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ABSTRACT 

 

Proton exchange membrane fuel cells (PEMFCs) will be our next generation power 

source for transportation, stationary, and portable applications, due to their high power densities, 

high efficiencies, and low emissions.  However, the current fuel source used in PEMFCs, 

hydrogen, has low compressibility and is not readily available as its production is relatively 

expensive.  As a result, methane, a more compressible and primary constituent of natural gas, is 

more ideal to use as a fuel source in PEMFCs.  Nevertheless, the utilization of methane for fuel 

cell applications with current technologies is neither efficient nor cost-effective.  Methane is 

currently utilized electrochemically only in solid oxide fuel cells (SOFCs) that run at very high 

temperatures (700-1000°C) via a steam methane reforming (SMR) process.  Energy loss during 

SMR at high temperature substantially lowers fuel cell efficiency.  Therefore, operating fuel cells 

directly on methane at low temperatures is highly desired, and the key challenge to the direct-

methane PEMFCs at low temperatures is the electrochemical activation of the methane molecule. 

Molecular catalysts featuring platinum complexes with ligands in the bidiazine family 

have shown the capability to selectively activate and oxidize the C–H bond of methane at low 

temperatures.  These platinum organometallic complexes were covalently anchored to ordered 

mesoporous carbon (OMC) for electrochemical oxidation of methane in a proton exchange 

membrane fuel cell at 80°C. The maximum normalized power was five times higher than a 

modern commercial catalyst and two orders of magnitude greater than a Pt black catalyst. The 

observed differences in catalytic activities for oxidation of methane are linked to the chemistry of 

the tethered catalysts.  This study helps to design future electrocatalytic systems for C–H bond 
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activation that afford superior performance in direct-methane PEMFCs for potential commercial 

applications. 

To improve methane diffusion at the anode and avoid mass transport resistance during 

fuel cell polarization, several different protonic ionic liquids (PILs) were prepared. They 

replaced the standard perfluorosulfonic acid (PFSA) ionomer in direct-methane PEMFCs to test 

their performance at 80°C.  N,N-diethylmethylammonium trifluoromethanesulfonate 

[DEMA][TfO], N,N-diethylmethylammonium nonafluorobutane-1-sulfonate [DEMA][NfO], and 

imidazolium trifluoromethanesulfonimide [Im][HTFSI] have shown high thermal stability and 

retained good proton conductivities under anhydrous conditions.  Fuel cells with [Im][HTFSI] as 

the ionomer in the anode of a direct-methane PEMFC increased the current density five-fold and 

the power density three-fold higher than when the PFSA-type ionomer was used in the anode.  

The higher fuel cell performance resulted from the lower proton transfer and methane diffusion 

resistances found in the PILs. 

Direct-methane PEMFCs produced low and unstable current density partly due to the 

coalescence/agglomeration of the Pt nanoparticles during the fuel cell polarization.  To reduce 

this problem, the carbon supports were modified so that they have nitrogen- and phosphorous-

containing groups on their surface.  The heteroatoms were in the form of pyridinic nitrogen, 

phosphate, and phosphonate functional groups at carbon edge sites, which act as ligands that 

tightly bind Pt nanoparticles, thus inhibiting surface diffusion and agglomeration. Moreover, 

these functional groups facilitate rapid proton transport between the catalyst crystallites and the 

ionomer, improving the intrinsic activity of the Pt, especially for methane oxidation.  Fuel cells 

with nitrogen/phosphorus-doped carbon Pt-based catalysts at the anode attained almost double 

the output of the Pt-based single-site molecular catalyst. 
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To test direct-methane PEMFCs at 160°C, an electrolyte membrane based on 12-

silicotungstic acid (HPA) added, phosphoric acid (PA) doped, polybenzimidazole (PBI) polymer 

backbone was prepared that exhibited strong mechanical stability and excellent proton 

conductivity.  Extensive polymer characterizations indicate that 12-silicotungstic acid inhibits 

water from escaping the membrane at elevated temperatures and adds more acid sites, providing 

additional paths for proton transport. Fuel cell polarization curves showed membrane electrode 

assemblies (MEAs) made of PBI/20%HPA/PA produced shallower IR slopes compared to 

MEAs made of PBI/PA. 

Direct-methane proton exchange membrane fuel cells (PEMFCs) at 160°C were tested 

using different types of catalytic systems at the anode.  First, vanadyl pyrophosphonate (VPO), a 

Lewis acid, was mixed with Pt black and tested.  The results showed that increasing VPO content 

increased the limiting current density and maximum power density of direct-methane PEMFCs.  

Next, 12-silicotungstic acid (HPA), a Brønsted acid, was covalently hybridized on Vulcan XC-

72R, and the resultant support was subsequently deposited with Pt and tested.  The presence of 

HPA at the anode improved CO tolerance and produced higher current and power densities than 

the VPO catalyst.  In addition, other catalysts, such as a Pt-based single-site molecular catalyst 

and a nitrogen/phosphorus doped carbon Pt-based catalyst, were tested and compared with the 

commercial Pt/C and Pt-Ru/C catalysts.  The results showed that fuel cells with a 

nitrogen/phosphorus-doped carbon Pt-based catalyst produced the highest tested limiting current 

density and maximum power density.  Both a Pt-based single-site molecular catalyst and a 

nitrogen/phosphorus doped carbon Pt-based catalyst showed about the same methane oxidation 

reaction activity.  Lastly, two commercial gas diffusion electrodes (GDEs) prepared at Advent 

Inc. and Danish Power System Inc. (DPS) were tested.  Both the Advent and the DPS electrode 
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exhibited much better fuel cell performance.  Gas chromatography (GC) analysis detected CO2 

as the only oxidation byproduct at the anode, and estimated about the same CO2 concentration 

calculated according to Faraday’s law.  For the first time, direct-methane PEMFCs operated at 

160°C have produced measurable current densities and high quantity of carbon dioxide 

byproducts, allowed mass balance the direct methane oxidation by gas chromatography analysis. 
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CHAPTER 1 : INTRODUCTION 

 

 Fuel cell technologies have received much more attention in the last two decades due to 

the growing concerns about petroleum depletion and climate change.1  Fuel cells are 

electrochemical devices that directly convert chemical energy stored in fuels into electricity 

through a chemical reaction.  As a consequence, fuel cells can produce high electrical energy 

conversion efficiency (60 %) with more than 90 % reduction in major pollutants.1  There are five 

categories of fuel cells that have contributed to modern chemical research: polymer electrolyte 

membrane fuel cells (PEMFCs), solid oxide fuel cells (SOFCs), alkaline fuel cells (AFCs), 

phosphoric acid fuel cells (PAFCs), and molten carbonate fuel cells (MCFCs).  Among these 

categories, PEMFCs have received the greatest attention because, when fueled with hydrogen, 

they can produce high power density with high efficiencies and low emissions at relatively low 

operating temperatures.  As a result, PEMFCs are great candidates for transportation, stationary, 

and portable applications.2  Typically, in hydrogen-based PEMFCs, hydrogen fuel is fed to the 

anode and oxygen is fed to the cathode, and as soon as the redox reactions begin, the electrons 

generated from the anode can be directed through an external circuit to the cathode, providing 

electricity for a certain application.  In theory, a fuel cell will continue producing electrical 

energy as long as the reactants are supplied at the electrodes.3  However, reality shows 

degradation and malfunction of PEMFCs components such as the gas diffusion layer (GDL), the 

catalyst layer (CL), the electrolyte membrane (EM), or simply the fuel cell gaskets, which limit 

their practical performance. 

 Although most PEMFCs use hydrogen as the fuel source, hydrogen has low 

compressibility, and its production is expensive and not readily available.  On the other hand, the 



 24 

shale gas boom presents the U.S. with newfound access to large amounts of inexpensive natural 

gas,4 which suggests methane, a more compressible and primary constituent of natural gas, could 

be an ideal energy source for fuel cell applications.  However, despite newfound availability, the 

utilization of natural gas for fuel cell applications with current technologies is neither efficient 

nor cost-effective.  At the present time, methane is utilized electrochemically only in SOFCs that 

run at very high temperatures (700-1000°C),5 which have prohibitive electrolyte and system 

costs, have limited on/off cycles and are not scalable to small stationary, vehicular, or portable 

applications. In addition, this is not a practical condition since the energy conversion process 

faces carbon deposition that would seriously deteriorate the anode.  Even under such harsh 

conditions, however, methane is not directly used in SOFCs.  Instead, it is first converted to 

hydrogen by steam methane reforming (SMR), and then the resultant hydrogen products generate 

electricity.  Energy loss during SMR at high temperature lowers efficiency.  Therefore, operating 

fuel cells directly on methane at low temperatures could eliminate the need for a reformer, 

reduce the start-up time and temperature, improve efficiency, and reduce greenhouse gas 

emissions and hydrocarbon fuel imports.6  Despite these advantages, a commercial direct-

methane PEMFC is not feasible with existing technology. The key challenge to the direct-

methane PEMFCs is the electrochemical activation of the methane molecule. 

 Methane is the simplest alkane and is the primary constituent of natural gas.  It can 

produce more energy per mass unit (55.7 KJ·g-1) than any other hydrocarbon.  In theory, 

complete methane oxidation is thermodynamically favorable, as shown in the following 

equations and summarized in Table 1-1.  The Gibbs free energy and open circuit potential are 

calculated as following: 

ΔGrxn = ΔHo
rxn – T·ΔSo

rxn = - n·F·ΔE (1-1) 
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   with, T=298 K, n=8, F=96485 

The Gibbs free energy equals -817.99 KJ·mol-1 and theoretically should generate 1.06 V open-

circuit voltage (OCV).  However, in reality, direct electrochemical oxidation of methane, 

especially for PEMFCs at temperatures below 250°C, remains extremely challenging due to low 

OCVs and poor cell performance even with high Pt loadings.7 

 

 

 In 1962, Niedrach made the first attempt to demonstrate the performance of hydrocarbons, 

including methane, in PEMFCs.8  Using very high loading Pt electrodes (18 mg·cm-2) and a 

sulfonated phenol formaldehyde membrane in acidic form, he constructed a simple lab-scale 

PEMFC, and tested it with several different hydrocarbon fuels.  The results showed the current 

density obtained from methane fuel operating at room temperature, approximately 200 µA·cm-2 

at 0.2 V, was the lowest among all tested hydrocarbons.  The reported polarization curve of 

methane PEMFC also showed a steep drop of voltage at relatively low current density, which 

could be associated with slow diffusive transport in the electrode. 

Table 1-1. Thermodynamic data for methane oxidation 

 ΔH
o

f (KJ/mol) S
o
 (J/mol·K) 

CH4 -74.80 186.25 

O2 0 205.14 

CO2 -393.51 213.74 

H2O -285.83 69.95 

Net  -890.37 -242.89 
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 Over the four decades after the first publication, there was no further research on low 

temperature direct-methane PEMFCs.  Recently, however, due to the higher demand for 

alternative fuels to reduce dependence on petroleum and emission of CO2, the use of methane in 

PEMFCs has received much more attention.  In 2011, Lee et al. reported the direct oxidation of 

methane over a Pt/C anode at 50-250°C using a fuel cell-type reactor in which Sn0.9In0.1P2O7 was 

used as a proton conductor instead of PEM.9  At temperatures below 100°C, this fuel cell-type 

reactor worked similarly to a direct-methane PEMFC, especially the reaction activities at the 

electrodes.  The data collected from this study have elucidated the methane oxidation process. 

 By supplying humidified methane to the anode and air to the cathode, the exhausted gas 

products from the anode were analyzed with an online gas chromatography (GC).  They 

observed OCVs less than 50 mV at 50°C and less than 100 mV at 100°C.  The limiting current 

densities were approximately 120 µA·cm-2 and 240 µA·cm-2 at 50°C and 100°C, respectively.  

No major products could be detected during normal fuel cell polarization.  However, by 

polarizing the anode at 1.6 V of over-potential, the resulting current density increased to 1.1 

mA·cm-2 and oxidation products started to be detected by GC.  At 50°C, CO2 was detected as a 

byproduct of methane oxidation, whereas both methanol and CO2 were observed in the outlet gas 

stream at 100°C, although CO could be also formed during methane partial oxidation.  As the 

temperature of the fuel cell increased above 100°C, no methanol was observed.  Lee also found 

that the water vapor concentration in the reactant gas at the anode strongly affected the formation 

of active oxygen species for methane oxidation.  These observations suggest two possible redox 

reactions, one for a complete oxidation of methane to form CO2 (Figure 1-1) and the other for a 

partial oxidation of methane to form methanol (Figure 1-2).  As shown in Figure 1-1, a complete 

oxidation of methane to CO2 results in eight electrons transferred from the anode to the cathode, 
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and therefore, more fuel cell current and higher power densities can be produced.  Thus, a 

complete oxidation of methane under direct-methane PEMFCs is more favorable. 

 

 

 

 In 2012, Ferrell et al. explored the limits of direct oxidation PEMFCs with Pt-based 

electro-catalysts.10  In his study, for the first time, a complete modern PEMFC with a Nafion® 

membrane as an electrolyte was tested with methane as a fuel source.  However, even with 

commercially available Pt electrodes (ELATs, 0.5 mg·cm-2) or high loading 50:50 Pt/Ru 

electrodes (ELATs, 4 mg·cm-2), Ferrell could not obtain a steady fuel cell polarization, and the 

maximum OCV was only 105 mV at 100°C and 30 psig.  Ferrell also found that applying at least 

0.4 V of over-potential was required to activate the methane molecule.  Realizing the water 

concentration was not enough using a conventional humidified gas experimental setup, methane 

was also tested in a fuel cell system where water was co-fed.  With this new setup, the water to 

methane ratio could be adjusted as high as 3.6, exceeding the required molar ratio of water from 

equations 1-1 or 1-4.  Although the resulting polarization curves remained unsteady even with a 

 

Figure 1-1. Complete oxidation of methane. 

 

Figure 1-2. Partial oxidation of methane. 
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high Pt/Ru loading ELAT anode electrode, current densities obtained from anode polarization 

reached 18 mA·cm-2 after applying 0.65 V above the OCV at 100°C and 30 psig. 

 All of these past studies indicate that methane is possibly oxidized with Pt-based catalyst; 

however, the direct-methane PEMFCs using these Pt-based catalysts at the anode produced very 

low and unstable current densities.  There were many possible factors that could have lowered 

these fuel cells’ performance, but most likely, the selected catalysts were not strong and active 

enough to break the C–H bond of methane.  Since the C–H bond dissociation energy of methane 

is quite high (435 KJ·mol-1), slow methane oxidation kinetics are expected in the fuel cell anode, 

unless the testing catalysts are aggressive and effectively facilitate the C–H bond dissociation.  In 

addition, carbon monoxide formation occurs during methane partial oxidation and can poison the 

catalyst, reduce its catalytic activity, and lower the fuel cell performance over time.11 

 Another factor that could have lowered the tested direct-methane PEMFCs’ performance 

relates to the diffusive transport of methane/water within the CL.  Figure 1-3 shows a schematic 

for a complete oxidation of a direct-methane PEMFC.  As shown in Figure 1-3, a fuel cell 

running on methane requires water as an additional reactant at the anode.  This is the major 

difference between direct-methane PEMFCs and traditional direct-hydrogen or methanol 

PEMFCs whose fuels can be oxidized alone.  During methane oxidation at the anode, the very 

first step before the reaction mechanism starts is the mass transport of methane and water to the 

electrode prior to the adsorption and chemisorption of the gas onto the electrode surface.  

Equally important, the final step involves proton ions migrating away from the electrodes to the 

electrolytes.  Since the overall reaction rate is limited by the slowest step in the series, slow 

diffusive transport of methane/water and protons within the electrode certainly affects the overall 

rate of methane oxidation and therefore the current density obtained from the cell polarization.  
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Since methane is highly hydrophobic, it cannot mix very well with water.  In fact, the presence 

of water will prevent methane diffusion and vice versa, making their competition for an active 

catalytic site more aggressive and delaying the fuel transport for the reaction. 

 

 For direct-methane PEMFCs to function properly, methane and water must be continually 

transported to the reactive sites.  Therefore, both convective and diffusive transports at the 

electrodes are very important in direct-methane PEMFCs.  Poor mass transport of methane and 

water within the GDL and the CL would lead to a loss of fuel cell performance, which is referred 

to as a concentration loss or a mass transport loss.12  While gas transport in a fuel cell flow 

channel is dominated by fluid flow and convection, the gas molecules moving within the 

electrodes travel predominately by diffusion.  The structure and porosity of the electrodes hinder 

the gas transport in convective mode as present in the flow channel.  Figure 1-4 shows a fuel cell 

anode operating with humidified methane fuel.  At the flow channel, external pressure is used as 

a driving force to push the fuel forward at certain flow rates.  This transport provides even 

distribution of the reactants and effectively removes the products produced from the oxidation of 

methane.  On the other hand, a concentration gradient due to the consumption of reactants within 

 
Figure 1-3. Schematic representation of the direct methane PEMFC. 
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the CL gives the driving force for diffusive transport of methane/water from the electrode to the 

reactive sites. 

 

 Although the convective transport at the flow channel can be controlled by simply 

varying the gas flow rates or engineering the flow channel structures, the diffusive transport 

within the GDL and CL is more difficult to manage due to the complex structures of the 

electrode, the unpredictable reaction mechanisms, and the varied properties of the fuel versus the 

media through which the fuel is diffusing.  As Figure 1-5 indicates, the convective mixing at the 

flow channel and the electrochemical reaction at the CL provide concentration gradients that lead 

to diffusive transport within the electrode.  However, even with high concentration gradient, 

methane is difficult to diffuse through the liquid water media that is either condensed from the 

humidification or existed in the Nafion® ionomer.  Consequently, methane is depleted at the 

anodic CL, the fuel cell decreases voltage and slows down its reaction rate, which strongly 

affects the fuel cell performance.  Eventually, the cell degrades and ceases to function properly.  

Therefore, improving the mass transport at the gas diffusion electrode is very critical as it will 

enhance the fuel cell performance. 

 

Figure 1-4. Schematic of diffusion layer from direct-methane PEMFC.12 
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 Another factor that could have possibly affected the tested direct-methane PEMFCs 

performance was from the catalyst deactivation.  During fuel cell operation, carbon black 

supports may corrode, forming oxygen-containing functional groups on the surface that further 

weakens their interaction with Pt.13  The nanoparticles then detach from the support, which 

promotes both dissolution and agglomeration.  Furthermore, carbon corrosion also decreases the 

catalyst layer thickness, lowers the electrical contact with the gas diffusion layer (GDL), and 

increases the fuel cell resistance.  All of these consequences eventually result in loss of catalytic 

surface area, degradation of cell voltage, and reduction of fuel cell performance.14 

 Besides the aforementioned reasons, the operating temperature of the tested direct-

methane PEMFCs (i.e., at 80°C) was too low to initiate the bond breaking of methane.  To 

enhance methane oxidation at the anode, provide easier handling of methane/steam at the CL, 

improve the charge transport, and tolerate CO formation, the direct-methane PEMFCs need to 

operate at higher temperatures (i.e., 160°C).  However, in order to operate direct-methane 

PEMFCs at this elevated temperature, the designed electrolyte membrane must also maintain 

 

Figure 1-5. Schematic of mass transport within fuel cell electrode.12 
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high proton conductivity to facilitate charge transfer in the fuel cells.  To complete the circuit, 

electrons and ions produced from the fuel cell must be transported from one electrode to the 

other via different charge transport mechanisms.  Due to the large difference in mass, ion charge 

transport is more difficult than electron transport.12  During methane fuel cell operation for 

instance, protons and electrons accumulate at the anode (reactions 1-1 and 1-4) and the charged 

species are consumed at the cathode (reactions 1-2 and 1-5).  While gradient voltage is the only 

driving force that transports the electrons from the anode to the cathode, the accumulation and 

depletion of protons gives rise to both voltage and concentration gradients that drive the transport 

of protons from the anode to the cathode.  In most cases, the electrical driving force dominates 

fuel cell ion transport.  As the total fuel cell charge transport resistance is the sum of individual 

resistances generated at the anode, the cathode, and the EM, low ion transport results in a loss of 

voltage and lowers the fuel cell performance. 

 Perfluorosulphonic acid (PFSA) ionomer membranes are the most commonly used 

membranes in PEMFCs.  For 50 years, since the first development of Nafion® at DuPont for 

NASA, this ionomer has contributed to almost every successful PEMFCs-related research.  

Nafion® has excellent chemical and electrochemical stability under an oxidative environment 

due to the fluorine-containing backbone.  In addition, the high electronegativity of fluorine 

increases the acidity of the sulfonic acid groups, which makes the ionomer become highly 

proton-conducting in the presence of water.15  Figure 1-6 shows the structure and pores of 

Nafion® membranes, in which continuous channels between fluorine backbones create several 

conduction pathways to allow proton transport through the material. 



 33 

 

 By absorbing water, the sulfonic acid groups dissociate and protonate the surrounding 

water molecules due to its higher acidity.  The resultant hydronium cations then act as proton 

carriers to migrate and proton-exchange with other neutral water molecules to conduct the ion.  

This particular proton conduction process is described as the Vehicle Mechanisms.17  In this 

mechanism, the proton does not migrate by itself but gets carried by a “vehicle” such as a water 

molecule, which acts as a Brønsted base in the solution.  Thus, protons move in the opposite 

direction of water molecules as illustrated in Figure 1-7.18  Unfortunately, at temperatures above 

100°C, water is evaporated, and the dehydrated Nafion® is no longer conductive. 

 
Figure 1-6. Theoretical representation of Nafion® structures and pores.16 
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 Among several aromatic backbone membranes, phosphoric acid (PA) doped 

polybenzimidazole (PBI) can be a great candidate to use, especially in the presence of heteropoly 

acid (HPA) molecules inside the polymer matrix.  This membrane can conduct protons via a 

faster mechanism even under anhydrous condition,17 namely the Grotthuss Mechanism, in which 

protons can move by hopping through an infinite network of hydrogen bonds formed by the 

doped phosphoric acid and its anions as described in Figure 1-7.  According to this model, the 

proton is first translated from a Brønsted acid to a Brønsted base through the hydrogen bond.  

The resulting new Brønsted base rotates and takes up the next proton from another Brønsted acid.  

Subsequently, the protons continue to hop from one site to another and eventually get transported 

through the solution.  As a result, the proton conductivity is less dependent on water content in 

the polymer. 

 With all discussions above, this thesis documentation proposes the following hypotheses 

to test direct-methane PEMFCs performance at low temperature (80°C) and at elevated 

temperature (160°C): 

 

 

 

Figure 1-7. Proton Conduction Mechanisms. 17 
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1/ Hypothesis 1: 

 “Previous tested catalytic systems were not active enough to facilitate C–H bond 

dissociation energy of methane due to the slow sorption kinetics of methane, which slowed 

the reaction and lowered the fuel cell performance.  The catalysts were also poisoned by 

carbon monoxide.”  To test this hypothesis, molecular catalysts featuring platinum complexes 

with ligands in the bidiazine ligand family that show capability for selectively activating and 

oxidizing the C–H bond of methane at low temperatures will be prepared and tested.19  Chapter 3 

compares these organometallic complexes anchored to the surface of ordered mesoporous carbon 

(OMC) materials for electrocatalytic oxidation of methane at 80°C.  Chapter 7 retests the best 

molecular catalyst at 160°C.  In addition, a highly activated Lewis acid catalytic system, such as 

vanadyl pyrophosphonate (VPO), a strongly acidic Brønsted acid catalytic system, such as a 

heteropoly acid (HPA), and a greatly CO-tolerated Pt/Ru-based catalyst will also be added to the 

anode and tested at 160°C as described in Chapter 7. 

2/ Hypothesis 2: 

 “A slow diffusion of methane to the reactive sites, due to the insolubility or the 

incompatibility of methane with water or water-liked media, limited the performance of 

the tested direct-methane PEMFCs.”  To test this hypothesis, several different protonic ionic 

liquids (PILs) will be prepared to replace the PFSA ionomer at the anode to test direct-methane 

PEMFCs at 80°C.  The selected PILs have high thermal and electrochemical stability, and 

outstanding ionic conductivity even under anhydrous conditions.  In addition, the solubility of 

methane in these PILs is about 40 times higher than in water,20 and therefore, they are studied in 

Chapter 4. 
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3/ Hypothesis 3: 

 “The current density produced in the tested direct-methane PEMFCs was low and 

unstable due to the coalescence/agglomeration of the Pt nanoparticles during the fuel cell 

polarization.”  To test this hypothesis, nitrogen/phosphorus doped carbon support will be 

deposited with Pt and tested at the anode of direct-methane PEMFCs.  These carbon supports 

have been modified so that they have nitrogen- and phosphorous-containing groups on their 

surface.  The heteroatoms are in the form of pyridinic nitrogen, phosphate, and phosphonate 

functional groups at carbon edge sites. These functional groups also act as ligands that tightly 

bind Pt nanoparticles, thus inhibiting surface diffusion and agglomeration (Ostwald Ripening). 

