through the cell. 
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