Moreover, these functional groups facilitate rapid proton transport between the catalyst 

crystallites and the ionomer, improving the intrinsic activity of the Pt, especially for methane 

oxidation. Chapter 5 demonstrates the advantages of these functionalized mesoporous carbon 

materials used as the electro-catalytic supports in combination with ionic liquids as the ionomers 

for direct-methane PEMFCs at 80°C.  Chapter 7 retests the best nitrogen/phosphorus-doped 

carbon support Pt-based catalyst at 160°C. 

 To support these hypotheses testing, Chapter 6 describes PA-doped PBI membrane and 

studies the effects of adding HPA to PA-doped PBI.  Finally, Chapter 7 reports novel direct-

methane PEMFCs based on HPA and PA-doped PBI electrolyte membranes that can 

spontaneously produce high current and power densities at 160°C.  Commercial Pt-based gas 

diffusion electrodes (GDEs) will be also tested as reference.  The exhaust gas products at the 

anode of these testing fuel cells will also be collected and analyzed by GC to confirm the 

methane oxidation.  Attempts to mass balance the fuel cell redox reactions by GC analyses will 

be discussed in detail. 
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CHAPTER 2 : EXPERIMENTAL DESIGN 

 

2.1 Thermal Analyses 

2.1.1 Differential Scanning Calorimetry (DSC) 

 Differential Scanning Calorimetry is one of the fundamental tools in thermal analysis.  

During this procedure, a sample and reference are heated and cooled while being kept at 

relatively the same temperature.  Since the heat capacity of the reference is already known, the 

difference of energy required to maintain both at the same temperature can determine the heat 

flux in and out of the sample.  The direction of heat flow depends on whether the process is 

exothermic or endothermic, which directly relates to the phase transitions of the sample.  When a 

solid sample melts to a liquid, for instance, it absorbs heat and undergoes endothermic phase 

transition.  On the other hand, when a liquid sample crystalizes, it undergoes an exothermic 

process since energy evolves from the sample and less heat is required to raise the same 

temperature.  DSC is therefore a valuable tool to determine physical changes of a sample, 

especially the melting temperatures (Tm) and the melting temperatures of the eutectic mixtures 

(Te).  For example, since most protic ionic liquids (PILs) reporting in Chapter 4 appear as liquid 

at room temperature, a simple melting point apparatus cannot measure such low melting points.  

Even if the PILs are solid at room temperature, DSC technique is still preferred due to its high 

precision and reproducibility.  The resulting DSC curves also give more information such as the 

complete melting temperature or the enthalpy of transitions.  A Perkin Elmer DSC 7 Differential 

Scanning Calorimeter that is connected to a computer via a TAC7/DX Thermal Analysis 

Instrument Controller was used for this thermal analysis. 
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2.1.2 Thermogravimetric Analysis (TGA) 

 Thermogravimetric Analysis is an essential tool used for material characterization.  

During this analysis, the mass of a substance is precisely recorded as a function of temperature or 

time as the sample is heated or cooled under controlled atmosphere in a furnace.  The instrument 

consists of a sample pan that is supported by a precision balance used to monitor the weight of 

the sample.  An inert gas or a reactive gas that flows over the sample and exits through an 

exhaust is used to control the sample environment.  The furnace where the pan resides can be 

programmed for either a constant heating rate or a constant mass loss with time. 

 TGA is a very useful technique to evaluate the thermal stability of a material.  Upon 

heating the sample to a certain temperature limit, if there is no observed weight loss, the sample 

is thermally stable.  A loss of mass indicates the temperature at which the material begins to 

degrade.  Therefore, it is very helpful to determine the thermal stability of the PILs in Chapter 4 

or polymer electrolyte membranes (PEMs) in Chapter 6.  For excess base composition in PILs, 

for example, the TGA curve shows a two-step process with the initial mass loss corresponding to 

the excess base boiling in the system.21  For HPA/PA doped PBI membrane, for instance, TGA 

determines the loss level of unbound water, the dehydration of HPA and PA, and the structure 

loss of the polymer during heating the fuel cell.  Since the decomposition temperature (Td) of 

PILs’ systems as well as PEMs must be higher than the fuel cell operating temperature, TGA 

measurement is an important analytical technique to know whether the ionomers or the 

electrolyte membranes can be thermally stable.  A Pyris 1 TGA Thermogravimetric Analyzer 

with Pyris Software for Windows was used to find the Td of the chosen samples. 
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2.2  Chemical and Structure Analyses 

2.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR) 

 Nuclear Magnetic Resonance Spectroscopy is one of the most popular analytical tools to 

characterize physical, chemical, and biological properties of matter.  It is routinely used by 

chemists and engineers to study chemical structures of molecules.  Molecules are composed of 

multiple atoms.  The nuclei of some atoms possess a property called spin which comes in 

multiples of ±1/2.  For example, individual unpaired electrons, protons, or neutrons each 

possesses a spin of 1/2.  However, some atoms that have opposite signs of spins can pair up and 

eliminate the observable individual spins. 

 When placed in an external magnetic field, the spin vector of a particle, if it exists, will 

align itself with the external field and create different energy states.  As a consequence, the 

particle can undergo a transition between the two energy states by absorbing a photon which 

matches the energy difference and produces an NMR signal.  This signal is proportional to the 

population difference between the energy states; thus, NMR can only be performed on isotopes 

whose natural abundance is high enough to be detected.  Since the electron density around each 

nucleus varies with the types of nuclei and bonds in the molecule, a phenomenon called shielding 

or deshielding can occur and create different chemical shifts.  These shifts were used to identify 

the structure of ionic liquids and electrolyte membranes used in this dissertation. 

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR) 

 Fourier Transform Infrared Spectroscopy is a reliable tool to identify virtually any sample.  

Its high sensitivity, accuracy, and reproducibility make the instrument an exceptional tool for 

quality control and quantitative analysis of an unknown sample.  During its measurement, 

infrared red (IR) radiation is shone through a sample at which some of the radiation is absorbed 
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by the sample and some of it is transmitted.  Next, a computer processor is used to convert the 

signals into interpretable spectral information via an algorithm called Fourier Transform (FT).  

As a result, the spectrum represents the molecular absorption and transmission, which create a 

molecular fingerprint to identify the sample.  Because each molecule has a unique combination 

of atoms, the frequencies of vibrations between the bonds of the atoms that correspond to the 

absorption peaks in an FTIR spectrum are distinguished from each other.  Thus, no two 

compounds give the same FTIR signals. 

 A Nicolet Magna 550 FTIR was used to confirm the chemicals and structures of ionic 

liquids and electrolyte membranes.  In addition, FTIR spectroscopy was also be used to identify 

the carbon monoxide formation that possibly results from partial oxidation of methane at the 

anode.  Carbon monoxide has a very negative impact on fuel cell performance due to its 

poisoning.  After running the methane fuel cell, it is necessary to check whether carbon 

monoxide was formed by looking for the absorption peaks at 2186 cm-1, 2087 cm-1, and 1860 

cm-1.  The anode was checked with FTIR before and after each fuel cell by scraping out a bit of 

sample and diluting it in KBr powder pellet. 

2.2.3 X-ray Diffraction Analysis (XRD) 

 A substantial amount of information about the microstructure of ordered activated 

carbons used as electro-catalytic supports in Chapter 5 can be obtained from X-ray Diffraction 

(XRD) patterns.  XRD analysis can be used to study the differences between several mesoporous 

materials. XRD patterns were collected using a Scintag θ/2θ diffractometer with a Cu target X-

ray tube (λKα = 1.540562 Å) operating at 45 kV and 40 mA. The carbon samples were ground 

into powder with a mortar and pestle and packed into a rectangular plastic holder that was 2 mm 

deep. Small- and wide-angle XRD patterns were collected over the 2θ range from 1° to 90° with 
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a step size of 0.05° and a count time of 5 s. The location, amplitude, area and full-width at half-

maximum (FWHM) was determined by fitting each peak with a Pearson function using PeakFit 

software (Jandel Scientific Software). Lattice spacings were calculated using Bragg's Law: 

�� = 2� sin� (2-1) 

where n is an integer, λ is the wavelength of incident wave (nm), d is the spacing between the 

planes in the atomic lattice (nm), and θ is the angle between the incident ray and the scattering 

planes. The interlayer spacings and in-plane lattice constants were estimated using the Scherrer 

Equation 22: 

� =
��
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(2-2) 

where t (Å) is the mean size of the crystallites (ordered graphitic domains), K is a dimensionless 

shape factor (K ≈ 0.89 for the integral breadth of spherical crystals with cubic symmetry), λ is the 

wavelength of the X-rays (1.540562 Å), β (radians) is the line broadening at full-width half-

maximum (FWHM) intensity, and θ is the Bragg angle. 

2.3 Morphology Analyses 

2.3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDX) 

 The Scanning Electron Microscopy was used to generate high-resolution images of fuel 

cell electrodes and electrolyte membranes.  Conceptually, the SEM uses a focused beam of high 

energy electrons to generate a variety of signals at the surface of solid specimens.  These signals 

include secondary electrons, backscattered electrons, photons, visible light, and heat, which 

reveal information about the sample’s external morphology, chemical composition, and 

crystalline structure.  In most cases, both secondary and backscattered electrons were used for 

imaging samples.  While secondary electrons are used to show morphology and topography on 
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samples, backscattered electrons are used to illustrate contrasts in composition in multiphase 

samples.  During SEM analysis, an area of approximately 1 cm to 5 microns in width was 

selected and imaged in a scanning mode using conventional SEM techniques.  In addition, a 

selected point on an image can be qualitatively or semi-quantitatively determined the chemical 

compositions of the sample using Energy Dispersive X-ray Spectroscopy. 

 As described above, when the sample is bombarded by the SEM’s electron beam, 

electrons in the inner shell are ejected from atoms comprising the sample’s surface.  The 

resulting electron vacancies are then filled by electrons from the outer shell with higher energy 

state, emitting an X-ray that is characteristic for each atom due to the difference in energy 

between the two electrons’ states.  As a result, a spectrum of X-ray energy versus counts can be 

used to determine and map the elemental compositions of the sample. 

2.3.2 Transmission Electron Microscopy (TEM) 

 In Transmission Electron Microscopy, a beam of electrons is transmitted through an 

ultra-thin specimen, less than 100 nm, interacting with the specimen and forming an image at 

extremely high resolution.  This analysis can examine fine detail object, for example, to obtain 

size and phase distribution in nm length scale of an HPA doped PBI membrane in Chapter 6.  

The sample was first prepared by focused ion beam (FIB) method, which can mill very thin 

membranes from a specific area of interest in a sample.  The sample was then examined on TEM, 

in which electron beam was allowed to penetrate through the specimen.  Although some of the 

electrons were scattered and disappeared, the un-scattered electrons hit a fluorescent screen and 

produced an image at different modes.  The most common mode is the bright field imaging mode 

in which the contrast formation is formed directly by occlusion and absorption of electrons in the 

sample.  In this mode, the thicker regions or regions with a higher atomic number appear dark, 
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whereas regions with no sample in the beam path appear bright.  On the other hand, Z-contrast 

imaging mode by high angle annular dark field was also used to view heavy atoms which 

appeared brighter. 

2.3.3 Small Angle X-ray Scattering Analysis (SAXS) 

 Small Angle X-ray Scattering is a powerful technique to quantitatively characterize 

nanostructures of diverse systems.  Conceptually, a sample is illuminated by an X-ray beam 

provided by a synchrotron light source.  The scattered beam is then detected on a 2-D flat X-ray 

detector.  Since the incident beam is sensitive to spatial variations in electron density of an 

interface, its scattering pattern contains the information on the structure and morphology of the 

sample.  In Chapter 6, SAXS was used extensively to characterize PBI/PA/HPA membranes 

designed for elevated temperature PEMFCs. 

2.4 Ionic Conductivity Measurement 

 AC impedance spectroscopy was used to measure the conductivity of PILs and PEMs.  

In-plane ionic conductivity was measured using a BekkTech (BT-112) insert with 4 platinum 

electrodes located inside a custom stainless steel ring and assembled into fuel cell hardware (Fuel 

Cell Technology, Inc.) as described by Noda et al.23  Prior to any measurement, the PILs (soaked 

in a highly porous membrane support, Solupor® 3P07A) and PEMs were heated to equilibrate for 

at least one hour.  A Gamry Electrical Impedance Spectrometer (EIS 300) was used to analyze 

the complex impedance spectra in the frequency range of 10 MHz to 1 Hz.  A Nyquist plot was 

then constructed from the real and imaginary impedance data.  Ionic conductivities were then 

calculated from the electrolyte resistance obtained from curve fitting of the Nyquist plot using 

the Randles circuit. 
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 Figure 2-1 illustrates the Randles circuit and a general Nyquist plot.  As shown, the 

equivalent circuit contains an ionic resistance (Rionic) that represents the electrolyte resistance.  

Rionic is in series with a parallel combination of a double-layer capacitance (CDL) and an 

impedance of a faradaic reaction which has a charge transfer resistance (Rct) and an 

electrochemical element of diffusion (Zw).  The membrane thickness will be determined by using 

an electronic micrometer. The area of the electrolyte surface will be known, and ionic 

conductivity will be calculated using the relation, 

� =
�

� · �
 

(2-3) 

where R is the electrolyte resistance obtained from the curve fitting; t is the membrane thickness; 

and A is the area of the electrolyte surface. 

 

2.5 Methane fuel cell testing 

2.5.1 Materials for fuel cell operating at 80°C 

 A methane and oxygen cylinders were purchased from General Air Corporation and used 

as-received. Nafion®-1110 membranes were purchased from Ion Power and first cleaned and 

protonated by refluxing in 3 % H2O2 for 1 h, followed by 1 h refluxing in DI water, 1 hour 

refluxing in 0.5 N H2SO4, and finally 1 h refluxing in DI water.  After conditioning, the 

membranes were stored in DI water at room temperature in the dark prior to use.  The anode was 

 

 
Figure 2-1. Randles circuit and Nyquist plot. 
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fabricated with Pt-based catalysts coating onto hydrophobic gas diffusion layer GDL LT 1400-W 

carbon cloth (E-tek).  Detailed fabrication was illustrated in the following membrane electrode 

assembly (MEA) section.  For the cathode, all fuel cells used Electrode Los Alamos Type 

(ELAT®) prepared with ELAT® LT 1400 gas diffusion layers (Nuvant Systems Inc.) and 

containing 0.5 mg Pt·cm-2 (20% Pt on Vulcan XC-72 carbon).  In Chapter 4, the prepared PILs 

were substituted for Nafion® ionomer as the proton conductor in the catalyst layer. 

2.5.2 Materials for fuel cell operating at 160°C 

 A methane and oxygen cylinders were purchased from General Air Corporation and used 

as-received. PBI was provided by Danish Power Systems (DPS) Inc. and used as-received.  The 

PBI/PA/HPA membrane was cast and dried in-house before used.  The anode was fabricated 

with Pt-based catalysts coating onto hydrophobic gas diffusion layer provided by DPS Inc.  

Detailed fabrication was illustrated in the following MEA section.  For the cathode, all fuel cells 

used high temperature DPS hydrophobic electrode containing 1.5 mg Pt·cm-2. 

2.5.3 MEA fabrication 

 Catalyst inks were first prepared as previously described by combining the desired 

catalyst, water, isopropanol, and PILs (only for fuel cell operating at 80°C in Chapter 4).10  The 

PILs were added such that the salt was 25 % of the total mass of the catalyst and PILs in the ink.  

Water was added in an amount that is ten times the mass of the catalyst in the ink.  Isopropanol 

was finally added to the ink to make water/isopropanol (3:2).  The inks were sonicated in an 

ultrasonic bath for 5 minutes, followed by mixing with a vortex mixer for 2 minutes.  The 

sonicating and mixing process were repeated three times.  The inks were finally airbrushed onto 

GDLs to make gas diffusion electrodes.  Following airbrushing, the electrodes were placed under 

an IR 250W heat lamp to evaporate the water/isopropanol solvent in the catalyst layer.  Both 
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anode and cathode were prepared with an area of 5.48 cm2.  For MEAs operating at 80°C, the 

electrodes were hot pressed on cleaned Nafion®-1110 membranes using a digital combo multi-

purpose press, DC14 (GEO Knight & Co. Inc.), at 80°C and 60 psig for 90 s.  For MEAs 

operating at 160°C, the electrodes were hot pressed on PBI/PA/HPA membranes using a high 

pressure hot-press, G30H-C (Wabash Metal Products, Inc.), at 100°C and 1.5 tons for 3 min. 

2.5.4 Fuel cell testing setup 

 Single-cell hardware with an area of 5.48 cm2 and single serpentine flow fields (Fuel Cell 

Technologies Inc.) was used for this study.  Humidified methane and oxygen was fed to the 

anode and cathode at flow rates of 0.3 L·min-1 and 0.2 L·min-1, respectively.  Both humidified 

gases were flowed through independent sparging bottles with modular gas handling and gas 

metering systems (Lynntech Industry, Inc. for fuel cell operating at 80°C and Scribner, Inc. for 

fuel cell operating at 160°C).  For fuel cell operating at 80°C, methane and oxygen were 

humidified at 60°C and 80°C, respectively.  For fuel cell operating at 160°C, methane and 

oxygen were both humidified at 80°C.  The effluent from the fuel cell swept through the 

backpressure regulators and condensed liquid water into trap bottles.  For this study, the 

backpressure was always kept at 30 psig during all fuel cells testing. 

2.6 Fuel cell characterizations 

2.6.1 Gas Chromatography (GC) 

 Gas chromatography is a very popular type of analysis used to separate different 

chemical constituents of a sample.  In this instrumental configuration, the mobile phase is a 

carrier gas such as hydrogen and a stationary phase consisting of a microscopic layer of liquid or 

polymer coated on an inert solid support inside a column.  Depending on the physical and 

chemical properties of the components in the mixture, each interacts and adsorbs differently with 
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the stationary phase and reaches the end of the column at a different retention time.  In addition, 

the carrier gas flow rate, the column length, and the heating rate of the oven also affect the 

retention time of each component.  At the end, a detector is used to identify both qualitatively 

and quantitatively the outlet stream.  Two popular detectors often used to identify permanent 

gases and C1-C2 hydrocarbons are a thermal conductivity detector (TCD) and a flame ionization 

detector (FID).  TCD works by comparing the thermal conductivity of the analyte with the 

carrier.  Since hydrogen has relatively high thermal conductivity, a mixing of analyte molecules 

with hydrogen will lower the thermal conductivity and the difference causes a detector response.  

FID detector, however, responds in a different way.  The detector electrodes are located next to a 

flame that is fueled by hydrogen and air at the end of the column.  When the analyte molecules 

exit the column, they are pyrolyzed by the flame and form different cations and electrons.  These 

electrons generate a current between the detector electrodes and give out a signal of the 

molecules.  An Agilient GC 7890B equipped with dual FID and TCD detectors and Carboxen-

1000 column was used to separate and detect the outlet gas products of the methane fuel cell 

anode.  The gas concentrations were determined after the steady state was reached. 

2.6.2 Electrochemical Measurements 

 Fuel cell chemical reactions occur at the surface of the electrodes.  Therefore, 

electrochemical measurements are necessary to not only learn the physical properties of the 

surface but also to understand the thermodynamics, the reactions kinetics, and the mass 

transports at the electrodes.  For example, potential is a very important electrochemical 

measurement in fuel cells.  Potential difference between anode and cathode (cell voltage) will 

indicate the flow direction of the electrons.  Thermodynamically, potential is directly related to 

the free energy of the overall reaction and can be calculated according to the Nernst equation, 
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where E° is the standard potential which relates to the standard Gibbs free energy of the reaction 

(V); R is the gas constant (J·mol-1
·K-1); T is the temperature (K); n is the number of electrons 

from the redox reactions (mole of e- per mole of reactant); F is the Faraday constant (C·mol-1); 

and a is the activity of the reactants and the products (usually in term of pressure) raised to 

different stoichiometric coefficients vi.  Changing the potential will drive the electrons to flow 

from one electrode to the other, and therefore, will force a non-spontaneous reaction to occur and 

increase its reaction rate.  Another important electrochemical measurement is the current.  

According to Faraday’s law: 
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where Q is the charge (C) and t is time (s).  Because electrons are generated or consumed during 

fuel cell redox reactions, current directly measures the instantaneous rate of the electrochemical 

reaction. 

 To evaluate the fuel cell performance, a plot that shows the voltage output versus a given 

current output, also referred to as polarization curve, is carefully evaluated.  Generally, there are 

three major regions of the pol curve that associates with the three types of fuel cell losses: 

activation loss, ohmic loss, and concentration loss.  The pol curve often appears with a steep 

initial decrease in voltage due to electrochemical reactions referred to as the activation region, 

followed by a gradually decreasing voltage due to ionic and electronic conduction known as the 

ohmic region, and finally the mass transfer region where the current reaches a limiting value that 

the fuel and the oxidizer can no longer supply enough to continue the reaction.  This 
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characteristic fuel cell measurement can be performed by linear sweep voltammetry (LSV) or 

chronoamperometry (CA) techniques. 

 In LSV, the voltage is scanned at a constant rate from the open circuit potential where no 

reaction occurs to almost zero where the current reaches a constant value.  As the voltage 

approaches a value where the oxidation reaction begins to occur at the anode, the current will 

increase quickly.  Since sufficient fuel must diffuse to the anode for continuous oxidation, the 

diffusion causes a lag of fuel supply and therefore it decreases the current.  As the concentration 

of the reactants becomes dependent solely on diffusion, the current will reach a limiting value.  

In a system where mass transport is controlled by diffusion, the current and the scan rate are 

related according to Randles-Sevcik equation: 

�! = 2.69 · 10
!
· �

!/!
· � · �

!/!
· �

!
· �

!/! (2-6) 

where il is the limiting current; n is the number of electrons from the redox reactions (mole of e- 

per mole of reactant); A is the area of the electrode (cm2); D is the diffusion coefficient (cm2
·s-1); 

Cb is the bulk concentration of the reactant (mol·cm-3); and ʋ is the scan rate (V·s-1). 

 Different with LSV, CA is a pulse technique where the voltage is stepped down from one 

potential to a lower potential.  Within this potential window, the initial potential is where the 

peak current begins and the final potential is where the diffusion limit starts to level off the 

current.  The current is then plotted as a function of time using the same three-electrode 

configuration, working-counter-reference, as with LSV.  When the potential is pulsed, the 

oxidation quickly reaches its maximum rate and then decreases exponentially as the fuel is 

consumed.  Within this time period, the current and time are related according to the Cottrell 

equation: 
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where i is the current (A); n is the number of electrons from the redox reactions (mole of e- per 

mole of reactant); F is the Faraday constant (C·mol-1); A is the area of the electrode (cm2); D is 

the diffusion coefficient (cm2
·s-1); Cb is the bulk concentration of the reactant (mol·cm-3); and t is 

time (s).  Both equations 2-6 and 2-7 can be used to calculate the diffusion coefficient of the 

reactants at the electrodes.  A Gamry Electrical Impedance Spectrometer (EIS 300) was used to 

perform all electrochemical measurements. 
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CHAPTER 3 : ORGANOMETALLIC COMPLEXES ANCHORED TO CONDUCTIVE 

CARBON FOR ELECTROCATALYTIC OXIDATION OF METHANE AT LOW 

TEMPERATURE 

 

This chapter is modified from a paper published in 

Journal of American Chemical Society
1 

Vinh Nguyen2, Madhura Joglekar3, Svitlana Pylypenko4, Chilan Ngo5, Quanning Li6, Matthew E. 

O’Reilly7, Tristan S. Gray8, William A. Hubbard9, T. Brent Gunnoe10, Andrew M. Herring11, 

Brian G. Trewyn12 

 

3.1 Abstract 

 Low-temperature direct methane fuel cells (DMEFCs) offer the opportunity to 

substantially improve the efficiency of energy production from natural gas. This study focuses on 

the development of well-defined platinum organometallic complexes covalently anchored to 

ordered mesoporous carbon (OMC) for electrochemical oxidation of methane in a proton 

exchange membrane fuel cell at 80°C. A maximum normalized power of 403 µW·mg-1 Pt was 

obtained, which was 5 times higher than a modern commercial catalyst and two orders of 

magnitude greater than Pt black catalyst. The observed differences in catalytic activities for 
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oxidation of methane are linked to the chemistry of the tethered catalysts, determined by X-ray 

photoelectron spectroscopy. The chemistry/activity relationships demonstrate a tangible path for 

the design of electrocatalytic systems for C-H bond activation that afford superior performance 

in DMEFC for potential commercial applications. 

3.2 Introduction 

 Methane, a primary constituent of natural gas, has attracted widespread attention as a fuel 

due its higher energy content per mass unit (55.7 kJ·g
-1

) compared to other hydrocarbons. In the 

last decade, advances in drilling technologies have expanded the access and reduced the expense 

of natural gas.
24

 Currently, the predominant use of methane in the energy sector is via 

combustion. An alternative approach is to utilize methane in fuel cells. Fuel cells are 

dramatically more efficient than heat engines at lower temperatures and their exhaust is 

composed of only CO2 and water making them attractive clean energy conversion devices. Using 

current technology, methane has been directly electrochemically oxidized only in solid oxide fuel 

cells (SOFCs) with most research focused on the development of new anode materials for this 

conversion.
6, 25

 However, the high operating temperatures (650-1100°C) and substantial capital 

expenses for SOFCs keeps this technology from being cost-effective and necessitates the need to 

develop alternatives. 

  Proton exchange membrane fuel cells (PEMFCs) have the advantage of much higher 

power densities, faster start up and shut down, good cyclability, and the potential for scalability 

from micro to large-scale distributed power generation; however, their lower temperature of 

operation makes the activation of methane extremely challenging under the operating conditions 

of the fuel cell. In 1962, Niedrach made the first attempt to demonstrate a DMEFC.
26

 In 2012, 

Ferrell et al. reported methane activation using commercially available Pt ELAT
®

 and Pt-Ru 
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ELAT
®

 gas-diffusion anode electrodes in a PEMFC.
27

 However, negligible current densities were 

achieved in both studies and, in general, the cell could not be stabilized. Considering the very 

high C–H bond dissociation energy (435 kJ·mol
-1

) for methane, one of the major challenges is 

the development of catalysts that provide sufficient rates of C–H activation at the operating 

temperatures of PEMFC (60-100°C). Despite the fact that some molecular transition complexes 

have been demonstrated to activate methane C–H bonds in homogeneous environments at 

temperatures more relevant for PEMFCs (≤ 200°C),
19, 28

 to our knowledge there have been no 

attempts to incorporate these molecular systems into electrochemical environments for 

hydrocarbon oxidation in fuel cells.  

 Joglekar et al. have recently demonstrated a method to covalently anchor molecular 

complexes onto a conductive mesoporous carbon support.
29

 This has been achieved through a 

lithiation strategy to selectively deprotonate defect sites in the graphitic structure of mesoporous 

carbons, thereby allowing covalent functionalization of the surface at the defect sites. A limited 

number of reports have indicated the use of molecular complexes adsorbed onto carbon surface 

as efficient catalysts for the oxygen reduction reaction (ORR) in methanol or hydrogen 

PEMFCs.
30

 Recently, an ethanol fuel cell was developed using Rh-based organometallic 

complexes adsorbed onto conductive Vulcan support which generated electric power from the 

oxidation of ethanol to the acetate product.
31

 These types of systems, wherein the molecular 

catalysts are adsorbed on the surface of carbon through non-covalent interactions, tend to fail in 

more complicated C–H activation systems, such as DMEFCs, due to the weak interactive forces 

between the molecular catalyst and the conductive carbon support. To address this, we have 

developed a new selective surface functionalization strategy for covalently tethering molecular 

complexes on the surface of ordered mesoporous carbon (OMC) materials. This enables us to 
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introduce unique molecular systems into the fuel cell configurations. Previously, such materials 

were difficult to prepare due to the limitations of carbon functionalization techniques. The new 

OMC-support Pt catalysts afford the direct oxidation of methane without poisoning by carbon 

monoxide adsorption at substantially low temperatures (< 150°C), leading to the design, 

fabrication and testing of new low temperature DMEFC.  

 In contrast to the current technology for the direct conversion of methane using SOFCs 

that operate exclusively at very high temperatures (650-1100°C), we report the first successful 

demonstration of electrooxidation of methane at 80°C utilizing these novel OMC-bound C-H 

activating molecular catalysts. 

3.3 Experimental 

3.3.1 Synthesis of large pore mesoporous silica nanoparticles (l-MSN) 

 l-MSN template was synthesized according to a previously reported literature 

procedure.
32

 A non-ionic surfactant Pluronic P104 (7.0 g, BASF) was added to 1.6 M HCl (273.0 

g) in a 500 mL Erlenmeyer flask and stirred at 55°C for 1 h. After stirring for 1 h, 

tetramethylorthosilicate (TMOS, 10.64 g, Sigma) was added at once and the reaction mixture 

was further stirred at 55°C for 24 h.  It is crucial to maintain a constant reaction temperature for 

24 h in order to obtain l-MSN with uniform morphology and pore size. The mixture was then 

hydrothermally treated at 150°C for 24 h in a Teflon lined autoclave. In the final step, the 

mixture was cooled, filtered and washed with water and copious amounts of methanol to obtain a 

white powder. It was then lyophilized overnight, followed by calcination at 550°C for 6 h at a 

ramp rate of 1.5 °C min
-1 

to remove the non-ionic surfactant P104. 
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3.3.2 Synthesis of ordered mesoporous carbon (OMC) 

 OMC with uniform morphology was synthesized according to our recently published 

report.29 Typically, 1 g of l-MSN having a pore volume of 1.12 cm3
·g-1 was impregnated with 

1.20 g of sucrose, 7 g of water in a centrifuge tube and sonicated until all the particles were 

evenly dispersed. After transferring this solution to a crucible, 0.13 g of concentrated sulphuric 

acid was added. The mixture was stirred to break any large chunks of l-MSN or sucrose and then 

heated at 100°C and 160°C for 6 h each. This process of addition and partial carbonization of 

sucrose, water and concentrated sulphuric acid was repeated until the pore volume of the l-MSN 

template was reduced to approximately zero. The pore volume of the silica-carbon composite 

was determined after each step using the nitrogen sorption analysis. Also, the amounts of sucrose 

and sulphuric acid required for each step were determined based on the pore volume of the silica-

carbon composite. The complete pyrolysis of carbon was carried out under nitrogen atmosphere 

at 900°C for 5 h in a tube furnace. In the final step, the l-MSN template was etched with 10 % 

HF overnight in centrifuge tubes. The resulting OMC was washed with copious amounts of 

water until the pH was neutral. 

3.3.3 Covalent attachment of bipyridine or phenanthroline to the surface of OMC 

 All the reactions were performed under inert atmosphere using standard Schlenk line 

techniques. For the covalent attachment of 2,2’-bipyridine, the surface of OMC was first lithiated 

using n-butyllithium. In a typical procedure, a Schlenk flask was charged with 0.25 g of OMC 

and dried overnight under vacuum at 100°C to remove all the moisture. The OMC was then 

suspended in 25 mL of diethyl ether and sonicated for 15 min to disperse the particles and break 

the larger aggregates. The mixture was kept under vigorous stirring and 2.5 mL of n-butyllithium 

(2.5 M in hexane, Sigma) was added dropwise at -78°C. Following the addition, the mixture was 
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stirred at room temperature for 4 h. In the meantime, 1.06 mmol of 6-bromo-2,2’-bipyridine 

purchased from Sigma was dried under vacuum. After 4 h, it was added to the Schlenk flask, and 

the mixture was further stirred for 2 h at 35°C. In order to obtain surface functionalized OMC 

powder, the mixture was centrifuged and the supernatant was removed. During this step and all 

the further steps, no efforts were taken to exclude air. The product was washed with methanol 5 

times and subsequently centrifuged. Finally, it was suspended in methanol overnight to remove 

any unreacted bipyridine and Li impurities from the pores and surface of OMC. It was then 

centrifuged and dried at 100°C for 4 h. This product was termed as OMC-6Bp. For the synthesis 

of OMC-4Bp and OMC-phen, 1.06 mmol of 4,4’-dibromo-2,2’-bipyridine (purchased from 

Carbosynth) and 5-bromo-1,10-phenanthroline synthesized via a previously reported procedure
33

 

were vacuum dried and added after 4 h following the addition of n-butyllithium in the above 

procedure.  

3.3.4 Synthesis of [PtPh2(µ-SEt2)]2 

 The Pt dimeric complex was synthesized using a modification of a previously reported 

procedure.34 In brief, 440 mg of commercially available yellow crystalline cis-PtCl2(µ-SEt2)2 

was dispersed in 10 mL diethyl ether in a Schlenk flask. The synthesis was done under inert 

atmosphere using standard Schlenk line techniques. To the above suspension, 4 mL of phenyl 

lithium solution (1.8 M in dibutylether, Sigma) was added dropwise over a course of 20 min at -

78°C. This suspension was allowed to stir for 2 h at 0°C. After 2 h, 8 mL of distilled water were 

added dropwise over a course of 10 min under a constant nitrogen flow. A thick and non-settling 

suspension was formed, which was filtered through 545 celite. At this and all the subsequent 

points, no efforts were made to exclude air. The filtrate was poured into a separatory funnel and 

dichloromethane was added to it. The dichloromethane layer was washed three times with water, 
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dried with magnesium sulfate, filtered through activated charcoal and reduced to dryness to 

obtain a white solid.  This was dissolved in 15 mL of dichloromethane and gently heated (40°C) 

to ensure complete dissolution of the white solid. The mixture was filtered through a medium 

porosity frit into a flask, and the filtrate was concentrated to approximately 6 mL in vacuo. A 

white crystalline solid precipitated, which was dissolved in 50 mL pentane. The crystallization 

was left at -20°C overnight. White crystalline solid (75 % yield) was obtained following 

filtration. 

3.3.5 Synthesis of OMC-4Bp-Pt-Ph2, OMC-6Bp-Pt-Ph2 and OMC-phen-Pt-Ph2 

 Platinum was coordinated to the bipyridyl ligand on the surface of OMC using the 

following procedure. OMC-4Bp, OMC-6Bp or OMC-phen, 0.1 g and 0.03 mmol Pt-dimer were 

added in a Schlenk flask in anhydrous diethyl ether as a solvent. The reaction mixture was stirred 

at room temperature for 24 h under argon. Finally, the product was centrifuged and the 

supernatant was discarded. It was washed six times with ether to remove any unreacted, excess 

Pt-dimer and lyophilized overnight.  

3.3.6 Synthesis of OMC-4Bp-Pt-Cl2, OMC-6Bp-Pt-Cl2 and OMC-phen-Pt-Cl2 

 The chloro versions of the molecular complexes were synthesized using a procedure 

similar to the synthesis of homogeneous complexes and is as follows.35 OMC-4Bp, OMC-6Bp or 

OMC-phen, 0.1 g was added to a round bottom flask containing 250 mL distilled water and 0.2 

mL concentrated hydrochloric acid. A platinum precursor, K2PtCl4 (100 mg) was added to the 

same flask, and the reaction mixture was heated to reflux for 24 h. Finally, the powder was 

centrifuged, washed with copious amounts of distilled water and lyophilized overnight. 
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3.3.7 Characterization  

 Small-angle X-ray scattering (SAXS) data was collected using a Rigaku S-Max 3000 

High Brilliance three-pinhole SAXS system outfitted with a MicroMax-007HFM rotating anode 

(Cu Kα), Confocal Max-Flux Optic, Gabriel multiwire area detector, and a Linkam thermal stage. 

Exposure times for samples were typically on the order of 1200 s. Nitrogen sorption analyses 

was done on a Micromeritics Tristar 3000 surface area and porosity analyzer using Brunauer-

Emmett-Teller (BET) equation to calculate the surface area and pore volume and the Barrett-

Joyner-Halenda (BJH) method to calculate pore size distribution.  Raman spectroscopy was done 

using WITEC Alpha 300 confocal microscope. The morphology of the samples was analyzed 

using JEOL JSM-7000F field emission scanning electron microscope (FESEM). The samples 

were dispersed on a conductive carbon tape and analyzed using an accelerating voltage of 7 kV. 

High-resolution micrographs and X-ray energy dispersive spectroscopy (EDS) spot analysis were 

obtained using Philips CM200 transmission electron microscope operated at 200 kV and FEI 

Titan S/TEM operated at 300 kV. The samples were dispersed in 2 mL ethanol and drop-casted 

onto lacey carbon TEM grids for observation. Thermogravimetric analysis was done in a 

SETSYS Evo system with B-type DTA measurement head and a temperature ramp rate of 

10 °C·min-1 in air for quantification of metal.  Helium gas was used to maintain inert atmosphere 

in order to study the decomposition behavior of the tethered catalyst. XPS analysis was 

performed on a Kratos Nova X-ray photoelectron spectrometer equipped with a monochromatic 

Al Kα source operating at 300 W. Survey and high-resolution C 1s, O 1s, N 1s, Si 2p, Cl 2p and 

Pt 4f spectra were acquired at 160 eV and 20 eV, respectively, providing charge compensation 

using low energy electrons. Three areas per sample were analyzed. Data analysis was performed 

using CasaXPS software. A linear background was applied to C1s, O 1s, N 1s, Si 2p and Cl 2p 
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regions, and a Shirley background was applied to Pt 4f region. Quantification was performed 

using sensitivity factors supplied by manufacturer. Analysis included charge referencing to the 

internal aromatic carbon signal at 284.4 eV. 

3.3.8 Materials for methane fuel cell testing 

 Methane cylinder purchased from General Air Corporation was used as received. 

Nafion
®-1110 membranes purchased from Ion Power were first cleaned and protonated by 

refluxing in 3 % H2O2 for 1 h, followed by 1 h refluxing in DI water, 1 hour refluxing in 0.5 N 

H2SO4, and finally 1 h refluxing in DI water. After conditionings, the membranes were stored in 

DI water at room temperature in the dark before use. The anode was fabricated with six different 

molecular catalysts prepared in our lab as previously described coating onto hydrophobic gas 

diffusion layers GDL LT 1400-W carbon cloth (E-tek). Detail fabrication is illustrated in the 

following membrane electrode assembly (MEA) section. For the cathode, all fuel cells used 

Electrode Los Alamos Type (ELAT
®

) preparing with ELAT
®

 LT 1400 gas diffusion layers 

(Nuvant Systems Inc.) and containing 0.5 mg Pt·cm
-2

 (20 % Pt on Vulcan XC-72 carbon). The 

3M perfluorosulfonic acid ionomer with EW=733 (structure given in the Appendix A, Figure A- 

19) as an aqueous dispersion was used in the catalyst layer.
36 

3.3.9 Membrane electrode assembly (MEA) fabrication  

 Catalyst inks were first prepared as previously described by combining the desired 

catalyst, water, isopropanol, and 3M ionomer dispersion.27 The ionomer dispersion was added 

such that the 3M solid was 25 % of the total mass of the catalyst and 3M solid in the ink. Water 

was added in an amount that was ten times the mass of the catalyst in the ink. Isopropanol was 

finally added in the ink to make water/isopropanol (3:2). The inks were sonicated in an ultrasonic 

bath for 5 minutes, followed by mixing with Vortex Mixer for 2 minutes. The sonicating and 
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mixing process was repeated three times. The inks were finally airbrushed onto GDLs to make 

gas diffusion electrodes. Following airbrushing, the electrodes were placed under an IR 250W 

heat lamp to evaporate the water/isopropanol solvent in the catalyst layer. Both anode and 

cathode were prepared with an area of 5.48 cm2. The electrodes were hot pressed on cleaned 

Nafion®-1110 membranes using a digital combo multi-purpose press, DC14 (GEO Knight & Co. 

Inc.), at 80°C and 60 psig for 90 s. There was a small variation in the platinum loading on the 

anode ranging from 0.055-0.073 mg·cm-2, assuming homogeneous distribution. The loading of 

Pt on OMC for various complexes was in the range of 1.5-2.1 wt.%. 

3.3.10 Fuel cell testing  

 A single-cell hardware with an area of 5.48 cm
2
 and single serpentine flow fields (Fuel 

Cell Technologies Inc.) was used for this study. Humidified methane and oxygen were fed to the 

anode and cathode, respectively, at the same flow rate of 0.3 L·min
-1

. Both gases were flowed 

and humidified through sparging bottles with modular gas handling and gas metering system 

(Lynntech Industry, Inc.). Methane and oxygen were humidified at 60°C and 80°C, respectively. 

The cell, however, was maintained at 80°C. The effluent from the fuel cell sweeps through the 

backpressure regulators and condenses liquid water in trap bottles. For this study, the 

backpressure was always kept at 30 psig during all fuel cells testing. The anode exit gas line was 

also connected with a CO2 trap that contained 1M NaOH solution. At the end of the testing 

procedure, the bicarbonate solution collected from this trap was analyzed by 
13

C NMR 

spectroscopy to probe for the formation of CO2. In order to test consistency and reproducibility 

of the MEA each experiment was done in triplicate and demonstrated consistent results. 

 A Gamry Instruments potentiostat was used to perform polarization and electrochemical 

impedance spectroscopy (EIS) experiments as previously reported.
37

 The polarization curves 
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were obtained by first remaining at open circuit for 20 minutes. The potential was then stepped 

down from the open circuit potential until the limiting current was reached. For anode 

polarization, nitrogen instead of oxygen was fed to the cathode, which became a pseudo-

reference electrode. The potential was then scanned from open circuit to more positive potentials 

until a limiting current was achieved. 

3.3.11 Measurement of electrical conductivity of the OMC support and the OMC bound 

catalyst 

 A standard procedure was used to measure the bulk electrical conductivity of the OMC.38 

The results showed a decrease in the conductivity of OMC from 3.96 S·cm-1 to 0.609 S·cm-1 

after functionalization measured at 127 psig. In order to boost the electrical conductivity of the 

catalyst, we added 20 wt.% unfunctionalized OMC in with the OMC-4Bp-Pt-Cl2 which had the 

highest catalytic activity. Our measured conductivity of 80 wt.% OMC-4Bp-Pt-Cl2 and 20 wt.% 

OMC was 2.14 S·cm-1, demonstrating a clear improvement in conductivity by mixing 

functionalized and unfunctionalized OMC. 

3.4 Results and Discussion 

3.4.1 Synthesis and characterization of OMC-tethered single-site catalysts 

 Pt(II) complexes with chelating bis-nitrogen ligands have been studied for C–H 

activation of hydrocarbons, including alkanes.19, 28e, 39 The use of [(bpy)Pt(Ph)(THF)]+ (bpy = 

various 2,2'-bipyridyl ligands) and closely related complexes has been recently reported to 

catalyze the functionalization of benzene,40 which has a C–H bond dissociation energy that is 

~29.3 kJ·mol-1 stronger than methane. The demonstrated ability of these Pt(II) complexes to 

activate C–H bonds combined with the availability (both commercially and synthetically) of a 

variety of substituted 2,2'-bipyridyl compounds motivated us to start with (bpy)PtX2 (X = Cl, 
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phenyl) complexes as the molecular component for the new OMC-supported catalyst.  OMCs 

have attracted significant attention as a conductive support for application in fuel cells due to 

their unique properties such as high surface area, uniform pore size distribution, interconnected 

mesopores and high conductivity.41 In this study, a high surface area OMC support, used for 

anchoring the platinum-based catalysts, was prepared according to our recent report using large 

pore mesoporous silica nanoparticles (l-MSN) as a hard template.29  As previously noted, this 

OMC support has a number of structural defect sites that can be leveraged for covalently 

anchoring catalysts on its surface. Accordingly, the defect sites on the surface of OMCs were 

initially deprotonated using a strong base, n-butyllithium, followed by the addition of a 

brominated ligand as shown in Figure 3-1.29, 42 This product was isolated, washed, lyophilized 

overnight and then coordinated with a platinum precursor such as K2PtCl4 or [PtPh2(µ-SEt2)]2 to 

give the corresponding chlorine or phenyl versions of the molecular complexes (Figure 3-1). 

 The OMC support and all the as-synthesized OMC-based catalysts were characterized 

using a range of spectroscopy and microscopy techniques. As seen in Figure A- 1, the nitrogen 

sorption isotherms of l-MSN, OMC and the OMC with covalently attached Pt indicate a type IV 

isotherm characteristic of mesoporous nanomaterials.43 The pore size distribution is narrow for 

both the unfunctionalized OMC support and the surface modified ligand anchored OMC. Small 

angle X-ray scattering (SAXS) measurements were obtained to determine the pore arrangement 

of the original hard template and the synthesized OMC support. The l-MSN hard template has a 

2D hexagonal arrangement of pores indicated by the 100, 110 and 200 peaks (Figure A- 2) while 

the as-synthesized OMC support has a disordered arrangement of pores along the 110 and 200 

planes as indicated by the absence of peaks (Figure A- 2).  The OMC particles are discrete with 
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uniform morphology as indicated by the high-resolution transmission and scanning electron 

micrographs (Figure 3-2). 

 
 

Figure 3-1. Schematic representation of the general synthetic procedure for OMC-tethered 
single-site catalysts. 
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 The pore channels and the structure are also clearly visible in these micrographs (Figure 

3-2 D). High resolution scanning transmission electron micrographs (STEM) of the catalyst 

sample (Figure 3-2 D & Figure A- 16) OMC-4Bp-Pt-Cl2 indicated negligible Pt nanoparticles on 

the OMC surface. Hence, the catalytic activity can be attributed to the tethered Pt (II) complex. 

EDX analysis revealed that C, O, N and Si were the major components (Figure A- 16 and Figure 

A- 17) in the catalyst samples.  The Si content was attributed to the remnants of the silica 

template, in the amount less than 0.25 wt.%. A small change in the ID/IG ratio (0.96 for OMC to 

 

Figure 3-2. Characterization of the as-synthesized OMC support and the tethered molecular 
catalyst using electron microscopy. (A) Scanning electron micrograph of l-MSN hard template 
particles. Scale bar = 500 nm. (B) and (C) Transmission electron micrographs of a single OMC 
particle revealing the pore structure. Scale bars = 100 nm and 50 nm, respectively. (D) Scanning 
transmission electron micrograph of several overlapping OMC-4Bp-Pt-Cl2 particles. Scale bar = 
200 nm. (E) Bright-field TEM image corresponding to the STEM image in (D). Scale bar = 200 
nm. (F) Higher magnification image of a thinner area on the edge of one particle, indicated by 
the blue box in (A) and showing the pore structure viewed from the side. Scale bar = 20 nm. 
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1.06 for OMC-4Bp-Pt-Cl2) in the Raman analysis of the OMC-4Bp-Pt-Cl2 sample revealed that 

the OMC structure was retained even after chemical modification of the surface (Figure A- 3 C). 

This observation was also consistent for the other OMC-based samples modified with bipyridine 

ligands tethered at the 6-position and phenanthroline ligands (Figure A- 3). 

3.4.2 Application of OMC-tethered single-site catalysts in DMEFC 

 Despite good gravimetric energy density (55.6 MJ·kg
-1

), the volumetric energy density of 

methane is very low (0.0378 MJ·L
-1

) and difficult to utilize at 1 bar since the fuel is not easily 

compressed. In addition, the electro-oxidation of methane in acidic environments at low 

temperature remains exceedingly challenging.
27

 A fuel cell running on methane requires water as  

an additional reactant at the anode (Figure 3-3 A) and produces CO2 at the anode as an oxidation 

product. 

 For the first time, using a series of OMC-tethered molecular catalysts, we demonstrate 

power densities ranging from 100-400 µW·mg-1 Pt (Table 3-1), as opposed to previous 

technology that showed very low, unsteady open circuit voltage (OCV) at less than 105 mV and 

produced no measurable current from the fuel cell.27 Additionally, this work demonstrates 

substantial improvement in power density over the initial publication from the General Electric 

Corporation demonstrating 2.2 µW·mg-1 Pt.26  The polarization curves and the power density 

performance for all six OMC-bound molecular catalysts, measured using optimized fuel cell 

conditions, are shown in Figure 3-3 B-E. All OMC-tethered single-site catalysts gave 

substantially higher OCV than previous DMEFC studies. Specifically, OMC-4Bp-Pt-Cl2 reached 

a voltage as high as 0.53 V, whereas its control, OMC-4Bp which has no platinum complex 

bound on the surface, had an OCV of 0 V (Figure A- 7). Also, controls using Vulcan as the 

carbon support for one of the molecular catalysts demonstrated negligible activity. 
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Figure 3-3. Polarization curves with power density performance of fuel cells with different 
molecular catalysts on the anode and the same commercial GDE containing 0.5 mg-Pt·cm-2 on 

the cathode. (A) Schematic representation and equation of the direct methane PEM fuel cell. (B) 
V-I curves of all catalysts tested in DMEFC. (C) P-I curves of all catalysts tested in DMEFC. (D) 
V-I curves of OMC-6Bp-Pt-Ph2 (light blue and red) and OMC-4Bp-Pt-Cl2 (dark blue and purple) 

on the anode before and after adding 20 wt.% OMC. (E) P-I curves of OMC-6Bp-Pt-Ph2 (light 
blue and red) and OMC-4Bp-Pt-Cl2 (dark blue and purple) on the anode before and after adding 

20 wt.% OMC. 
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At open circuit, chemical reactions at the electrodes are in equilibrium and the OCV 

directly measures the difference in the chemical activity of methane at the anode and the cathode. 

Although it took approximately 30 min to reach the equilibrium state, the improved OCV 

indicates superior performance of the OMC-supported molecular catalysts in DMEFC compared 

to the previous catalysts.26-27 The convex-down curvature of the polarization curves are attributed 

to methane crossover that is oxidized minimally by the reduced Pt on the cathode, as is expected 

by previously published work on methane oxidation catalyzed by Pt metal.26-27  

 In general, the chlorine variants of the molecular complexes gave higher current and 

power densities than their phenyl counterparts possibly due to the difference in the mechanism of 

C–H activation. Although we have no direct evidence, the Pt–Cl catalysts might access cationic 

Pt/chloride ion pairs. Related ion pairs have been suggested to be involved in Pt (II) mediated 

methane activation using different catalysts.39a, 44
 Accessing such species is less likely from the 

corresponding Pt–Ph species. OMC-4Bp-Pt-Cl2 showed the greatest activity in methane fuel cells 

at approximately 80 µA·cm-2 at 0.2 V with a maximum power density of 278 µW·mg-1 Pt. These 

values are significantly higher than previously reported values (Table 3-1, entry 10).  Higher 

power densities were observed when 20 % unfunctionalized OMC was mixed with the molecular 

catalyst tethered OMC, possibly due to the higher conductivity of the unfunctionalized OMC 

support. The results showed a significant improvement in both the current and the power density, 

which were nearly 50 % higher than the catalyst alone for both the lowest (OMC-6Bp-Pt-Ph2) 

and the highest (OMC-4Bp-Pt-Cl2) performing catalysts. A maximum normalized power of 403 

µW·mg-1 Pt was obtained, which was 5 times higher than a modern commercial catalyst and two 

orders of magnitude greater than Pt black catalyst (Table 3-1, entry 7). To our knowledge, this is 
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the highest power output (µW·mg-1 Pt) obtained from a direct methane fuel cell operating at low 

temperatures (80°C). 

Table 3-1. Power densities obtained from the series of OMC-tethered molecular catalysts as 
compared to previously reported and commercially available catalysts in a DMEFC. 

Entry Sample 

Power 

(µW·mg-1 Pt) 

1 OMC-6Bp-Pt-Ph2 83 

2 OMC-6Bp-Pt-Ph2+ 20 % OMC 122 

3 OMC-4Bp-Pt-Ph2 101 

4 OMC-phen-Pt-Ph2 103 

5 OMC-6Bp-Pt-Cl2 127 

6 OMC-4Bp-Pt-Cl2 278 

7 OMC-4Bp-Pt-Cl2 + 20 % OMC 403 

8 OMC-phen-Pt-Cl2 109 

9 Commercial GDE Pt/C 87 

10 General Electric (Niedrach, 1962) Pt 2 
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 Interestingly, the polarization curves measured for OMC-phen-Pt-Cl2 did not follow the 

pattern typically observed in PEMFC, where high current densities are observed (see Figure 3-4 

A for OMC-phen-Pt-Cl2). In PEMFC, the polarization appears with a logarithmic drop at the 

initial decrease in voltage, which is referred to as the activation region, followed by a linear 

region due to the ohmic resistance of the cell. At low voltage, the mass transfer region appears 

where the current reaches a limiting value because the transport hindrances limit the supply of 

fuel to the active sites. In this methane system, the voltage quickly dropped to zero after a finite 

load resistance allowed electrons to go through the external circuit. Since the steep decreasing 

voltage occurred at very low current density, it could be associated with mass transport limitation 

and slow sorption kinetics of methane at the anode.26 Several of the lower performing 

polarization curves in Figure 3-3 B appear to reach the linear ohmic region at 0.1 V, indicating 

that the poor kinetics of methane oxidation still dominate the system. 

 To further elucidate the limiting performance of the fuel cell, we investigated both the 

utilization of methane and the kinetics of methane oxidation. By using the Randles-Sevcik 

equation, the diffusion coefficient of methane (shown in Figure 3-4 B) was estimated at 3.19 x 

10-12 cm2
·s-1 (see Appendix A for detailed explanation on the calculation). The Cottrell plot 

produced from our measurements approaches the origin as has been previously described.45 This 

describes the two-phase boundary reaction zone where the methane permeates, dissolves into the 

electrolyte and diffuses towards the electrode. For reference, the diffusion coefficient of 

hydrogen at the anode in hydrogen PEM fuel cell is only about 10-2 cm2
·s-1,12 which indicates a 

major limitation to be overcome is the transport of methane to reach the reactive sites. As 

previously mentioned, another challenge in this system is the slow sorption kinetics. Since 

adsorption of methane is an initial step before the reaction occurs and desorption is the final step 
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to remove the products, slow sorption would delay the reaction and lower the cell performance. 

To separate the effects of anode electrode reaction kinetics from mass transport, anodic 

polarization was used to analyze the anodic half-cell. 

 

Figure 3-4. Studies of mass transport and reaction kinetics during methane oxidation at the 
anode. (A) Polarization curves at different scan rates of fuel cell with OMC-phen-Pt-Cl2 on the 
anode and commercial GDE containing 0.5 mg-Pt·cm-2 on the cathode. (B) The corresponding 
Cottrell plot for the polarization curves with OMC-phen-Pt-Cl2 measured at zero potential. (C), 

Anode polarization of OMC-4Bp-Pt-Cl2 at 30 psig with Tafel plot in the inset. 
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 For this experiment, nitrogen was fed to the cathode (rather than oxgyen), which became 

a pseudo-reference electrode, and a potentiostat was used to polarize the anode to force methane 

to oxidize. From the anode polarization, the Tafel slope was extracted (and its value could be 

related directly to the electrocatalytic activity).46 The smaller the slope, the better the cell 

performance since higher current density is obtained at a given voltage. 

 From the inset on Figure 3-4 C, which shows the data in a semi-log format, the Tafel 

slope was extracted between 0.2 V and 0.5 V, and the estimated slope was 592 mV·dec-1. At the 

same temperature and pressure conditions, using Pt catalyst, typical Tafel slopes for hydrogen 

and methanol are about 25 mV·dec-1 and 161 mV·dec-1, respectively.47 The values of the Tafel 

slopes indicate that the activation energy required for methane oxidation at the fuel cell anode is 

almost 24 times higher than hydrogen oxidation and 4 times higher than methanol oxidation. 

This is not surprising considering the challenge in low temperature activation of methane; 

however, these results are the first demonstation that methane activation at these temperatures is 

possible. 

 After fuel cell testing, the catalyst was characterized with FT-IR to probe for the presence 

of Pt-carbonyl, as CO adsorption would have a negative impact on the performance of the 

catalyst. The absence of CO adsorption peaks at at 2186 cm-1, 2087 cm-1, and 1860 cm-1 in the 

FT-IR after methane oxidation indicated no catalyst poisoning by formation of Pt-CO units 

(Figure A- 10).48 This coincides with data we obtained from measuring CO reactivity with the 

molecular catalyst (Figure A- 13 and Figure A- 14). Finally, chronoamperometry was performed 

by holding the fuel cell at 0.2 V to generate current and allowing the effluent to pass through a 

CO2 trap that contained 1M NaOH solution to determine if CO2 was produced over a 20 hour 

period. 13C NMR was used to characterize the bicarbonate solution collected in this trap. The 
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spectra revealed the presence of CO3
2- indicating that CO2 was produced in the fuel cell effluent 

under these conditions (Figure A- 11). Also, no current density and hence no bicarbonate 

formation was observed in the absence of methane ruling out the possibility of OMC oxidation. 

The OMC bound ligands that were used as controls, OMC-4Bp, OMC-6Bp and OMC-phen, that 

did not contain Pt as shown XPS spectra (see next section for details) showed negligible current 

densities in DMEFCs in the presence of methane and zero production of CO2 by 13NMR. Clearly, 

the observed carbonate was the product of methane oxidation to CO2. The OMC-4Bp-Pt-Cl2 

catalyst sample was analysed after the fuel cell reaction using electron microscopy (Figure 3-5). 

It was observed that the molecular Pt(II) complex decomposed to metallic Pt nanoparticles which 

led to the deactivation of the methane oxidation catalyst. High resolution STEM and EDX 

(Figure 3-5 E, F & G) indicated the presence of crystalline Pt nanoparticles. 

 Chronopotentiometry was used to test the durability of the direct methane PEMFC at an 

applied current density of 19.3 mA·cm-2 at 80°C.  As Figure A- 12 shows, the voltage was stable 

at 0.2 V for 6 hours before it dropped to zero volts. After 10 hours, the voltage became negative 

indicating a switch potential of the electrodes. It is most likely that the redox reactions continued 

to generate electrons at the anode that migrated to the cathode through the external circuit. 

However, the transport of the protons, produced from methane oxidation at the interface between 

the anode and the membrane, was hindered due to currently available ionomer polymer 

technology under anhydrous conditions (see Appendix A for details on hydration effect). 

Experiments were completed at various humidity levels and optimized conditions were used for 

all reported experiments (See Appendix A for optimization studies). As a result, charges built up 

at the anode and cathode generating a negative potential. Also, CV was measured on one sample 

that demonstrated current production and no redox peak for Pt was observed (Figure A- 9). 
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Figure 3-5. Bright field and scanning transmission electron micrographs of the catalyst OMC-
4Bp-Pt-Cl2 after fuel cell testing, showing high contrast Pt metal nanoparticles disbursed across 

the support material. (A) TEM image of the entire particle. Scale bar = 200 nm. (B) Higher 
magnification image of the particle edge, indicated by the red box in (A), showing the pore 

structure of the carbon support from the side, as well as a distribution of larger nanoparticles. 
Scale bar = 100 nm. (C) Higher magnification image of a thinner area of the particle edge, 

indicated by the blue box in (A), showing the presence of many smaller nanoparticles. Scale bar 
= 20 nm. (D) High resolution image of the medium-sized nanoparticle indicated by the green box 
in (C), with corresponding fast Fourier transform inset showing single crystalline structure. Scale 

bar = 2 nm. (E) and (F) are STEM images corresponding to (A) and (B). The scale bars = 200 
nm and 50 nm, respectively. (G) EDX spectra collected in the regions indicated by the colored 
circles in (F), corresponding to the OMC support (orange) and a single Pt nanoparticle (purple). 
The spectrum acquired in the purple circle is representative of spectra take on numerous other 

particles in this region. Elemental analysis shows that the indicated particle - and other particles - 
consist of Pt, while the HRTEM (D) shows that the nanoparticles are single crystalline, and are 

thus reduced metal Pt. 
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3.4.3 Insights using X-ray photoelectron spectroscopy (XPS) 

 It was observed that most of the activity values obtained from the electrochemical 

measurements for each OMC-tethered catalyst correlate directly with the observations recorded 

from the XPS studies. Considerable insights regarding the relationship between the structure, 

composition and activity can be gained through these measurements. As seen from Figure 3-6 A 

the high-resolution Pt 4f spectra of all three phenyl versions of the OMC supported single-site 

catalysts showed a predominant peak corresponding to the Pt 4f7/2 component positioned at 73.0 

eV, indicating that Pt was in the +2 oxidation state. Another peak positioned at 75.0 eV was also 

observed in these spectra, which may be attributed to the excess Pt precursor ([PtPh2(µ-SEt2)]2) 

adsorbed onto the surface of OMC. Likewise, the high-resolution Pt 4f spectra obtained from 

three chloro derivatives of the OMC supported complexes revealed a major peak positioned at 

71.4 eV (Figure 3-6 B). This lower binding energy peak is distinctive to PtCl2 moieties and has 

been attributed to a higher charge accumulation on the Pt in the PtCl2 as compared to PtPh2, 

maintaining Pt in the +2 oxidation state, which is also consistent with the notion that heterolytic 

Pt–Cl cleavage is a viable pathway for methane C–H activation (see above).
49 

 Furthermore, it was evident from the XPS data that the activities of the OMC-based 

catalysts were dependent on several factors such as the quantity of bipyridine moieties 

coordinated to Pt(II), the atomic concentration of Pt and N and finally, the atomic concentration 

of Cl in the catalyst sample. In the deconvoluted high-resolution N 1s spectra of these catalyst 

samples (Figure 3-6 C), two main peaks were observed. The peaks positioned at 398.6 eV and 

399.4 eV were attributed to the uncoordinated bipyridine moieties on the surface of mesoporous 

carbon. The peak located at 400.6 eV was attributed to the N–Pt bonds, confirming the formation 

of the complex on OMC support.50 These data, along with the atomic concentration of Pt and N, 
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lend evidence for the role of molecular catalysts in the activation of methane in a PEM fuel cell. 

For example, the percent atomic concentrations of Pt and N in the samples OMC-4Bp-Pt-Cl2 

were 4 and 3.2, respectively (Table A- 2, entry 5). The highest catalytic activity in the DMEFC 

(278 µW·mg-1 Pt) was observed when the major component of the N 1s peak was located at 

400.6 eV, which was attributed to the coordinated nitrogen moieties (Figure 3-6 C). On the 

contrary, in the phenyl version of this catalyst, OMC-4Bp-Pt-Ph2, the percent atomic 

concentrations of Pt and N were observed to be 1.3 and 4.1 (Table A- 2, entry 2), respectively, 

implying a large excess of nitrogen compared to platinum. This was also reflected in the high-

resolution N 1s spectra which, in addition to a peak at 400.6 eV due to coordinated species, also 

showed a substantial amount of uncoordinated species located at 398.8 and 399.4 eV (Figure 3-6 

C). Consequently, the electrocatalytic activity in the DMEFC was significantly lower (101 

µW·mg-1 Pt), presumably due to the small amount of complex on the surface of OMC. These 

results further validate the role of OMC-tethered molecular catalysts in the activation of methane 

in fuel cells. 

 

Figure 3-6. High-resolution XPS spectra. (A) Pt 4f, phenyl derivatives; and (B) Pt 4f, chloro 
derivatives of the complexes. (C) N 1s, comparing chloro, phenyl and non-platinum versions. 

The peaks at 398.6 eV and 399.4 eV are due to uncoordinated bipyridine moieties; peak at 400.6 
eV, clearly visible in the purple and pink spectra corresponding to Pt-containing chloro and 

phenyl versions is attributed to the N-Pt coordination. The control made without platinum (blue) 
shows only negligible peak intensity at 400.6 eV. 

A         B        C 
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 Finally, it was observed that another contributing factor toward the activity in DMEFC 

was the quantity of Cl in the catalyst materials. For example, the OMC-4Bp-Pt-Cl2 catalyst had 

the highest atomic concentration of Cl (Table A- 2, 1.7 atomic %) and demonstrated the highest 

catalytic activity (278 µW·mg-1 Pt). Importantly, this sample also had the highest amount of 

nitrogen coordinated with Pt(II). The N/Pt ratio was 0.8 and was the highest among the chloro 

derivatives. In comparison, the OMC-phen-Pt-Cl2 sample had significantly less Cl (Table A- 2, 

0.9 atomic %) and a much smaller N/Pt ratio (0.4), which implies a lower quantity of 

phenanthroline coordinated Pt moieties. This material demonstrated lower activity (109 µW·mg-1 

Pt) than other catalysts in the OMC-Pt series. The sample showing the highest atomic 

concentration of platinum did not demonstrate the highest electrocatalytic activity (Table A- 2, 

OMC-phen-Pt-Cl2, 5.1 atomic %), nor did the sample containing the highest atomic 

concentration of nitrogen (OMC-4Bp-Pt-Ph2, 4.1 atomic %, most of it was in the uncoordinated 

state due to the low platinum atomic concentration), which underscores the importance of 

specific identity of the nitrogen-ligated platinum for the C–H activation of methane in the 

DMEFC. The OMC bound ligands that were used as controls, OMC-4Bp, OMC-6Bp and OMC-

phen, did not show the presence of Pt in their spectra and showed negligible current densities in 

DMEFCs. In general, XPS studies reveal that a near 1:1 ratio of Pt:N gave the highest power 

output. These data supports the fact that molecular catalysts are responsible for the methane 

oxidation as opposed to Pt nanoparticles. 

3.5 Conclusion 

 The strategy of pairing molecular catalysts with OMC is a viable approach for low 

temperature electrochemical methane oxidation. Hence, molecular Pt catalysts, which have been 

shown to thermally activate C–H bonds for chemical transformations,
40

 can be tethered to 
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conductive OMC support to perform similar C–H activation in an electrochemical environment. 

Given this initial success, expanding the studies to new molecular catalysts tethered to OMC is 

promising, improving methane conversion from the conversion calculated from the optimized 

catalyst (8x10
-3

) would be an initial starting point. Still, engineering and chemical challenges 

need to be addressed including the poor solubility of methane and sorption in the fuel cell along 

with enhancing the stability of the supported Pt catalysts. Additional studies are underway to 

improve GDE conductivity, optimize humidity levels and identify more active catalysts. 
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CHAPTER 4 : EXPLORATION OF IONIC LIQUIDS TO ENHANCE FUEL TRANSPORT 

AND PROTON CONDUCTIVITY AT THE GAS DIFFUSION ANODE FOR DIRECT-

METHANE PEM FUEL CELLS  

 

4.1 Abstract 

Protonic ionic liquids (PILs) such as n,n-diethylmethylammonium 

trifluoromethanesulfonate [DEMA][TfO], n,n-diethylmethylammonium nonafluorobutane-1-

sulfonate [DEMA][NfO], and imidazolium trifluoromethanesulfonimide [Im][HTFSI] were 

selected to replace perfluorosulfonic acid (PFSA) typed ionomer produced at 3M (EW=733 amu) 

at the anode of a direct-methane proton exchange membrane fuel cell (PEMFC) to improve the 

anodic fuel transport and charge transfer during methane oxidation.  Thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC) indicated the prepared ionic liquids were 

neat and had high thermal stability.  Fourier transform infrared spectroscopy (FTIR) and nuclear 

magnetic resonance spectroscopy (NMR) confirmed the formation of PILs from acid-base 

neutralization reactions.  In-plane conductivities measured by AC impedance spectroscopy 

indicated that the PILs retained good proton conductivities (13.6-42.7 mS·cm-1) under anhydrous 

conditions at 80°C.  Replacing the 3M PFSA-typed ionomer with the best PIL ([Im][HTFSI]) in 

a MEA increased the current density by five times (to 503 µA·cm-2) and the power density by 

three times (to 58.5 µW·cm-2) than the previous report of best direct-methane PEMFC.51  An 

impedance Nyquist plot and Randles-Sevcik equation indicated the ionic liquid had lower charge 

transfer and methane diffusion resistances than the 3M PFSA-type ionomer. 

4.2 Introduction 

Proton exchange membrane fuel cells (PEMFCs) can be major power contributors in the 

future due to their high energy conversion efficiency, high energy density, and flexible 

applicability.52  However, most PEMFCs nowadays use hydrogen as their fuel, which has low 
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compressibility and is an expensive synthetic gas that is produced mainly from steam methane 

reforming.  Substituting hydrogen with methane, the more compressible and most abundant 

hydrocarbon in natural gas, will be an economic breakthrough.  Recent studies on direct-methane 

PEMFCs have achieved a lot of improvements from the past, however, the produced currents 

were still extremely low compared to hydrogen fuel, which is largely caused by the limited rates 

of both fuel and charge transport within the catalyst layer of the anode.51 

Catalyst layers, especially at the anode, are very important components of direct-methane 

PEMFCs.  Within the catalyst layer, the electrochemical reactions occur via charge transfer on 

the catalytic surface.  After methane is oxidized at the anode, for example, the electrons are 

conducted through the carbon black, and the protons travel through the ion-conducting ionomer 

film.  Porous electrodes are normally used to increase the electrocatalytically active surface 

area.53  They are normally prepared by mixing together aggregates of carbon-supported Pt 

catalyst particles with Nafion® ionomer to form porous agglomerated structures that contain a 

combination of large secondary pores and small primary pores, as shown in Figure 4-1.54 

When methane and water vapor enter from the gas diffusion layer (GDL), they diffuse 

through the secondary pores and dissolve into the Nafion® ionomer film before reaching the 

catalyst sites to react.  Although this thin film is often less than 50 µm thick,54 under high 

humidity conditions condensed liquid water can fill the pore space and inhibit methane diffusion 

toward the triple-phase boundary, significantly reducing the power output of the fuel cell.  On 

the other hand, for feeds at low relative humidity, methane oxidation at the reaction zone dries 

out the ionomer and prevents protons from diffusing through it to the polymer electrolyte 

membrane (PEM).  Both of these resistances slow down the overall reaction rate for these two 

different feed cases (wet vs. dry). 
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Water management, therefore, is extremely difficult in direct-methane PEMFCs.  

Previous studies indicated that insufficient water causes the Nafion® ionomers to lose their 

conductivity, whereas too much water floods the anode and blocks methane transport to the 

reactive, catalytic sites.51  Thus, a complicated balance of water supply is required for the fuel 

cell to function efficiently.  For direct-methane PEMFCs, the water concentration at the anode is 

mainly controlled by the humidity level of the gas feed and the water consumed during methane 

oxidation.  An imbalance of these contributions can lead to localized dehydration or flooding at 

the anode, and as a consequence, inhibit the fuel cell's performance. 

The challenges described above can be solved by simply replacing the Nafion® ionomer 

with an ionic liquid.  Ionic liquids have received a lot of attention lately in electrochemical 

technologies as well as carbon capture and thermal energy storage applications due to their 

negligible volatility, non-flammability, high thermal and electrochemical stability, and most 

importantly, outstanding ionic conductivity, even under anhydrous conditions.55  These 

interesting physicochemical properties make ionic liquids exceptional candidates for direct 

methane PEMFC applications.  In recent studies, Chen et al. reported that the solubility of 

 

Figure 4-1. Wet vs. dry porous electrode. 
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methane in ionic liquids is about 40 times higher than in water.20  Therefore, using ionic liquids 

in place of Nafion® ionomer at the anode will maintain high proton conductivity at the catalyst 

layer (even under anhydrous conditions) and improve methane diffusion towards the catalytic 

sites.  As a result, ionic liquids increase both charge transfer and fuel transport under methane 

oxidation conditions. 

Ionic liquids are organic salts that have low melting points.  Many of them are liquid at 

room temperature, and therefore, are referred to as room temperature ionic liquids.56  Ionic 

liquids are formed from strong electrostatic forces between cations and anions.  They do not need 

a solvent as in the case of ionic solutions.57  There are two types of ionic liquids: aprotic and 

protic.17  In aprotic ionic liquids, the cation forms by attaching an alkyl group to an amine.  Once 

the carbon-nitrogen bond is formed, it is very difficult to break, and as a result, aprotic liquids 

easily maintain their ionic stability throughout their life.  Protic ionic liquids, on the other hand, 

are formed by transferring a proton from a Brønsted acid to a Brønsted base.  In order to obtain 

high ionic stability, the acids and bases need to be strong enough with a large difference in pKa 

so that the transferred proton prefers to attach to the base and the reverse process does not 

occur.58  Since protic ionic liquids (PILs) have exchangeable protons in their chemical structures 

and due to the existence of hydrogen bonding, they show the ability to conduct protons under 

anhydrous conditions; PILs can therefore be used for fuel cell electrolytes.59 

In this study, different PILs were prepared to replace Nafion® ionomer at the anode of the 

fuel cells.  The syntheses of these PILs were based on acid-base neutralization reactions in which 

a proton was transferred from a Brønsted acid (trifluoromethanesulfonimide, 

trifluoromethanesulfonic acid, or nonafluorobutane-1-sulfonic acid) to a Brønsted base 

(imidazole or n,n-diethylmethylamine).  When the proton exchange was complete, the proton 
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localized and remained on the Brønsted base to turn it into a Brønsted acid that carried the proton 

(just like water in an acidic aqueous solution) and conducted predominantly via the Vehicle 

Mechanism.  All of the chosen PIL systems contained an approximately 1:1 molar ratio of cation 

to anion.  After the syntheses, both the chemicals and the structures of the ionic liquids were 

confirmed by both FTIR and 1H NMR spectroscopies.  The thermal properties of the PILs were 

measured with DSC and TGA.  For each sample of PIL, its proton conductivity was determined 

under anhydrous conditions via AC impedance spectroscopy.   

Last, several direct-methane PEMFCs were built and tested by feeding humidified 

methane and oxygen to the anode and cathode, respectively.  The fuel cells were operated at 

optimized conditions, and the polarization curves were used to determine the effect of each ionic 

liquid's conductivity on the fuel cell's performance in term of both the current and power 

densities.  AC impedance spectroscopy was also used to compare both the charge transfer and 

diffusion resistances between 3M PFSA-typed ionomer and one of the best performing ionic 

liquids during methane fuel cell polarization. 

4.3 Experimental 

4.3.1 Materials and Preparation 

Ionic liquids were prepared following syntheses methods from a previous study.60  Imidazole 

(IM), trifluoromethanesulfonimide (HTFSI), n,n-diethylmethylamine (DEMA), 

trifluoromethanesulfonic acid (TfO), and nonafluorobutane-1-sulfonic acid (NfO) were 

purchased from Aldrich and used as received.  A Brønsted acid (e.g., HTFSI, TfO, or NfO) was 

slowly added to a Brønsted base (e.g., Im or DEMA) in a molar ratio of 1.01, as shown in 

chemical reactions 4-1, 4-2, and 4-3.  Initially, vigorous cooling was necessary because of the 

extremely exothermic reaction as a result of neutralizing these super-strong acids and bases.  



 83 

After cooling for 30 minutes in an ice-bath, the mixtures were heated at 100°C and melt-mixed 

in an oil bath for 8 hours under an argon atmosphere.  Finally, the PILs were dried for 12 hours 

at 100°C under vacuum to completely remove any residual water or excess base.  The salts were 

subsequently stored and handled in a glove box for further chemical and thermal analyses. 

 

 

 

4.3.2 Chemical and Thermal Characterizations 

FTIR spectra were collected using a Nicolet Magna 550 FTIR.  [Im][HTFSI] and 

[DEMA][NfO] appeared solid at room temperature.  They were ground to fine powder, mixed 

with KBr, and pressed to 6 tons forming uniform pellets for FTIR analysis.  [DEMA][TfO], 

however, appeared liquid at room temperature.  Before making the KBr pellet, the liquid was 

first frozen under liquid nitrogen.  All spectra were collected with 256 scans and resolution of 4 

cm-1. 

A JEOL ECA-500 500 MHz liquid NMR was used to confirm the chemical structures of 

the ionic liquids.  All samples were dissolved in D2O solvent and all measurements were 

conducted at room temperature. 
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A Perkin Elmer DSC 7 Differential Scanning Calorimeter that is connected to a computer 

via a TAC7/DX Thermal Analysis Instrument Controller was used to determine the melting 

points of the ionic liquid samples.  The samples were tightly sealed in aluminum pans and 

analyzed under nitrogen atmosphere.  The samples were heated to 150°C, then cooled to -75°C, 

and finally heated again to 150°C at heating/cooling rates of 10 °C·min-1. 

The thermal stability of the ionic liquids was determined by using a Pyris 1 TGA 

Thermogravimetric Analyzer with Pyris Software for Windows.  The samples were weighed and 

placed in open aluminum pans.  All analyses were performed in the temperature range of 30-

600°C in argon atmosphere with a scanning rate of 10 °C·min-1. 

4.3.3 Proton Conductivity Measurements 

 The ionic conductivities as a function of temperature of the pure PILs were determined 

by AC impedance spectroscopy at 25°C, 50°C, 80°C, and 120°C using a Gamry Electrical 

Impedance Spectrometer (EIS 300).  Precisely, 0.5 mL of each ionic liquid was placed in a glass 

vial to immerse two Pt rods fixed at a constant electrode distance.  The ionic liquid sample was 

then heated and equilibrated for at least 1 hour at each temperature prior to each impedance 

measurement.  The frequency was swept between 10 MHz to 1 Hz at each temperature. 

 The collected impedance spectra were fitted to the Randall circuit to find the total 

resistance of the PILs. The conductivity (mS·cm−1) was calculated from the measured resistance 

using the following equation: 

� =
�

� · � · �
 

(4-4) 

where l, t, w, R are the distance between the two electrodes (10 mm), the liquid level (2.8 mm), 

the sample width (10 mm), and the resistance of the solution, respectively. 



 85 

4.3.4 Membrane Electrode Assembly (MEA) Fabrication 

The anode ink was first prepared by combining the catalyst, water, isopropanol, and PIL 

solution.  The PIL was added such that the ionic solution was 66.7 % of the total mass of the 

mixture, including both the carbon and the ionic solution in the ink.  Water was added in an 

amount that was ten times the mass of the carbon in the ink. Isopropanol was added to the ink to 

obtain a water/isopropanol ratio of 3:2.  The ink was sonicated in an ultrasonic bath for 5 minutes, 

followed by mixing with a vortex mixer for 2 minutes. The sonicating and mixing process was 

repeated three times.  The ink was painted onto hydrophobic GDLs (ELAT LT-1400) to make 

the gas diffusion anode.  The painted anode was then placed under an IR 250 W heat lamp to 

evaporate the water/isopropanol solvent in the catalyst layer. A commercial gas diffusion 

electrode (Pt/C with a Pt loading equal to 0.5 mg·cm-2) was used as the cathode.  Both the anode 

and cathode were prepared with an area of 5.48 cm2. The electrodes were hot pressed onto the 

opposite sides of a cleaned Nafion-1110 membrane using a digital combo multi-purpose press 

(DC14, GEO Knight & Co., Inc.), at 80°C and 60 psig for 90 s. 

4.3.5 Fuel Cell Testing 

A single hardware cell with an area of 5.48 cm2 and single serpentine flow fields (Fuel 

Cell Technologies, Inc.) was used for this study.  Humidified methane and oxygen were fed to 

the anode and cathode, respectively, at the same flow rate of 0.3 L·min-1. Both gases were fed 

and humidified by sparging them through a bottle filled with deionized water using a modular 

gas handling and gas metering system (Lynntech, Inc.). The methane feed gas was kept at 60°C 

while oxygen was humidified at 80°C and the cell was also maintained at 80°C. The effluent 

from the fuel cell flowed through the backpressure regulator and liquid water was condensed out 

by passing the gas through a bottle held at room temperature. For this study, the backpressure 
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was always kept at 30 psig during fuel cell testing.  A potentiostat (Gamry Instrument) was used 

to collect polarization curves by first remaining at open circuit for 60 minutes, then stepping 

down from the open circuit potential until the limiting current was reached. 

4.4 Results and Discussion 

Methane oxidation occurs in multiple steps at the anode.  First, the humidified methane 

needs to be convectively transported to the anode GDL via the flow-field channels.  Both 

methane and water vapor then diffuse through the microporous layer of the support and adsorb 

onto the catalyst layer.  At this location, the gases must separately bind onto the catalytic sites 

(through the hydrogen atoms), react, and produce either carbon dioxide or methanol as a 

complete or partial oxidation product, respectively.  The resultant chemisorbed hydrogen atoms 

then release electrons and protons at the anode, which are transported to the external circuit to 

produce current or migrate to the electrolyte membrane through a proton conductive ionomer, 

respectively.  All of these steps can affect the overall reaction rate.  Most direct-methane PEMFC 

research is currently focused on developing new catalysts to activate methane oxidation, but very 

few studies focus on solving proton charge transport and methane gas diffusion problems, which 

could significantly affect the overall fuel cell performance. 

 

Figure 4-2. Effect of condensed water on the two-phase- and three-phase-boundary reaction 
zones inside the fuel-cell anode.45 
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As stated in our previous publication, slow methane and water diffusion within the 

catalyst layer causes fuel depletion and flooding of the fuel cell that adversely affect its 

performance.51  Due to a conflict of polarity, mass transport of water through the Nafion® 

ionomer is extremely slow at the interfacial boundary.61  As a result, water is not consumed and 

at 80°C and 30 psig, water vapor most likely condenses and floods the anode, forming a binary-

phase boundary layer.  This seems incongruous because although the pores in the anode contain 

too much water, the ionomer may still be too dry, causing two distinct problems that 

simultaneously reduce the fuel cell's performance.  Since the pore spaces are filled with liquid 

water, methane has to first dissolve in this liquid medium before it can diffuse to the reaction 

sites.  This boundary layer slows down methane transport and thus induces current losses due to 

less physical contact area where the catalyst, water, and methane meet (i.e., the triple-phase 

boundary) and react.  Figure 4-2 illustrates the different reaction zones within the anode.45
 

At 65°C, the mole fraction solubility of methane in water is 2.18·10-5.62  For the direct-

methane PEMFC studied in this chapter, the humidified methane flow rate was always set at 0.3 

L·min-1, and it contained 20 % water vapor.  Assuming all of the water condenses and covers the 

catalyst sites, the limiting current that a fuel cell can produce can be calculated based on the 

saturated amount of methane dissolved in water.  According to Faraday’s law: 
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 n = 8 (number of electrons produced and consumed in the redox reaction) 

 F = 96,400 C·mol-1 
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After substituting these values into equation 4-5, the maximum current the direct-

methane PEMFC can produce is only 688 µA or 125 µA·cm-2 (for an electrode area of 5.48 cm2).  

This value is very close to the results reported in our previous publication that were obtained 

from a series of Pt-based single-site molecular catalysts (review Chapter 3 for detail).51  It is 

therefore reasonable to assume that mass transport limitations due to flooding mainly slowed 

down the methane oxidation reaction at the anode. 

Replacing Nafion® ionomer with an ionic liquid at the anode was anticipated to maintain 

high proton conductivity regardless of the water concentration during methane oxidation.  The 

selected PILs, [DEMA][TfO], [DEMA][NfO], and [Im][HTFSI], are in the liquid state at the fuel 

cell's operating temperature and were thermally ultra-stable.63 Figure 4-3 shows the DSC 

thermograms for the pure PILs prepared for this work.  The single endothermic peak that appears 

in each DSC trace corresponds to the melting point (Tm) of the ionic liquid.  As shown, 

[DEMA][TfO] was in liquid form at room temperature, whereas [DEMA][NfO] and 

[Im][HTFSI] melted at 71.5°C and 75.1°C, respectively.  Since the fuel cell was operated at 

80°C, however, all of the chosen PILs were in the liquid state and were easy to spread out evenly 

when applied onto the electrode. 

Figure 4-4 shows the TGA curves for [DEMA][TfO], [DEMA][NfO], and [Im][HTFSI].  

All of the PILs showed weight loss starting above 300°C, where the liquids started to 

decompose.64  The level of thermal stability was in the order of 

[Im][HTFSI]>[DEMA][TfO]>[DEMA][NfO].  Weight loss below 300°C would be observed in 

the TGA pattern if there was an excess free amine (either DEMA or Im) in the sample due to 

evaporation because of its low boiling point.  However, only a single weight loss event appeared 

in all of the TGA curves above 300°C, indicating that no excess or unreacted Brønsted base was 
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left in the prepared PILs.  These neat PILs were thermally ultra-stable under our direct-methane 

PEMFC testing conditions (80°C and 40 % RH). 

 

 

 

 

Figure 4-3. DSC thermograms for the prepared PILs. 

 

Figure 4-4. TGA curves for [DEMA][NfO] (lowest, blue), [DEMA][TfO] (middle, dashed red), 
and [Im][HTFSI] (highest, purple). 
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FTIR spectroscopy was used to confirm the chemical structures of the prepared PILs.  

The FTIR spectra for all three PILs matched the bands assignments from previous studies 

(Figure 4-5).3, 65  For [DEMA][TfO], the protonated N-H stretching vibrational modes of the 

quaternary DEMA cationic liquid are located at 3066 cm-1 and 2817 cm-1.  N-H bending 

vibrational modes, however, are located at 1285 cm-1 and 1162 cm-1.  Peaks at 2987 cm-1, 2900 

cm-1, 1480 cm-1, 1396 cm-1, and 640 cm-1 were assigned to the C-H stretching vibrational modes 

of protonated DEMA.  The TfO anionic liquid appeared to have C-F stretching modes at 1243 

cm-1 and 1027 cm-1.  The S-O stretching vibrational modes are located at 575 cm-1 and 519 cm-1.  

The broad absorption peak located at 3650 cm-1 was assigned to the residual water in the sample. 

 

 

 

Figure 4-5. FTIR spectra for the PILs prepared in this work. 
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Similarly, the FTIR spectrum for [DEMA][NfO] showed N-H stretching (3084 cm-1 and 

2828 cm-1), N-H bending (1291 cm-1 1140 cm-1), and C-H stretching (2993 cm-1, 2900 cm-1, 

1480 cm-1, 1396 cm-1, 1359 cm-1, and 640 cm-1).  The NfO anionic liquid exhibited C-F 

stretching of the -CF3 group (1245 cm-1 and 1056 cm-1) and S-O stretching (575 cm-1 and 535 

cm-1).  The peaks located at 850-730 cm-1 were assigned to C-F stretching of –CF2 groups on 

NfO.  The broad absorption peak at 3475 cm-1 was assigned to the residual water. 

Lastly, the FTIR spectrum for [Im][HTFSI] displayed imidazolium stretching and 

bending vibrational modes in the absorption region at higher wavenumbers, with N-H stretching 

located at 3300 cm-1 and 3009 cm-1, N-H bending located at 1345 cm-1 and 1135 cm-1, and C-H 

stretching at 3160 cm-1 and 1591 cm-1.  The HTFSI cationic liquid, however, had C-F stretching 

(1194 cm-1 and 1059 cm-1) and S-O stretching (576 cm-1 and 516 cm-1) vibrational modes similar 

to those that had been assigned for TfO and NfO.  Peaks located at 800-600 cm-1 were assigned 

to other bending motions of HTFSI.  There was no water present in the [Im][HTFSI] neat sample. 

Figure 4-6 shows the 1H-NMR spectra for [DEMA] and [DEMA][TfO] in D2O solvent 

with the peaks assignments indicated.  Three distinct peaks were present in the spectrum of pure 

[DEMA]; -CH3 (a), -CH3 (b), and -CH2- (c).  After the [DEMA][TfO] ionic liquid is formed, all 

of the nitrogen atoms in [DEMA] are protonated and electron-deficient.52  The charged 

ammonium withdraws electrons from its neighbors, de-shields the nearby nuclei, and shifts their 

1H chemical peaks to further downfield.  This shifting effect often depends on how close these 

nuclei are from the nitrogen atom.  For example, the methyl group protons (a) are further away 

from the nitrogen center, and therefore, their chemical shift is less affected than the others (b and 

c).  It is should be noted that the -CH2- protons (c) no longer experiences the same magnetic field 
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and separates into two broad peaks.  There is no sign of neutral [DEMA] left in the sample, 

which indicates that [DEMA][TfO] formed a neat ionic liquid. 

Similar to [DEMA][TfO], the 1H-NMR spectrum of [DEMA][NfO] in Figure 4-7 shows 

distinct peaks for -CH3 (a) and -CH3 (b) that were shifted downfield due to the bearing charge of 

the nitrogen atoms in [DEMA].  The -CH2- protons (c) were closest to the charge center, and 

therefore, their nuclei felt the strongest magnetic field effects.  Since fluorine atoms have very 

high electronegativity, they tend to withdraw electrons from the -CH2- groups even more.  As a 

result, the peaks that represent -CH2- protons (c and c’) are more distinct.  No neutral [DEMA] 

was observed in the spectrum. 

 

 

Figure 4-6. 1H NMR spectra with peaks assignments for pure [DEMA] (bottom) and 
[DEMA][TfO] (top). 
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Figure 4-7. 1H NMR spectra with peaks assignments for pure [DEMA] (bottom) and 
[DEMA][NfO] (top). 

 

Figure 4-8. 1H NMR spectra with peak assignments for pure [Im] (bottom) and 
[Im][HTFSI] (top). 
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1H NMR spectra for [Im] and [Im][HTFSI] with the peak assignments are shown in 

Figure 4-8.  There are only two distinct peaks in the spectra that represent C-H (a) and C-H (b).23  

The N-H (c) peak was not detected because it most likely formed a hydrogen bond and proton 

exchanged with the deuterated water solvent.  As discussed, the charge induced in the imidazole 

ring of [Im][HTFSI] withdrew electrons from the ring neighbors, de-shielded the nuclei nearby, 

and shifted their 1H chemical peaks to a region further downfield.  No neutral [Im] was observed 

in the spectrum. 

Past studies have shown that the proton conductivity of Nafion® thin films formed at the 

catalyst layer are strongly influenced by their thickness.61  At less than 50 µm thick, the ionomer 

films had lower water content and were about ten times lower in conductivity than the bulk 

Nafion® membrane.  Thus, the thin films were even more dependent on the amount of water 

uptake for sufficient charge transfer to occur.  For the conventional humidified gas PEMFC 

experimental setup, the highest water/methane molar ratio was only 1:5 (corresponding to 100 % 

RH) at 30 psig.  This water concentration was much less than the required stoichiometric ratios 

of reactions 1-2 and 1-5 described previously in Chapter 1.  Therefore, as the fuel cell operated, 

the water was quickly consumed and the ionomer film no longer conducted protons.  High 

charge-transfer resistance caused a substantial voltage drop during fuel cell operation and 

resulted in a very low current density.   

The PILs selected for this study were good proton conductors due to their high physical 

and chemical stabilities and had excellent ionic conductivities, even under anhydrous conditions.  

Replacing Nafion® ionomer with these PILs could reduce the interruption of charge transfer on 

the catalyst surface in droughty conditions.  Figure 4-9 shows the in-plane conductivities of 

[DEMA][TfO], [DEM][NfO], and [Im][HTFSI] measured at 25°C, 50°C, 80°C, and 120°C.  As 
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shown, [DEMA][TfO] had the highest proton conductivity, reaching 42.7 S·cm-1 at 80°C and 

73.6 S·cm-1 at 120°C under anhydrous conditions.  These conductivities were almost comparable 

to Nafion® ionomer at 100 % RH and 80°C, which is approximately 80 mS·cm-1.15  At 80°C and 

dry conditions, [DEMA][NfO] and [Im][HTFSI] had proton conductivities of 13.6 S·cm-1 and 

20.1 S·cm-1, respectively.  Although these conductivities were lower than that of [DEMA][TfO], 

they were probably sufficient to conduct protons from the catalytic sites to the electrolyte 

membrane.  In addition, the fact that the proton conductivities of all three of these PILs 

continued to increase above 100°C makes it possible to test them in fuel cells at elevated 

temperatures.  However, the polymer electrolyte membrane would also need to handle 

temperatures above 100°C,66 but since Nafion® membranes were used for this study, an 

operating condition of 80°C was used in all of the fuel cell related experiments. 

 

Figure 4-9. Temperature dependence of the ionic conductivity of [DEMA][TfO] (�), 
[DEMA][NfO] (■), and [Im][HTFSI] (▲). 
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Figure 4-10 shows the polarization curves for direct methane PEMFCs that used different 

proton conducting ionomers in the Pt-based anode.  Commercial GDE (with a loading of 0.5 mg-

Pt·cm-2) and Nafion® ionomer produced a limiting current density and maximum power density 

of less than 75 µA·cm-2 and 4.0 µW·cm-2, respectively.  Increasing the Pt loading by five times 

only increased the limiting current density and maximum power density to 116 µA·cm-2 and 4.5 

µW·cm-2, respectively.  As learned from preliminary experiments, the PFSA ionomer produced 

by 3M with shorter side-chains and a higher sulfonic acid concentration had higher proton 

conductivity, and as a result, forms a better MEA for direct-methane PEMFCs.  This is consistent 

with the polarization curves in Figure 4-10 which show that 3M PFSA-type ionomer increased 

the limiting current density and maximum power density by three times, almost reaching 282 

µA·cm-2 and 11.6 µW·cm-2, respectively. 

 

It is interesting that PIL ionomers even out-performed 3M PFSA-type ionomer at the 

same level of Pt loading (2.5 mg-Pt·cm-2).  As indicated in Figure 4-10, fuel cells that used 

[DEMA][NfO] at the anode had slightly higher performance than fuel cells that used 3M PFSA-

 

Figure 4-10. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made 
of a commercial electrode (with 0.5 mg-Pt·cm-2 loading) and Nafion® ionomer (○) vs. a 

commercial catalyst (2.5 mg-Pt·cm-2 loading) and Nafion® ionomer (□), 3M PFSA-typed 
ionomer (∆), [DEMA][NfO] (●), [DEMA][TfO] (■), or [Im][HTFSI] (▲). 
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type ionomer.  Furthermore, current and power density of the fuel cell with [DEMA][TfO] (and 

especially [Im][HTFSI]) almost doubled compared to the fuel cell that contained 3M PFSA-

typed ionomer.  The fuel cell with [Im][HTFSI] performed the best because this PIL has the 

highest thermal stability, good proton conductivity, and most importantly, its [HTFSI] anion 

plays a crucial role in methane oxidation at the Pt electrode.  Another research group found that 

the [HTFSI] anion and platinum catalyst together form an interfacial complex that helps to 

adsorb and oxidize methane more effectively.67  Consequently, the fuel cell that used 

[Im][HTFSI] as its anodic ionomer produced the highest current (524 µA·cm-2) and power 

density (31.9 µW·cm-2). 

To confirm the encouraging performance of these PILs in the anodes of direct-methane 

PEMFCs, [Im][HTFSI] was combined with our best molecular catalyst, OMC-4BP-PtCl2, and 

was used to replace 3M PFSA-typed ionomer at the anode (Figure 4-11).  Although the Tafel 

slopes over the thermo-activation region were about the same for both fuel cells because they 

used the same catalyst, there was a lot less ohmic and transport resistance for the fuel cell that 

used [Im][HTFSI]; its performance was almost five times higher than the fuel cell that used 3M 

PFSA-type ionomer.  It is worth mentioning that this molecular catalyst had a loading of only 0.1 

mg-Pt·cm-2, which was 25 times less than the fuel cell with the Pt-based anode discussed 

previously (Figure 4-11).  Yet, the molecular Pt-based catalyst fuel cell produced about the same 

limiting current density (503 µA·cm-2) but higher maximum power density (58.5 µW·cm-2).  The 

maximum power density was higher mainly because the molecular Pt-based catalyst had lower 

activation losses due to electrochemical reaction compared to the regular Pt-based catalyst. 

Figure 4-12 shows the results of EIS measurements on the fuel cells at 0.2 V.  The fuel 

cell with 3M PFSA-type ionomer showed almost a 45° linear impedance on the Nyquist plot, 
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whereas the semi-circular impedance for [Im][HTFSI] indicated that it had lower charge transfer 

resistance.  Figure 4-12 also shows an equivalent circuit model that was used to fit the data.  In 

this model, Rct-A represents the charge transfer resistance of the anode; CPE-A models capacitive 

properties of anode/membrane interface; Rm represents the membrane resistance, Rct-C represents 

the charge transfer resistance of the cathode; CPE-C models capacitive properties of 

cathode/membrane interface. The fitting estimates Rct-A for 3M PFSA-typed ionomer (3.32*107 

Ohms) versus [Im][HTFSI] (1.98*105 Ohms), which indicates approximately 167 times lower 

charge transfer resistance after replacing the 3M PFSA-typed ionomer with [Im][HTFSI]. 

 

 

Figure 4-11. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made 
of OMC-4BP-PtCl2 (0.1 mg-Pt·cm-2 loading) and either 3M PFSA-typed ionomer (●) or 

[Im][HTFSI] (■). 

 

Figure 4-12. Impedance Nyquist plots with equivalent cicuit for fuel cells at 0.2 V with MEA 
anodes made of OMC-4BP-PtCl2 (0.1 mg-Pt·cm-2 loading) and 3M PFSA-type ionomer (●) or 

[Im][HTFSI] (■). 
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 To confirm the benefit of using [Im][HTFSI], the diffusion coefficient of methane was 

determined again for fuel cell using OMC-phen-Pt-Cl2 / [Im][HTFSI] at the anode. Figure 4-13 

shows the Cottrell plots produced from past and present measurements approach the origin as 

have been previously described.45 This describes the two-phase boundary reaction zone where 

the methane permeates, dissolves into the electrolyte and diffuses towards the electrode.  By 

using the Randles-Sevcik equation, the diffusion coefficient of methane (see Appendix A for 

detailed explanation on the calculation) was estimated at 9.72 x 10-11 cm2
·s-1, which is about 30 

times higher than that was found using 3M PFSA-typed ionomer (3.19 x 10-12 cm2
·s-1, see 

Chapter 3 for detail).  The results indicate that PILs can enhance the transport of methane to 

reach the reactive sites a lot faster and consequently improve the performance of direct-methane 

PEMFCs over PFSA-type ionomers. 

 

 

Figure 4-13. Studies of mass transport during methane oxidation at the anode. (Left) Polarization 
curves at different scan rates of fuel cell with OMC-phen-Pt-Cl2 / [Im][HTFSI] on the anode and 
commercial GDE containing 0.5 mg-Pt·cm-2 on the cathode. (Right) The corresponding Cottrell 
plots for the polarization curves with OMC-phen-Pt-Cl2 / [Im][HTFSI] (■) versus OMC-phen-Pt-

Cl2 / 3M PFSA-type ionomer (●) reference measured at zero potential. 

0.4

0.3

0.2

0.1

0.0

V
o
lt
a
g
e
 (

V
)

6005004003002001000

Current Density (µA/cm
2
)

 10 mV/s
 8 mV/s
 5 mV/s
 2 mV/s
 1 mV/s
 0.5 mV/s
 0.3 mV/s
 0.1 mV/s



 100 

4.5 Conclusion 

Three PILs were successfully prepared and investigated to replace PFSA-type ionomers 

in the anode of direct-methane PEMFCs.  FTIR and NMR spectroscopy both confirmed the 

expected chemical structures of the ionic liquids and there was no sign of any free Brønsted base 

left in the final products, which indicated that the acid-base neutralization reactions were all 

complete.  The PILs were thermally stable up to 300°C, had good proton conductivity under 

anhydrous conditions (42.7 S·cm-1 at 80°C), and proved to be better than PFSA-type ionomers at 

dissolving and transporting methane and protons at the anode.   

The polarization curves collected from fuel cells with regular Pt-based catalysts (e.g., 

with 2.5 mg-Pt·cm-2 loading) demonstrated that MEAs made of PILs (especially [Im][HTFSI]), 

produced two times higher current density and three times higher power density than the best 

PFSA-typed ionomer provided by 3M.  [Im][HTFSI] was found to be the best ionic liquid 

because its anion ([HTFSI]) promoted the adsorption of methane better than the others.  A fuel 

cell with a Pt-based single-site molecular catalyst demonstrated that a MEA that contained 

[Im][HTFSI] ionomer as its proton conductor at the anode generated five times higher current 

density (503 µA·cm-2) and three times higher power density (58.5 µW·cm-2) than direct-methane 

PEMFCs that use 3M PFSA-typed ionomer, as reported previously.51  Finally, impedance 

spectroscopy and Randles-Sevcik equation were used to confirm that the PILs had lower 

resistance to both charge transfer and methane diffusion.  However, this study marks only the 

beginning of a new era of research that explores the advantages of using ionic liquids in direct-

methane PEMFCs, and with these highly encouraging results, further studies on ionic liquids in 

direct-methane PEMFCs at elevated temperatures should be undertaken in the near future.68 
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CHAPTER 5 : NITROGEN DOPED CARBON USED AS A CATALYST SUPPORT FOR 

DIRECT-METHANE PEMFC ANODE  

 

5.1 Abstract 

 AC-1 and AC-2 – these two representative nitrogen/phosphorus doped activated carbons 

(AC) developed at TDA Research, Inc. have high surface area and a wide pore size distribution; 

from extremely small microporous structure (1-5 nm) to very large mesopores in the 5 to 100 nm 

range.  These carbons were further customized with phosphate/phosphonate surface functional 

groups that supported (and enhanced) Pt anchoring, reduced surface corrosion, and increased 

proton conductivity during fuel cell polarization.  The resultant Pt-based catalysts were then 

tested in the anode of direct-methane proton exchange membrane fuel cells (PEMFCs) at 80°C.  

It was found that these unique carbons could potentially be great catalyst supports for direct-

methane PEMFCs because they significantly improved Pt deposition on their surface to give 

small nanoparticle sizes (0.9-1.5 nm) and enhanced gas/liquid/ions transportation at the anode.  

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) elemental analysis, 

nitrogen adsorption, and X-ray Photoelectron Spectroscopy (XPS) were used to determine the 

composition, Brunaer-Emmett-Teller (BET) surface area,69 pore size distribution, and types of 

surface groups on the carbon supports.  After Pt deposition, the catalysts were further 

characterized with thermogravimetric analysis (TGA), X-ray diffraction (XRD), and 

transmission electron microscopy (TEM).  A fuel cell with Pt/AC-1 carbon-supported catalyst at 

the anode produced a current density of 720 µA·cm-2 and a power output of 75 µW·cm-2 at 80°C.  

Even better, a fuel cell with Pt/AC-2 carbon-supported Pt catalyst attained almost double the 

output of the Pt-based single-site molecular catalyst (Chapter 3) by reaching approximately 1000 
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µA·cm-2 and 100 µW·cm-2.  From gas chromatography (GC) analysis of the fuel cell exhaust, 

CO2 was found to be the only byproduct of methane oxidation. 

5.2 Introduction 

 
 The PEMFC is an excellent way to generate power, but it is still not fully commercialized 

due to its high cost and inadequate durability.70  Because the membrane electrode assembly 

(MEA) is the heart of the PEMFC, several components that make up the MEA need to be 

optimized and simplified to improve the fuel cell's performance and efficiency.71  Among these 

components, the precious metal catalyst in the electrodes is a primary contributor to both the 

PEMFC's cost and its durability.  PEMFC electrodes contain nanostructured Pt dispersed on a 

porous activated-carbon support at ratios of about 10-60 wt.%.72  Because of its excellent 

electrical properties, good chemical and electrochemical stabilities, and high surface area, carbon 

black (such as Vulcan XC-72R) is often chosen as a catalyst support.  However, carbon black is 

still not an optimum solution because its inert surface interacts weakly with the Pt nanoparticles.  

In addition, the catalytic Pt nanoparticles are often trapped and isolated in the micropores of 

carbon black, making them electrochemically inaccessible.73 

 During fuel cell operation, carbon black supports corrode, forming oxygen containing 

functional groups on the surface that further weakens its interaction with Pt.13  The nanoparticles 

then detach from the support, which promotes both dissolution and agglomeration.  Furthermore, 

carbon corrosion also decreases the catalyst layer thickness, lowers the electrical contact with the 

gas diffusion layer (GDL), and increases the fuel cell resistance.  All of these consequences 

eventually result in loss of catalytic surface area, degradation of cell voltage, and reduction of 

fuel cell performance.14  Therefore, a different carbon-based catalyst support with better 

microporous/mesoporous structure and more favorable catalytic properties is highly desired to 
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increase PEMFC performance and durability.  For instance, supports that tightly bind the Pt 

nanoparticles through strong surface interactions can substantially enhance both the catalytic 

activity and stability. 

 Recent studies suggest that nitrogen-doped carbons can provide such strong and 

beneficial catalyst support interactions, thus producing highly effective catalysts.74  Compared to 

carbon black, nitrogen-doped carbons show more oxidation resistance.  In addition, the nitrogen 

functional groups on the surface of the carbon enhance the strength of the bond with the Pt 

nanoparticles, which helps prevent coalescence and agglomeration.  In fact, nitrogen doping 

creates defects that increase the chemical inertness of the carbon support.70  The resultant 

functionalization of the carbon surface with nitrogen containing groups then provides more 

anchoring sites to attach Pt, and therefore, increase its durability.75  Furthermore, nitrogen-doped 

activated carbons with high surface areas (> 1000 m2
·g-1) make the catalyst even more effective 

because it helps disperse the Pt nanoparticles more uniformly over the support.70  

Homogeneously deposited Pt with a smaller crystallite size also significantly reduces the cost of 

the catalyst due to the lower Pt loading at the electrodes.  Lastly, microporous/mesoporous 

nitrogen-doped carbon also has better diffusion pathways for fuel cell reactants and products.76  

In summary, nitrogen-doped carbons with high surface areas and high porosities decrease the 

size of the Pt nanoparticles, increase their dispersion, and improve the catalytic activity and 

durability.  These special characteristics of nitrogen-doped activated carbon supports provide 

excellent catalytic activities suitable for PEMFC applications. 

 For over 20 years, TDA Research, Inc. has been developing inexpensive porous carbon 

electrode materials for use in ultra-capacitors, capacitive deionization, and batteries. These 

carbons are manufactured using conventional production methods that are used commercially to 
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make thousands of tons of material per year.  However, conventional activated carbons are not 

usually considered to be suitable as electrodes for electronic applications because they are made 

from natural precursors such as wood, coconut shells, and coal that often contain high amounts 

of impurities (i.e., metals and ash) and therefore have low electrical conductivities. TDA, 

however, has developed electronic-grade carbons that are made from low-cost high-purity sugars 

such as sucrose, glucose, fructose, and cornstarch.  Because of the high purity of our carbons, 

they exhibit high electrical conductivities that are much greater than commercial activated 

carbons, and in fact are comparable to carbon black. In addition, we have patented several 

methods to control both the surface chemistry and the pore size distribution within these 

carbons.77 

 The advantages of TDA’s carbons include high surface areas (> 1000 m2
·g-1) with 

tunable pore size distributions (5-200 nm) that can improve Pt dispersion and enhance transport 

of gasses or liquid water through the carbon.  Furthermore, TDA's carbons contain nitrogen and 

phosphorous functional groups on their surface, depending on the chemical precursors used 

during their production.  These heteroatoms are mostly in the form of pyridinic nitrogen, 

phosphate, and phosphonate groups at carbon edge sites that not only protect the more vulnerable 

graphitic edge sites from oxidation, but also act as ligands that tightly bind Pt nanoparticles.  As 

a result, these carbon supports inhibit surface diffusion and Ostwald Ripening, both of which 

drastically reduce the activity of conventional carbon-supported Pt electrocatalysts over time.78  

Moreover, these functional groups facilitate rapid transport of protons to the Pt catalyst 

crystallites, thereby improving the intrinsic activity of the Pt. 

 Nitrogen-doped carbons have shown high catalytic activity towards the oxygen reduction 

reaction (ORR), the hydrogen evolution reaction (HER), the oxygen evolution reaction (OER), 
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and the methanol oxidation reaction (MOR).74, 76  Zhou et al. reported that depositing Pt 

nanoparticles onto nitrogen-doped carbon could enhance its intrinsic catalytic activity by 3-6 

times, the Pt-mass activity by 52 times, and the catalytic durability by 10 times.  These 

impressive improvements increase both MOR and ORR activities by 3-10 times.  Therefore, it is 

of great interest to test Pt-based catalyst on nitrogen-doped carbon supports in a direct-methane 

oxidation PEMFC.  In a previous study, we found that Pt nanoparticles coordinating with 

bipyridine-like nitrogen functional groups on the carbon support potentially activated methane in 

the PEMFC at temperatures as low as 80°C.51  Since mesoporous nitrogen/phosphorus doped 

carbon also contains bipyridine-like nitrogen functional groups, plus active proton conducting 

phosphate/phosphonate functional groups, it may possess catalytic activity toward methane 

oxidation.  In addition, the right pore size distribution will also affect the capillary forces that 

allow facile diffusion of water in and out of the active catalytic layer, which would be beneficial 

for the direct-methane PEMFCs (as discussed in Chapter 4).   

 In this chapter, two different nitrogen/phosphorus doped carbons with pyridine, pyrrole, 

pyridone, phosphate, and phosphonate surface functional groups were tested in direct-methane 

PEMFCs.  The carbons were characterized by ICP-AES elemental analysis, BET, and XPS.  

After depositing Pt nanoparticles onto the carbon supports, the metal loading, particle size, and 

dispersion uniformity were investigated with TGA, XRD, and TEM, respectively.  Lastly, the 

catalysts were used to prepare MEAs and tested in direct-methane PEMFCs at 80°C.  The results 

for the catalysts based on TDA's carbon versus commercial Pt/AC catalyst will be compared and 

discussed in detail in order to illustrate the advantages of supporting Pt catalyst on nitrogen-

doped carbon with additional phosphate/phosphonate functional groups for methane oxidation at 

low temperature for fuel cell applications. 
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5.3 Experimental 

5.3.1 Preparation of the Carbon Supports 

 All starting materials were purchased from Aldrich and used as-received.  To add sulfur 

and phosphorus heteroatoms, ammonium phosphate and phosphoric acid were added to the 

carbohydrate mixture at specific formulations shown in Table 5-1 before carbonization.  In detail, 

TDA activated carbons were prepared by first mixing the appropriate ingredients neat using an 

overhead stirrer for five minutes.  The slurry was then dried in air at 180°C for 2 hours.  The 

solids were then crushed, screened through a 4-mesh size sieve, and placed inside a box furnace, 

carbonized, and then activated under flowing N2 at 550°C for 4 hours to obtain the desired 

surface area and microporous/mesoporous structure.  The carbons were next washed with water 

to remove excess phosphoric acid and dried in air at 110°C for 24 hours.  Finally, the carbon was 

ball-milled into a powder and sieved through a 400-mesh screen to give particles in the 5-50 

micron size range.  Figure 5-1 shows a schematic of the general production process for TDA's 

activated carbons. 

 

Table 5-1. Formulations for TDA's activated carbon. 
Carbon 

Formulation 

Dextrose 

(wt.%) 

Cornstarch 

(wt.%) 

Ammonium 

Phosphate (wt.%) 

Phosphoric Acid 

(wt.%) 

AC-1 - 36.7 19.4 43.9 

AC-2 30.0 45.0 19.4 43.9 

 
Figure 5-1. Schematic of TDA activated carbons production process. 
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5.3.2 Platinum Deposition onto the Activated Carbon 

 Pt nanoparticles were deposited onto the activated carbons by an in situ vapor-phase 

dissociative process.79  Platinum (II) acetylacetonate (Pt(acac)2, 97 %) was purchased from 

Aldrich and used as-received.  First, the Pt(acac)2 precursor (0.045 g, for a loading of 2.0 wt.% 

of Pt in the final catalyst) was hand-mixed with TDA activated carbon (1.0 g) for at least 15 min.  

The dry mixture was then heat treated at 250°C for 4 hours under air.  The catalyst powder was 

then ground, screened, and stored in a glass vial for later analysis and use. 

5.3.3 Characterization of the Carbon Supports 

 Elemental analysis of the activated carbons was carried out by Huffman Hazen 

Laboratories by using ICP-AES techniques.  Surface area and pore size distribution were 

analyzed by an in-house Micromeritics Gemini.  N2 adsorption isotherms over the carbon 

samples were measured at 77K.  BET surface area, t-plot micropore volume and pore widths 

were calculated by applying the BET equation to the adsorption isotherms.69  X-ray 

Photoelectron Spectroscopy (XPS) was performed at Rocky Mountain Laboratories, Inc.  

Samples were measured at a 90° Take-Off-Angle (TOA) yielding a sampling depth of about 10 

nm.  The analysis area was approximately 500 µm in diameter.  Analyses were performed with 

an Al kα x-ray source.  Charge neutralization of the sample surface was achieved with the use of 

a low-energy electron flood gun.  Energy scales of the spectra are referenced to the C 1s C-C/C-

H signal at 284.5 eV.  High-energy resolution XPS analyses of the C 1s, N 1s, O 1s, and P 2p 

regions were also performed on the sample.  XPS hi-resolution analysis provides information on 

the bonding state (chemical environment) of the element in question. 
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5.3.4 Characterization of the Pt/AC Catalysts 

 Thermogravimetric analysis (TGA) was performed in the temperature range of 25-

1080°C with a scanning rate of 20 °C·min-1 using a thermogravimetric analyzer (TA, TGA-

Q5000) under an air flow rate of 25 mL·min-1.  XRD patterns of the catalysts were collected 

using a Scintag XDS2000 θ/2θ diffractometer with a Cu target X-ray tube (λKα = 1.540562 Å) 

operating at 45 kV and 40 mA. The catalyst samples were ground into powder with a mortar and 

pestle and packed into a rectangular plastic holder that was 2 mm deep. XRD patterns were 

collected over the 2θ range from 30° to 90° with a step size of 0.05° and a count time of 5 s. The 

location, amplitude, area and full-width at half-maximum (FWHM) was determined by fitting 

each peak with a Pearson function using PeakFit software (Jandel Scientific Software). TEM 

images were taken using an FEI Talos F200X microscope at Colorado School of Mines.  The 

catalyst samples were prepared for TEM by dispersing a small amount of catalyst in ethanol and 

dropping an aliquot onto a carbon-coated copper grid.80 

5.3.5 MEA Fabrication 

 The anode ink was first prepared by combining Pt/AC catalyst, water, isopropanol, and 

[DEMA][TfO] ionic solution (refer to Chapter 4 for details).  Ionic solution was added such that 

the ionic solution was 66.7 wt.% of the total mass of the carbon and ionic solution in the ink. 

Water was added in an amount that was ten times the mass of the carbon in the ink. Isopropanol 

was then added to the ink in a ratio of water/isopropanol equals 3:2. The ink was sonicated in an 

ultrasonic bath for 5 minutes, followed by mixing in a vortex mixer for 2 minutes. The sonicating 

and mixing process was repeated three times. The ink was painted onto E-tek hydrophobic GDLs 

to make the gas diffusion anode and the anode was placed under an IR 250W heat lamp to 

evaporate the water/isopropanol solvent out of the catalyst layer. A commercial gas diffusion 
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electrode (Pt/C with a Pt loading of 0.5 mg·cm-2) was used as the cathode.  Both the anode and 

the cathode were prepared with areas of 5.48 cm2. The electrodes were hot pressed onto a pre-

cleaned Nafion-1110 membrane using a digital combo multi-purpose press (DC14, GEO Knight 

& Co., Inc.), at 80°C and 60 psig for 90 s. 

5.3.6 Fuel Cell Testing 

 Hardware consisting of a single cell with an area of 5.48 cm2 and single serpentine flow 

fields (Fuel Cell Technologies, Inc.) was used for this study.  Humidified methane and oxygen 

were fed to the anode and cathode, respectively, at the same flow rate (0.3 L·min-1).  Methane 

and oxygen were humidified at 60°C and 80°C, respectively, by sparging them through bubblers 

using modular gas handling and gas metering systems (Lynntech, Inc.), while the cell was 

maintained at 80°C.  For this study, the effluent streams from each side of the fuel cell were 

always kept at 30 psig during testing by backpressure regulators and liquid water was condensed 

out in traps.  A Gamry Instrument potentiostat was used to perform polarization studies by first 

remaining at open circuit for 60 minutes and then stepping down from the open circuit potential 

until the limiting current was reached.  To analyze the methane oxidation product, the methane 

feed was reduced to 0.03 L·min-1 and co-fed with 0.27 L·min-1 of N2 as a make-up gas to 

maintain cell’s pressure at 30 psig.  A chronopotentiometer was applied to the fuel cell to 

continuously draw 5 mA of current from the anode to the cathode.  During this time, the outlet 

gas from the anode was also heated to 80°C.   After at least 15 minutes on-stream, gas samples 

from the anode and cathode effluent were analyzed with two on-line gas chromatographs 

(Hewlett Packard GC-5890) with dual FID/TCD detectors.  The helium carrier gas flowed at 30 

mL·min-1.  The GC ovens were initially set at 35°C for 5 min then heated to 225°C at a ramp rate 

of 20 °C·min-1.  Several standard gas mixtures that contained CO and CO2 at concentrations of 
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0.2 %, 0.4 %, 0.6 %, 0.8 %, and 1.0 % were prepared and used to generate GC calibration curves.  

The expected theoretical concentrations of the CO and CO2 products of methane partial 

oxidation and complete oxidation in the outlet gas from the anode were calculated using 

Faraday’s law based on six and eight electron reactions, respectively.9 

5.4 Results and Discussion 

 It has long been known that activated carbon can be made from carbohydrates by acid 

hydrolysis.81  Using this past procedure plus some new modifications, AC-1 was formulated by 

reacting cornstarch, which is polymerized glucose, with phosphoric acid in the presence of 

ammonium phosphate. The first step in the hydrolysis of cornstarch is the cleavage of an ether 

linkage to produce glucose.  For AC-2, however, dextrose (naturally occurring glucose) was also 

added to the formulation. 

 The next step is the acid hydrolysis of glucose, which generates mainly 5-

hydroxymethylfurfural, levulinic acid, and formic acid (Figure 5-2).  Then with continued 

heating, the 5-hydroxymethylfurfural and levulinic acid polymerizes (with the further loss of 

water) to leave behind char, which is mostly carbon with a small amount of residual hydrogen 

and oxygen.  When the char is subsequently carbonized (i.e., at > 500°C in an inert atmosphere) 

the polymer decomposes, evolving mainly CO2, CO, and water to form high purity activated 

carbon. 

 

 

Figure 5-2. Acid catalyzed hydrolysis of hexoses. 
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 Equally important, during these processing steps, cross-linked phosphate esters form as 

phosphoric acid reacts with glucose, and pyrophosphoric acid forms as phosphoric acid is 

dehydrated.82  Upon further dehydration, polymers of metaphosphoric acid form.  As the carbon 

is heated above 500°C, direct P-C bonds are formed producing phosphonate functional groups on 

the surface. 

 Simultaneously, ammonium phosphate decomposes upon the rapid application of heat 

according to the reaction,  

(NH4)2HPO4 + Heat → (HPO3)n + NH3 + H2O  

where (HPO3)n represents polymeric metaphosphoric acid.83  The gases that are released, 

included ammonia, water vapor, and volatile organic compounds from the pyrolysis of 

carbohydrates, generate porosity.  Gases escaping from the charring mass create the channels 

that later allow the ingress of reactants and water into the carbon inside the MEA.  The 

decomposition of ammonium phosphate allows nitrogen to be incorporated into the carbon as 

pyridinic, pyridonic, and pyrrolic species at carbon edge sites, and possibly into the graphitic 

lattice as quaternary nitrogen. 

 Typically, carbons derived from the acid hydrolysis of sugars have low surface area and 

have been long considered unsuitable for use as catalysts supports or electrodes.84  However, 

with phosphoric acid and ammonium phosphate additions, we successfully developed a novel 

low-cost method to prepare high surface area carbon (> 1000 m2
·g-1) with a tunable pore size 

distribution from carbohydrates.  TDA's patented activated carbon uses a combination of an acid 

and a pore former to tailor its pore size.  The acid catalyzes the decomposition of sugar at 

temperatures below its melting point, and the polymer conforms around the pore formers to lock 

in the structure.  Without the acid, the sugars would completely melt, and the pores would 
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collapse.  In TDA's synthesis, the pore formers are cationic nonmetal salts (mainly ammonium 

compounds).  The ammonium salts occupy space while the sugars polymerize, and then during 

the pyrolysis steps, they decompose to generate the pores.  The steric bulk of the pore former and 

the amount used in the formulation allow the pore size distribution and surface area of the 

resultant carbon to be precisely tuned.  In contrast, carbons prepared without a pore former have 

much lower surface areas (< 10 m2
·g-1) and smaller pore diameters (< 2 nm).  The presence of 

the ammonium compound is the key to generating mesopores. 

 Elemental analysis showed higher nitrogen content in AC-1 than in AC-2, but similar 

oxygen content in both carbons, which indicated the same amount of phosphates and 

phosphonates had formed on their surfaces.  The presence of both N and P on these activated 

carbon materials was beneficial later for depositing Pt and using it as a catalyst.  While N forms 

strong covalent bonds with Pt atoms due to its high electronegativity, P groups form ionic bonds 

with Pt atoms; increasing the dispersion of Pt on carbon materials.85 In addition, dual-doped 

carbons (using both N and P) have shown both enhanced catalytic activity and remarkable 

stability in acidic media.86  Protons on the phosphate groups could also aid in transferring 

protons from the Pt nanoparticles, and help to overcome the problem of slow proton transport 

from the Pt to the Nafion® ionomer.  Furthermore, high concentrations of N and P functional 

groups could increase the oxidation resistance of the carbon-supported Pt catalyst. Carbon 

corrosion, and thus detachment and loss of Pt particles, has been shown to be greatly reduced.87 

 Figure 5-3 shows the pore size distributions in AC-1 and AC-2 as measured by the 

Density Functional Theory method.88  The pore distribution showed one smaller peak in the 

microporous range and another larger peak in the mesoporous range for AC-1.  The AC-2 sample, 

however, only showed a single peak in the microporous range.  As a result, AC-2 contained only 
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microporous structure, and it had a higher BET surface area.  Table 5-2 summarizes the BET 

surface areas, pore volumes, and elemental compositions of these two representative carbons.  

Although AC-1 had lower surface area, its mesoporous structure could help gasses diffuse more 

rapidly to the catalytic sites.  On the other hand, AC-2 could have better Pt dispersion due to its 

higher surface area and enhanced water diffusion due to greater capillary forces within its 

smaller pores.89 

 

 

Figure 5-3. Pore size distribution of carbons with high nitrogen and phosphorus content. 

Table 5-2. Surface areas, pore volumes, and elemental composition of the TDA carbons used in 
this study. 
Carbon 

Sample 

BET 

Surface 

Area 

(m
2
/g) 

Total 

Pore 

Vol. 

(cc/g) 

Micropore 

Vol. (cc/g) 

C 

(wt.%) 

H 

(wt.%) 

N 

(wt.%) 

O 

(wt.%) 

AC-1 1067 1.2 0.31 77.9 1.76 6.05 10.67 

AC-2 1452 0.75 0.44 81.17 1.24 2.72 10.25 

 

AC-2

AC-1



 115 

 

 

 The chemical form of the heteroelements (N and P) was also critical for the exceptional 

performance of the TDA carbons. Chemical information on the bonding state of these doping 

elements was provided by high-resolution X-ray photoelectron spectroscopy (XPS) (Figure 5-4).  

Table 5-3 and Table 5-4 summarize the peak analysis that provides information on the chemical 

environments (derived from the binding energies) and compositions (based on the peak areas)  

for AC-1 and AC-2.  Both carbon materials had peaks at similar positions with different 

intensities, which indicated that nearly identical surface structure most likely formed in these 

carbons due to their similar preparation methods. 

 Both carbons exhibited similar features in the N 1s region, as shown in Figure 5-5. The 

binding energies for N 1s electrons in pyrrole and pyridone all occur near a binding energy 400.1 

eV.90 Splitting of this peak indicated that at least two distinct chemical species of N were present.  

The strong deconvoluted peak at 398.5 eV was assigned to pyridinic nitrogen,90-91 which was 

possibly located at carbon edge sites.  A second deconvoluted peak at 400.5 eV occurred at the 

binding energy of both pyrrolic and pyridonic nitrogen. 

 

Figure 5-4. XPS spectra of AC-1 and AC-2. 
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 Figure 5-5 also shows high-resolution XPS signals from the P 2p3/2 and P 2p1/2 orbitals 

for AC-1 and AC-2 whose binding energy was consistent with phosphorus bound to an 

electronegative element, most likely oxygen.  The binding energies were similar to those 

assigned to pyrophosphate and polymerized metaphosphates by Puziy et al.;92 whereupon 

heating phosphoric-acid treated biomass to 500-600°C, Puziy observed approximately 1 eV 

shifts in the binding energy from 133.7-133.9 eV to 132.7-132.9 eV.  This same shifted peak that 

was observed in TDA carbons was therefore assigned to phosphonates containing C-P bonds. 

Table 5-3. AC-1 chemical environments and compositions 

Name Binding Energy 

(eV) 

FWHM Area Atom % 

C 1s 284.4 3.168 3806.8 83.7 

N 1s 400.8 4.385 359.1 4.6 

O 1s 531.8 4.321 1265.5 9.9 

P 2p 132.8 3.398 140.8 1.8 

Table 5-4. AC-2 chemical environments and compositions. 

Name Binding Energy 

(eV) 

FWHM Area Atom % 

C 1s 284.4 3.253 13542.2 90.4 

N 1s 400.4 4.717 265.7 1.0 

O 1s 532.4 4.157 3205.4 7.6 

P 2p 133.4 3.438 252.4 1.0 
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 In summary, TDA carbons were modified with nitrogen and phosphorous containing 

surface groups.  Figure 5-6 illustrates the general structure of these functionalized carbons. The 

results of this XPS analysis indicated that nitrogen was bonded to the carbon structure as a cyclic 

amine and not as an oxidized species, and was predominately in configurations similar to 

pyridine, pyrrole, and pyridone.  Phosphorus was likely present as phosphate and phosphonates.    

These surface functional groups act as ligands that tightly bind Pt, thus inhibiting surface 

diffusion and Ostwald Ripening, which can drastically reduce the activity of Pt electrocatalysts 

supported on conventional carbon over time.78  Moreover, these functional groups can facilitate 

rapid proton transport to the Pt crystallites, improving the intrinsic catalytic activity of the Pt. 

 

 

Figure 5-5. Fitting high-resolution peaks in the N-1s (top) and P-2p (bottom) regions of the 
XPS spectra for AC-1 (left) and AC-2 (right). 
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 Pt nanoparticles were deposited onto the activated carbons by an in situ vapor-phase 

dissociative process at 250°C for 4 hours in air.  The Pt loading on the Pt/AC-1 and Pt/AC-2 

samples was determined by TGA (Figure 5-7).   Both carbons showed a small weight loss below 

100°C due to the evaporation of water because they are hydrophilic.  Most of the weight loss, 

however, started at 350°C where the carbons began to decompose.  By 800°C, all of the carbon 

had burned off, leaving behind only pure Pt metal, which comprised about 2.7 wt.% and 2.5 

wt.% of the original in AC-1 and AC-2 catalyst samples, respectively. 

 

 

Figure 5-6. Surface functional groups detected on the TDA carbons. 

 

Figure 5-7. TGA curves for the Pt/AC-1 and Pt/AC-2 catalysts.   
The ramp rate was 20 °C·min-1 in air. 
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 Figure 5-8 shows the XRD patterns and TEM images for the Pt/AC catalysts.  The 

location, amplitude, area, and full-width at half-maximum (FWHM) were determined by fitting 

each Pt diffraction peak with a Pearson function using PeakFit software.  The diffraction patterns 

represented all of the reflections corresponding to the face centered cubic (fcc) lattice of the 

deposited Pt nanoparticles, and the carbon support.  The Bragg peaks at 2-Theta angles of 

approximately 40°, 45°, 68°, and 81° were attributed to the Pt[111], Pt[200], Pt[220], and 

Pt[311] diffraction planes, respectively.71  The average size of the Pt crystallites was estimated 

from the peak broadening using the Scherrer Equation.93  It was found that AC-1 had a Pt 

particle size of 0.9 nm and AC-2 had a particle size of 1.5 nm. These results are consistent with 

the TEM images that show average Pt nanoparticle sizes of 0.68 nm and 1.4 nm in the Pt/AC-1 

and Pt/AC-2 catalysts, respectively.  This is about half the size of the Pt nanoparticles typically 

seen in Pt/AC fuel cell catalysts (2-3 nm).73  The ability to deposit smaller Pt particles onto the 

surface is certainly one of the advantages of TDA's functionalized carbons. By making smaller, 

more stable Pt particles, it is expected their catalytic activity is dramatically increased, and the 

total amount of precious metal required can be drastically reduced. 

 Figure 5-9 shows polarization curves for direct methane PEMFCs tested with the two 

different Pt-based catalysts at the anode.  As discussed in Chapter 4, our best direct-methane 

PEMFCs resulted when Pt/AC catalysts were combined with an ionic liquid ionomer, such as 

[DEMA][TfO] or [Im][HTFSI].  For a high loading of Pt catalyst (2.5 mg-Pt·cm-2) on the anode, 

the fuel cell produced a limiting current density and a maximum power density of approximately 

518 µA·cm-2 and 25.5 µW·cm-2, respectively.  On the other hand, for a low loading of Pt-based 

single-site molecular catalyst (OMC-4BP-PtCl2, 0.1 mg-Pt·cm-2; refer to Chapter 3 and Chapter 
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4 for details) at the anode, the fuel cell produced a limiting current density of approximately 503 

µA·cm-2 and a maximum power density of 58.5 µW·cm-2. 

 

 

 

       

Figure 5-8. XRD patterns and TEM images for Pt/AC-1 (left) and Pt/AC-2 (right). 

 

Figure 5-9. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made of 
commercial catalyst (2.5 mg-Pt·cm-2 loading) (■), OMC-4BP-PtCl2 (0.1 mg-Pt·cm-2 loading) (□), 

Pt/AC-1 (0.1 mg-Pt·cm-2 loading) (●), and Pt/AC-2 (0.1 mg-Pt·cm-2 loading) (▲). 
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 It is very interesting that TDA Pt/AC catalysts (which contained low loadings of 0.1 mg-

Pt·cm-2) performed even better than the previous best fuel cell catalyst, as shown in Figure 5-9.  

The fuel cell using Pt/AC-1 supported catalyst in the anode MEA had a limiting current density 

of approximately 720 µA·cm-2 and a maximum power density 75 µW·cm-2.  Although the open 

circuit voltage (OCV) was lower, maybe due to the higher methane activation loss (due to 

electrochemical reaction) compared to the Pt-based single-site molecular catalyst, the ohmic and 

transport resistances were much improved, likely due to the presence of proton conducting 

functional groups (phosphate and phosphonate) on the surface of the catalyst.  A fuel cell with 

Pt/AC-2 supported catalyst had the highest performance ever with a limiting current density and 

a maximum power density that were almost double of that obtained from the Pt-based single-site 

molecular catalyst; reaching approximately 1000 µA·cm-2 and 100 µW·cm-2, respectively.  This 

Pt/AC-2 supported catalyst (with its high surface area, primarily microporous structure for better 

water diffusion, and around 1.5 nm diameter Pt nanoparticles well dispersed on its surface) was 

the best catalyst tested for direct-methane PEMFC. 

 To confirm methane oxidation was occurring at the anode, chronopotentiometry was 

applied at 5 mA to the fuel cell that contained Pt/AC-2.  A series of gas standards were prepared 

and used to generate calibration curves.  Figure 5-10 shows two typical calibration curves for CO 

and CO2 in the concentration range of 0.2-1.0 %, which is close to the expected concentrations of 

these byproducts of CH4 oxidation in the exhaust.  Both calibration curves were fitted with more 

than 99 % correlation, and therefore, were deemed to be reasonably accurate for estimating the 

concentrations of CO and CO2. 
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 After 15 minutes of continuously drawing a 5 mA current at the anode, the potential 

difference between the electrodes slowly decreased and at some point became negative, which 

indicated an over-potential limit (i.e., a non-spontaneous condition) had been reached.  As 

expected, GC analysis showed that the exhaust contained only CO2.  Figure 5-11 clearly shows 

the CO2 peak at a 14.3 min retention time.   The CO2 concentration in the exhaust was 0.097 % 

using the calibrated GC, compared to 0.0037 % CO2 calculated theoretically from Faraday’s law, 

assuming that no leaks occurred in the fuel cell system, and all of the gas flow rates were 

accurate as indicated by the mass flow controllers (MFCs).  As observed, the calculated CO2 

concentration was much lower than what was measured by the GC.  Several reasons could 

explain this discrepancy.  First, it was possible that methane oxidation continued producing CO2 

as the potential reached negative values.  As a result, more CO2 was observed than expected.  

Second, since nitrogen was co-fed at 90 % of the total gas flow, a slightly inaccurate flow rate of 

nitrogen from the MFC could have affected the methane concentration in the feed, and therefore, 

the concentration of CO2 in the exhaust.  Last, a gas leak in the feed or effluent streams collected 

from the fuel cell would have also definitely affected the results.  Although the CO2 balance was 

not quantitative, it was qualitatively detected in the exhaust.  The detection of CO2 product, 

 

Figure 5-10. GC calibration curves for CO and CO2. 
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which was missing from previous studies of direct-methane PEMFCs, proves that methane 

oxidation was taking place at the anode during fuel cell operation. 

 

5.5 Conclusion 

 Nitrogen/phosphorus doped activated carbons produced at TDA Research received great 

attention due to their high surface area and tunable pore size distribution, which improved Pt 

dispersion, proton conduction, and water diffusion at the direct-methane PEMFC anode.  These 

Pt catalysts on activated carbon supports were characterized by elemental analyses and high 

resolution XPS to confirm their compositions and chemical structures.  The functional groups 

that appeared on the surface were predominately pyridine, pyrrole, pyridone, phosphate, and 

phosphonates at the carbon edge sites.  These functional groups provided ligands that tightly 

bound and anchored the highly dispersed Pt nanoparticles, as shown in both XRD and TEM.   

 With low Pt loadings of approximately 0.1 mg-Pt·cm-2, TDA's Pt/AC catalysts produced 

superior currents and power densities compared to the previous best known catalysts.  A fuel cell 

 

Figure 5-11. GC analysis of exhaust gas sample. 
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that contained Pt/AC-1 supported catalyst had a limiting current density of approximately 720 

µA·cm-2 and a maximum power density 75 µW·cm-2, but even better, a fuel cell that contained 

Pt/AC-2 supported catalyst showed almost double the performance of obtained from the Pt-based 

single-site molecular catalyst, reaching approximately 1000 µA·cm-2 and 100 µW·cm-2.  Most 

importantly, CO2 was the only product detected in the fuel cell exhaust by GC analysis, which 

proved that methane was indeed oxidized during fuel cell operation.  However, these are still 

preliminary results for direct-methane PEMFCs applications.  We will follow up with more 

applied research on these nitrogen/phosphorus doped catalysts to further improve their 

performance in direct-methane PEMFCs. 
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CHAPTER 6 : 12-SILICOTUNGSTIC ACID DOPED PHOSPHORIC ACID IMBIBED 

POLYBENZIMIDAZOLE FOR ENHANCED PROTONIC CONDUCTIVITY FOR HIGH 

TEMPERATURE FUEL CELL APPLICATIONS 

 

This chapter is modified from a paper soon to be published in 

Journal of Electrochemical Society
13 

Vinh Nguyen14, Jason T. Ziolo15, Yuan Yang16, David Diercks17, Silvia M. Alfaro18,  

Hans Aage Hjuler19, Thomas Steenberg20, Andrew M. Herring21 

 

6.1 Abstract 

 12-Silicotungstic acid, a heteropoly acid (HPA) - was incorporated into phosphoric acid 

(PA) doped polybenzimidazole (PBI) membrane that exhibited strong mechanical stability, 

excellent proton conductivity, and can be used for high temperature proton exchange membrane 

fuel cells (PEMFCs).  At 160°C, an electrochemical impedance spectroscopy (EIS) fitting of the 

fuel cells data showed the membrane electrode assemblies (MEAs) made of PBI/20%HPA/PA 

had three times lower ohmic resistance (0.057 ± 0.002 Ohm·cm2) as compared to the control 

reference of PBI/PA (0.160 Ohm·cm2).  In addition, the ohmic resistance of the composite MEA 

remained unchanged while the charge transfer resistance decreased after 313 hours conditioning.  

Fourier transform infrared spectroscopy (FTIR), magic angle spinning - nuclear magnetic 

                                                

13 Reprinted with permission of the J. Electrochem. Soc., 2017, 164, F1 – F10 
14 Primary author and researcher 
15 Co-author, undergraduate researcher 
16 Co-author, NMR specialist 
17 Co-author, TEM specialist 
18 Co-author, fuel cell testing technician 
19 Co-author, Danish Power System, Inc. 
20 Co-author, Danish Power System, Inc. 
21 Author for correspondence, advisor 
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resonance (MAS-NMR), and thermogravimetric analysis (TGA) showed 12-silicotungstic acid 

inhibits water from escaping the membrane at elevated temperatures and adds more acid sites, 

providing additional paths for proton transport.  Scanning electron microscope (SEM), 

transmission electron microscopy (TEM), and small angle x-ray scattering (SAXS) were used to 

confirm the structure and morphology of PBI/20%HPA/PA membrane prior making the MEAs.  

Fuel cell polarization curves indicated MEAs made of PBI/20%HPA/PA produced shallower IR 

slopes compared to MEAs made of PBI/PA, especially, when the hydrogen fuel was humidified. 

 
6.2 Introduction 

 
 Fuel cell technologies have the potential to reduce our dependence on fossil fuels and to 

reduce associated emissions of pollutants as the global population continues to grow.  Polymer 

electrolyte membrane fuel cells (PEMFCs) have the advantage of being fully scalable for 

stationary power generation than other types of fuel cells.  PEMFCs have outstanding power 

density, rapid start-up, and high efficiency.
94

  In addition, the operation of PEMFCs is 

straightforward and does not generate any additional pollutants.  Despite several advantages, 

current PEMFCs are not yet widely used or commercialized, because they remain too expensive, 

do not have enough durability, and require very pure hydrogen as a fuel.
95

  At the moment, 

PEMFCs generally operate below 100°C due to the need to fully humidify commonly used 

perfluorosulfonic acid electrolytes such as Nafion
®

.    At low operating temperatures, a small 

concentration of CO or SO2 impurities in the fuel could poison the catalysts and lower the fuel 

cell performance.  Therefore, current PEMFCs require high purity hydrogen that can only be 

cost-effectively produced from natural gas at this time. Furthermore, the humidification of fuel 

and oxidant in low temperature PEMFCs requires a complicated humidification system.  These 

technical challenges can be addressed by increasing operating temperatures above 120°C. 
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 High temperature operation is a promising way to improve PEMFC performance; it has 

been shown that higher operating temperatures would increase chemical kinetics at the anode 

and dramatically enhance the electrode tolerance to fuel impurities, which allows for the use of 

lower-cost hydrogen.
96

  In addition, fuel cell operation above 120°C can tolerate up to 1 % CO 

and 10 ppm SO2.  Operating at elevated temperatures would also provide easier water and 

thermal management.
97

  One approach in designing a high temperature electrolyte membrane for 

PEMFCs is acid doping into aromatic polymer materials that have high thermal stability.  The 

polymer is typically chosen to contain basic sites that serve as proton acceptors, forming an ion-

pair after doping with an inorganic acid.
98

  This type of acid doped, based backbone is favorable 

to proton transport.  One of the most promising acid-base membranes, developed by Litt, 

Savinell, and Wainright, is based on polybenzimidazole (PBI) doped with phosphoric acid.
99

  

PBI is a class of aromatic heterocyclic polymers containing benzimidazole groups in the 

backbone, which is mostly available in the form of poly 2,2’-m-(phenylene)-5,5’-

bibenzimidazole (m-PBI), where the phenylene ring is meta-coordinated.  Since the introduction 

of acid doped PBI in 1995, several studies have been performed concerning PBI synthesis, 

membrane casting, thermal and chemical characterizations, and fuel cell applications. In most 

cases, the proton conductivity and thermal/chemical stability results are very encouraging, 

making PBI membrane a promising candidate for use in the high temperature fuel cell 

environment.
66a, 94, 100 

 PBI contains imide groups that can be easily doped with many different acids, 

particularly phosphoric acid.
101

  Although the proton conductivity of pure PBI is low, doping 

with phosphoric acid results in a significant increase in its proton conductivity.  Phosphoric acid 

is amphoteric (i.e. it contains both proton donors and proton acceptors), forming dynamic 
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hydrogen bond networks inside PBI membranes.  As a result, phosphoric acid-doped PBI is 

highly proton conductive, because its protons can freely migrate along the hydrogen bond 

networks.  In addition, phosphoric acid has high thermal stability and low vapor pressure at 

elevated temperatures; therefore, it forms a doped membrane with excellent thermal and 

mechanical stability upon casting.  Phosphoric acid-doped PBI also has the benefits of almost 

zero water electro-osmotic drag and excellent oxidative stability. 

 One unique and particularly important feature of phosphoric acid-doped PBI is that, upon 

casting, the resulting electrolyte membrane has very high proton conductivity at temperatures 

above 120°C, especially in the presence of low humidity (below 10 % RH).  The minimum water 

concentration is required, not to act as a vehicle to transport protons, but to prevent the 

phosphoric acid from forming the anhydride at temperatures above 100°C.
16

  Instead, the proton 

transport in acid-base membranes occurs mainly through a Grotthuss mechanism, where the 

proton transfer occurs through the hopping of protons between two molecules via rearrangement 

of their hydrogen bonds.  This mechanism is the primary means for proton conductivity at 

temperatures above 120°C, and results in zero electro-osmotic drag coefficient of water in 

phosphoric acid-doped PBI. 

 During PA doping, the active sites of the imidazole rings interact and hydrogen bond with 

PA, preferably occupying two moles PA per PBI unit.  As the doping continues, the number of PA 

molecules surpasses the basic sites of the imidazole and forms free acid in the polymer 

membrane.  At this stage, the proton migration occurs mainly along the free acid and its anion or 

water, depending on the water content.  In general, high acid doping levels increase the 

membrane conductivity.  However, excess of PA in the polymer matrix may affect the 

mechanical properties of the polymer, especially at high operating temperature conditions.
102
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Therefore, an appropriate PA doping level should be considered to balance both conductivity and 

mechanical strength. 

 Although the use of phosphoric acid in PBI introduces proton conductivity, the 

phosphoric acid still dissolves in the presence of liquid water and does not enhance the oxygen 

reduction reaction at the cathode.  Long-term operation of phosphoric acid doped PBI 

membranes often loses proton conductivity due to acid leaching. The free phosphoric acid also 

degrades and embrittles the polymer. As a consequence, the membrane is degraded at elevated 

temperatures, has poor mechanical properties, and has a narrow operational temperature range.  

To solve these technical problems, one of the solutions is to add inorganic fillers into the polymer 

to improve its mechanical properties.  However, the inorganic fillers may interfere with the 

proton conducting pathway, and therefore, lower the membrane proton conductivity.  Adding 

inorganic proton donors, such as heteropolyacids (HPAs), into the polymer matrix can improve 

both mechanical and thermal properties while increasing the proton conductivity of the polymer 

electrolyte.  HPAs have shown high thermal stability and proton conductivity.  They exist in 

hydrated phases in the basis structural unit of Keggin structure [XM12O40]
-3

, where X can be B, 

Si, Ge, P, As and M can be Mo, W.  These crystalline hydrated clusters with 29 water molecules 

surrounding, for example 12-silicotungstic acid, H4SiW12O40 x 29 H2O, provide excellent proton 

conductivity, as high as 0.18 S·cm
-1
.
103

  Addition of HPAs can increase the water retention due to 

its hygroscopic property.  Moreover, these super-proton conducting oxides also add reactant 

cross-over resistance, protect the Pt anode catalyst from CO poisoning, and provide beneficial 

effects to the electrochemical reduction of oxygen at the cathode.
104 

 Several groups have attempted to incorporate HPAs into a PBI matrix as inorganic-

organic composites by a variety of methods; however, none of these methods are simple or have 
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been shown to be effective.  Numerous efforts ended up losing most HPA content as the 

membranes were soaked in water post-casting because HPAs are highly soluble in aqueous 

solutions.
105

  To stabilize HPAs inside a PBI matrix, SiO2 was used as a support to entrap HPAs, 

making HPAs/SiO2 insoluble in water; however, the presence of a non-conductive SiO2 support 

decreases the proton conductivity of the composite membrane, reaching only 0.0012 S·cm
-1

 at 

160°C.
106

  The second challenge of adding HPAs into a PBI matrix is to find a compatible 

medium to mix HPAs and PBI polymer homogenously.  N,N-dimethylacetamide (DMAc) seems 

to be a good solvent, but the acidic versus basic nature of HPAs and PBI, respectively, causes 

precipitation of the polymer from the solution containing HPAs.  HPAs can be neutralized with 

NaOH. The resulting sodium salts are easier to disperse in PBI; however, the salt is not readily 

soluble in DMAc.  As a result, the process of mixing HPAs in PBI becomes extremely difficult.  

The loss of acidic sites due to neutralization decreases proton conductivity, while the formation 

of sodium phosphate after phosphoric acid-doping decreases the fuel cell potential and increases 

the ohmic resistance, mainly due to cross-over issues.  Even successful addition of HPAs in PBI 

only obtained a maximum of 0.058 S·cm
-1

 at 200°C and at 5 % RH.  Similarly, Cs
+
 substituted 

HPAs prepared by ball milling of CsHSO4 and HPAs were incorporated into a PBI/DMAc 

solution.  However, the presence of Cs
+
 substituted HPAs prevented phosphoric acid absorption, 

causing a low doping level of less than 3 moles of acid per PBI unit, and hence, the conductivity 

of the resulting membranes only reached 0.0172 S·cm
-1

 at 160°C.
107

  In addition, Cs
+
 substituted 

HPAs also decreased fuel cell potential and increased ohmic resistance. 

 We have found a successful method to incorporate 12-silicotungstic acid into PBI and 

then dope the cast membrane with phosphoric acid, resulting in a highly proton conductive 

membrane which can potentially be used for high temperature PEMFCs applications.  The 
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method is relatively straightforward, and effectively keeps most of the HPA in the polymer 

matrix after doping with phosphoric acid.  After extensive analyses of the best performing 

membrane, we have found the addition of this hygroscopic HPA indeed increases the water 

retention and improves the membrane thermal stability.  Through FTIR, MAS-NMR, TGA, 

SAXS, SEM, TEM, and EIS, we have found 12-silicotungstic acid not only inhibits water from 

escaping the membrane at elevated temperatures, but also adds more acid sites, consequently, 

providing additional paths for proton transport.  Phosphoric acid-doped PBI membranes at 

different doping levels of 12-silicotungstic acid are evaluated in detail and compared to the non- 

HPA-added membrane in real fuel cell conditions.  The proton transport as well as water 

retention will be discussed in order to understand the functions of HPA in enhancing the 

membrane proton conductivity. 

6.3 Experimental 

6.3.1 Synthesis of PBI 

 PBI was synthesized and provided by Danish Power Systems by a procedure that can be 

found in the literature.108  In short, the polymer was prepared by reacting 3,3’-diaminobenzidine 

tetrahydrochloride and isophthalic acid with a molar ratio of 1:1 using polyphosphoric acid as a 

solvent.  The synthesis was completely optimized to obtain a high molecular weight PBI 

approximately 54 kDa with inherent viscosity of 0.98 dL·g-1.  The polymer is soluble in DMAc 

and can be cast to form a membrane, which has excellent oxidative stability, high acid doping, 

good proton conductivity, and strong mechanical strength. 

6.3.2 Composite Membrane Preparation 

 A solution of 10 wt.% of PBI was prepared by sonicating the PBI solid in DMAc that 

contains 3 wt.% LiCl at 60°C for 4 h, followed by stirring and heating at 80°C for 3 days to 
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produce a homogeneous PBI/DMAc solution.  In a separate container, a solution of 5 wt.% of 

silicotungstic acid (HPA) was dissolved in DMAc by gently stirring at room temperature.  The 

two solutions were then mixed in the right proportions and stirred at room temperature for at 

least 8 h to obtain 5 %, 10 %, 15 %, 20 %, 30 %, and 40 % HPA in PBI.  All casting solutions, 

including a 0 % HPA as the control, were diluted to the final 5 wt.% concentration of PBI in 

DMAc.  The solution was then poured onto a glass plate and cast using a DCX Plus DC Motor 

Control doctor blade, setting at 20 mil, at initially 20 %, and then 80 %, of its maximum speed to 

produce a uniform thin film of 20-50 µm.  The cast film was then covered with a wire mesh on 

top and dried in an oven at 120°C for 24 h.  To remove the film after drying, the glass plate was 

briefly steamed for 5 seconds above a boiling water bath and carefully peeled off the membrane 

using a sharp razor blade.  The membrane was immediately placed in an oven at 120°C for at 

least 2 hours before doping with 85 wt.% concentrated phosphoric acid.  The doping procedure 

was kept the same for all membranes.  First, the dried membrane was immersed in warm 

phosphoric acid solution at 40°C for 1 hour.  Then, the acid solution was allowed to cool to 

ambient temperature, and the membrane was slowly soaked in phosphoric acid for 7 days to form 

a dense composite membrane ready to make MEA for fuel cell testing. 

 In order to calculate the doping level of PA in the membranes, three samples of 4x4 cm2 

of un-doped membranes were pre-weighted, followed by impregnation in 85 wt.% phosphoric 

acid solution for 7 days.  The doped membranes were completely wiped off any excess PA on 

the surface and dried at 110°C under vacuum until no more weight changed observed.  The 

weight difference between the doped and un-doped membranes were obtained and used to 

determine the doping level.   
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6.3.3 Membrane Characterization 

 ATR-FTIR spectroscopy (NicoletNexus™ 470 FTIR) with a heated zinc selenide (ZnSe) 

crystal ATR accessory (Specac, Inc.) was used to study the prepared polymer membranes.  A 

liquid nitrogen cooled mercury–cadmium–telluride detector was used to improve the 

measurement accuracy.  All spectra were collected with 256 scans and resolution of 4 cm-1.   A 

common background collected at ambient temperature and humidity conditions was subtracted 

from all spectra.  FTIR spectra were collected at 80-160°C at 5 % RH.  The dry and wet nitrogen 

gas flowrate was kept constant at 210 sccm and was controlled using mass flow controllers 

(MKS Instrument Inc.).  The temperature and RH were controlled using an in-house custom built 

system for the ATR-FTIR spectroscopy.109  The IR spectra were smoothened for atmospheric 

CO2 suppression and corrected to a common baseline. 

 1H and 31P solid-state NMR spectroscopy were collected on a Bruker AVANCE III 400 

MHz Spectrometer with a 50 kHz B1 field.  A 4 mm MAS probe was used.  1H MAS NMR 

spectra were collected at 400 MHz, with a 12 kHz spinning speed, and 5 s recycle delay.  31P 

Cross Polarization and Magic Angle Spinning (CP/MAS) spectra were recorded at 162 MHz, 

with a 5 kHz spinning speed, 5 s recycle delay, and 3 ms contact time. 

 SAXS was performed on beamline 12-ID-C at the Advanced Photon Source at Argonne 

National Laboratory, Argonne, IL, USA.  The energy of the X-ray beam was 12 keV with a 

wavelength of 1 Å.  Spectra were collected using a Pilatus 2D detector.  A custom built 

temperature and humidity control setup was used as described in the literature.110  SAXS spectra 

were collected during heating and cooling at 30-160°C and 160-80°C, respectively, under 

anhydrous and 10 % RH conditions.  Membranes were equilibrated for 20 min before collecting 

the spectra.  Particle size analysis was performed by the maximum entropy method assuming a 
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spheroid particle shape model using the IRENA version 6.64 SAXS package developed in Igor 

Pro at Argonne National Laboratory. 

 Environmental Scanning Electron Microscope (ESEM) images were acquired with an 

FEI Quanta 600i ESEM.  An FEI Helios 600i DualBeam SEM/focused ion beam (FIB) 

instrument was used to lift-out a thin section of a PBI/20%HPA/PA sample for TEM analysis.  

The FIB procedure was performed using a 30 kV accelerating voltage, modest currents (< 0.77 

nA), and zero overlap in the milling patterns as described elsewhere.111  While some liquid 

became apparent on the surface during this process, the membrane remained intact.   TEM and 

scanning TEM (STEM) imaging and energy dispersive X-ray spectroscopy (EDX) mapping were 

performed on an FEI Talos F200X at 200 kV.  In order to minimize damage to the specimen 

during imaging, the electron beam dose was limited by using the smallest possible spot size. 

 TGA was performed in the temperature range of 30-600°C using a Pyris 1 TGA in argon 

atmosphere with a scanning rate of 20 °C·min-1.  Prior to the analysis, the membrane samples 

were dried with a Kimwipe to remove excess phosphoric acid on the surface.  All membranes 

were kept in inert atmosphere before TGA measurement. 

 Tensile strength of the membranes was evaluated using an Instron Model 4201 tensile 

tester.  The membranes were cut in rectangular shape with 30 mm in length and 2 mm in width.  

They were tightly clamped between the jaws at 20 mm apart.  All tests were performed with a 

constant separating speed of 10 mm·min-1 in an ambient atmosphere.  The tensile strength was 

calculated from dividing the recorded load by the cross sectional area obtained from the width 

and the thickness of the sample. 
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6.3.4 Proton Conductivity Measurements 

 The in-plane ionic conductivity was measured using a BekkTech (BT-112) insert with 4 

platinum electrodes located inside a custom stainless steel ring and assembled into fuel cell 

hardware (Fuel Cell Technology, Inc.).  The measurement was carried out using a Gamry 

Electrical Impedance Spectrometer (EIS 300).  Frequency was swept between 10 MHz to 1 Hz 

for the EIS experiment as a function of temperature and humidity.  The humidity of each sample 

was controlled by using a Scribner Fuel Cell Test System (Scribner 850e).  Humidified nitrogen 

was fed at 0.1 L·min-1 to one inlet, and was allowed to exit at the opposite outlet.  The other inlet 

and outlet of the hardware were plugged.  Nitrogen was flowed and humidified through a 

sparging bottle with modular gas handling and a gas metering system (Scribner, Inc.).  The 

temperature of the cell and the sparging bottle were adjusted to reach the desired conditions.  The 

collected impedance spectra were fitted to the Randall circuit to find the total resistance of the 

membrane. The conductivity (mS·cm−1) was calculated from the measured membrane resistance 

using the following equation: 

� =
�

� · � · �
 

(6-1) 

where l, t, w, R are the distance between two electrodes (4.25 mm), film thickness (30 µm), film 

width, and the resistance of the membrane, respectively. 

6.3.5 Fuel Cell Test 

 The MEA was prepared and tested at Danish Power Systems.  Each MEA used in this 

study had an active area of 21 cm2.  Both the anode and the cathode contained 1.56 mg-Pt·cm-2 

that was coated on hydrophobic gas diffusion layers.  The membranes were either PBI/PA 

(control reference) or PBI/20%HPA/PA (interested composite membrane).  The MEA was hot-

pressed at 1.5 tons at 100°C for 3 minutes before assembly and testing.  In this work, hydrogen 
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was used as the fuel, while air was used as the oxidant.  The stoichiometric ratios of hydrogen 

and air were 1.5 and 2.5, respectively.  To activate the MEA, the fuel cell was operated at a 

current density of 0.2 A·cm-2 for 48 hours.  After the activation process, the polarization curve at 

160°C was measured.  Electrochemical impedance spectroscopy (EIS) was used to study the 

resistance distribution of fuel cells.  The ohmic resistance, charge transfer resistance (mainly at 

the cathode), and mass transfer resistance of an MEA were estimated by using the method of 

equivalent circuit fitting. 

6.4 Results and Discussion 

 Figure 6-1 illustrates the polymer matrix structure of PBI/HPA/PA membrane and the 

physical appearance of our cast membrane.  Phosphoric acid (PA) doping level is defined as the 

mole number of H3PO4 per repeat unit of PBI.  Since one unit of PBI contains two basic sites, it 

takes two moles of PA to neutralize each PBI unit.  However, the doping level can be much 

higher than two because additional free acid can still be stored within the polymer matrix after 

the initial neutralization process.  Especially, the presence of HPA in the composite membrane, 

shown in Figure 6-1, creates dipole-dipole interactions and hydrogen bonds pulling more 

phosphoric acid inside the polymer matrix and increasing the PA doping level. Table 6-1 

compares the compositions of polybenzimidazole-based phosphoric acid-doped (PBI/PA) versus 

polybenzimidazole-based heteropolyacid-added phosphoric acid-doped (PBI/HPA/PA) 

membranes used in this study.  For high molecular weight PBI synthesized at Danish Power 

Systems, we have found the optimal doping level is around 10-12 moles of H3PO4 per repeat unit 

of PBI, which is about the same level of our PBI/HPA/PA membranes. 
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 Elemental analysis of the membranes was obtained from Huffman Hazen Laboratories by 

different analytical techniques (detail technical descriptions are available in the Appendix B).  

The results show about the same compositions as calculated based on the known weight percent 

of each compound during preparation of the membranes.  The addition of LiCl helped to dissolve 

HPA with PBI solution during membrane preparation, however the presence of chloride can 

deactivate the catalyst and hurt the fuel cell performance.  Fortunately, Table B- 1 (Appendix B) 

indicates LiCl salt was completely removed from the membranes after soaking in concentrated 

phosphoric acid for seven days.  More importantly, the membrane still contains the same amount 

of HPA after the phosphoric acid doping period. 

 

 

Figure 6-1. A sketch showing how 12-silicotungstic acid (O in red and W in blue) imbibed inside 
doped phosphoric acid polybenzimidazole polymer matrix and the physical appearance of a 

casted PBI/HPA/PA membrane. 

Table 6-1. Properties of PBI/PA and PBI/HPA/PA membranes used in this work. 
 

 Membrane Composition   

Membrane Polymer (wt%) 
HPA 

(wt%) 
PA 

(wt%) 
Water 
(wt%) 

n
PA/PBI 

(molar 
ratio) 

Conductivity at 

160
o
C, 10% RH 
(S/cm) 

PBI/PA 20.7 0.0 67.4 11.9 10.2 0.049 
PBI/10%HPA/PA 19.5 1.9 66.8 11.8 10.8 0.094 
PBI/20%HPA/PA 15.7 3.1 69.0 12.2 13.8 0.127 
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 TGA was used to study the effect of HPA on the thermal stability of PBI membranes.  

TGA was measured in an argon atmosphere, showing two dramatic weight loss ranges with 

increasing temperature.  The first weight loss appears at 40-100°C due to the loss of unbound 

water.  Another weight loss occurs at 130-200°C caused by the loss of water from the phosphoric 

acid and the HPA. Figure 6-2 shows the TGA patterns of PBI/PA and PBI/20%HPA/PA.  As 

shown for PBI/PA membrane, there is approximately 18 % unbound water evaporated below 

100°C and 6 % water subsequently lost above 130°C due phosphoric acid dehydration.  The 

corresponding loss of water observed in PBI/20%HPA/PA is about 9 % unbound water and 9 % 

dehydrated water that is from both phosphoric acid and HPA. 

 

 TGA results indicate free water absorbed in the membrane was reserved more effectively 

in PBI/20%HPA/PA than in the case of PBI/PA.  This may be due to the presence of HPA 

hydration.  The retention of water in the membrane absolutely helps the conductivity of the 

membrane, since water contributes to the hydrogen network as well as acting as a proton carrier 

to transport the proton to other proton acceptor sites throughout the membrane.  As the 

temperature reached above 400°C, the polymer chain started to decompose.  Figure 6-2 also 

indicates that the composite PBI/20%HPA/PA membrane has less thermal degradation than 

 

Figure 6-2. TGA curves of PBI/PA in red (below) and PBI/20%HPA/PA in blue (above). 
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PBI/PA membrane.  It is possible that the HPA helps to anchor and hold the polymer chains 

together providing more support within the polymer matrix. 

 Mechanical properties of PBI/PA and PBI/20%HPA/PA systems were compared at room 

temperature as shown in Figure 6-3.  Although PBI/PA membrane shows more elastic as it 

elongates more than 250 % of its original length, the PBI/20%HPA/PA system has higher tensile 

strength at break reaching almost 140 MPa.  In addition, at any given elongation, the 

PBI/20%HPA/PA membrane has more tensile strength that is possibly due to the presence of the 

anchoring HPA in the PBI polymer. 

 

 SEM and TEM were used to study the micro-structure and nano-features of the 

membranes.  The SEM images of PBI, PBI/20%HPA, and PBI/20%HPA/PA can be found in the 

Appendix B (Figure B- 1).  Among these images, the morphology of PBI/20%HPA shows 

agglomeration of particles, which qualitatively determined by EDX as LiCl salt.  However, both 

PBI and PBI/20%HPA/PA show dense structures with similar morphological appearance.  The 

LiCl salt was washed away after impregnating the membrane in phosphoric acid solution for 

 

Figure 6-3. Tensile stress-strain comparison of PBI/PA and PBI/20%HPA/PA systems. 
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seven days, which agrees with the elemental analyses.  More importantly, the HPA remains in 

the dense polymer structure as can be seen from EDX spectrum, tungsten map, and TEM images 

shown in Figure 6-4 and Figure 6-5, respectively.  The 1.5-2.1 nm particles detected in both Z-

contrast and bright field STEM images in Figure 6-5 are likely from the tungsten species within 

the HPA clusters given the high amount of observed scattering.  These size features are also 

observed in the SAXS patterns discussed in the following sections. 

 

 

Figure 6-4. TEM preparation by FIB (top left), EDX map of tungsten element from HPA in the 
TEM sample (top right), and the EDX mass spectrum showing the W peaks at 0.27 keV, 1.8 

keV, and 8.4 keV (bottom). 
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 SAXS is a powerful technique to study the morphology of PBI/PA and PBI/20%HPA/PA 

membranes under changing environmental conditions, such as temperature and humidity.  There 

are three classification features that are observed in most of our SAXS patterns, except PBI/PA 

at 10 % RH, which does not show any peak identity indicating the sample is most likely 

amorphous due to polymer swelling.  First, the existence of peaks in the high q region indicates 

our samples contain ordered structures, and the peak position gives the distance between the 

scattering objects.  The second important feature is the middle q region of our SAXS patterns 

either shows a broad peak as in PBI/HPA/PA or a straight line as in PBI/PA.  These features 

indicate our films contain particles that have different sizes and shapes.  Lastly, the slope at low 

q region can be used to determine the size of the particles as well as the shape of the feature 

through the power law estimation.  Figure 6-6 shows the SAXS patterns of PBI/20%HPA/PA 

under anhydrous versus at 10 % RH as the temperature is increasing from 30-180°C and then 

 

Figure 6-5. TEM images of PBI/20%HPA/PA membrane in bright field STEM (a), and Z-
contrast image by high angle annular dark field (HAADF) STEM (b). 
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cooling down from 180-80°C.  The SAXS pattern of PBI/PA under anhydrous condition can also 

be found in the Appendix B (Figure B- 2 and Figure B- 3). 

 

 SAXS data can be obtained by using unified and diffraction fitting models (Modeling II 

of Irena macros).  Through these fits, the morphological behavior of PBI/PA and PBI/HPA/PA at 

different temperatures and humidity conditions can be interpreted and clearly visualized from the 

extracted data.  Detail extracted SAXS data can be found in the Appendix B (Table B- 2, Table 

B- 3, Table B- 4).  In summary, under anhydrous condition, PBI/PA contains approximately 1 

nm and 20 nm featured domains separated by about 0.9-1.2 nm.  These domain sizes and their 

inter-crystal planes were unchanged during the courts of heating and cooling from 80°C to 

 

 

Figure 6-6. SAXS patterns of PBI/20%HPA/PA; a/ Under anhydrous condition during heating up 
(top left) and cooling down (top right); b/ At 10 % RH during heating up (bottom left) and 

cooling down (bottom right).  During heating up, the temperature starts at 30°C then increases to 
80°C, 100°C, 120°C, 140°C, 160°C, and 180°C.  During cooling down, the temperature starts at 

180°C then cools to 160°C, 140°C, 120°C, 100°C, and 80°C.  Temperature increased in the 
direction corresponding to the rainbow color (red to purple). 
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180°C and vice versa.  However, the fitting parameters, based on Porod’s law which relates the 

scattering intensity I(q) with the specific surface area of the particles Sv as following,112 

lim
!→!

� � ∝  �! · �
!(!!!) (6-2) 

where q is the scattering wavenumber and d is the particles’ dimensionality, show these domains 

changed their shapes from some unresolvable peaks to more likely lamellar or vesicles. 

 The morphology of PBI/20%HPA/PA is slightly different under anhydrous conditions.  It 

contains a 1.5 nm featured particle and a 23 nm featured domain.  The 1.5 nm particle slightly 

grew to 2.1 nm upon heating from 80°C to 180°C and remained the same size during cooling.  

The size of the 23 nm domain, however, remained unchanged throughout heating and cooling.  

The smaller feature appeared lamellar or vesicular at 180°C whereas the larger feature was an 

unresolvable shape.  The diffraction peak at 1.2 nm (inter-crystal planes) belongs to the HPA 

molecules.  This distance remained almost unchanged throughout the heating and cooling cycles.  

It is interesting that the smaller feature, which is most likely HPA clusters, grew with 

temperature but was irreversible upon cooling back to 80°C. 

 At 10 % RH, however, the particles in PBI/20%HPA/PA appear a little bit different with 

slightly larger particle size of 3 nm (maybe due to HPA hydration) and smaller feature domain of 

15 nm (maybe due to the polymer chain steric effect).  These particle and domain, however, 

seem to shrink upon heating from 80°C to 180°C to smaller size features.  The 3 nm feature is 

most likely lamellar or vesicle at 80°C but becomes non-resolvable due to variation in shapes 

after shrinking to 1.8 nm at 180°C.  The 15 nm feature, on the other hand, is almost spherical at 

80°C but shrinks to 3.4 nm and forms a cylindrical shape at 180°C.  The diffraction peak at 1.3 

nm (inter-crystal planes) still belongs to HPA, but it is slightly larger than under anhydrous 

conditions due to swelling of hydrated HPA.  This distance is constant with temperatures 
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throughout the heating and cooling cycles.  Most of these features seem to be reversible upon 

cooling back to 80°C.  The SAXS fitting results explain why PBI/HPA/PA requires some 

humidification to boost its proton conductivity.  At 10 % RH, the HPA clusters seem to dissolve 

in the polymer matrix forming a more uniform structure which distributes proton conducting 

sites more homogenously. 

 The FTIR bands are highly sensitive to changes in molecular structure, which becomes 

valuable to understand the acid-base proton exchange reaction between PBI and H3PO4 as well 

as the dipole-dipole interactions between membrane components.  Figure 6-7 shows the FTIR 

spectra of a pristine PBI membrane and a PBI/HPA composite membrane.  The spectrum of the 

pure PBI contains all featured bands that were previously assigned.113  The spectrum of 

PBI/HPA composite membrane shows some shifts and extra absorptions peaks that have been 

assigned according to the literature.114  Table 6-2 summarizes these band assignments.  Most 

noticeably, a strong absorption peak at 1628 cm-1 can be attributed of O-H bending of water 

absorbed on HPA.  In addition, four absorption peaks at 963 cm-1, 922 cm-1, 851 cm-1, and 797 

cm-1 are attributed to asymmetric W=Oterminal, asymmetric Si-O, symmetric W-Ocorner-W, and 

asymmetric W-Oedge-W, respectively.115 

 Figure 6-8 shows multiple spectra of PBI/PA and PBI/20%HPA/PA as the membranes 

were heated up from 80°C to 160°C at 5 % RH.  Both membranes’ spectra show absorption 

bands at 938 cm-1 and 861 cm-1 associated with phosphate modes.  The presence of phosphate 

anions confirms proton conduction in these membranes occurs through a Grotthuss mechanism.  

The band at 938 cm-1 has been assigned to the asymmetric stretch P(OH)2 of the H2PO4
- anion, 

while the 861 cm-1 is attributed to the symmetric stretch P-O of the anion.116  The presence of 

H2PO4
- anion confirmed the acid-base proton exchange between PBI and H3PO4, which produces 
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an imidazolium cation along the polymer backbone.117  Since the imidazole group is protonated, 

the vibrational modes associated with N-H bending and ring stretching shift to higher 

frequencies.  As shown in Figure 6-8, the broad band appears between 2500-3000 cm-1 has been 

assigned to N+-H stretching, whereas band at 2250-2500 cm-1 is associated with O-H 

stretching.118  In addition, bands as 1628 cm-1, 1581 cm-1, and 1460 cm-1 are from C=N and C=C 

stretching of the ionized imidazole group on the polymer backbone, although band at 1628 cm-1 

can also be contributed by OH bending of free water. 

 

 

 These observations confirm the acid-base interaction of phosphoric acid with imidazole 

group through a protonation reaction.  Although ionized imidazole groups do not contribute to 

the membrane proton conductivity due to its immobilization, they are the substrate holding the 

anion of diprotonated phosphate (H2PO4
-), which creates a hydrogen bond network of excess 

phosphoric acid within the matrix of the polymer.  It is interesting that PBI/PA also has a 

 

Figure 6-7. FTIR spectra of pure PBI (top red) and PBI/20%HPA (bottom blue). 
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shoulder band near 1720 cm-1 that belongs to a hydronium ion, which indicates the presence of 

proton transport contributed by free water in the membrane.119  As the temperature increased 

from 80°C to 160°C, it is clearly shown that more water and structural loss occur in the PBI/PA 

sample, which negatively affects the proton conductivity of the membrane.  Both samples, 

however, showed a shift of asymmetric to symmetric stretch of H2PO4
- anion at temperatures 

above 140°C due to the formation of pyrophosphoric acid. 

 

Note: These band assignments are based on previous publications with abbreviations s (strong), 
m (medium), w (weak), sh (shoulder), vs (very strong), b (broad), t (terminal), c (corner), and e 
(edge). 
 

Table 6-2. FTIR band assignments of PBI/HPA 

Wave number (cm
-1

) Assignment 

  

3389 (b) Free non-hydrogen bonded N-H stretching 

3147 (b) Self-associated N-H stretching 

3060 (b) Aromatic C-H stretching 

1628 (vs) C=C and C=N stretching or water O-H bending 

1448 (vs) In-plane ring vibration 

1418 (m, sh) C-C stretching 

1298 (m) Imidazole ring breathing 

1262 (w) In-plane C-H deformation 

1017 (w) Benzene ring vibration 

963 (w) W-Ot asymmetric stretching 

922 (m) Si-O asymmetric stretching 

851 (w) W-Oc-W symmetric stretching 

797 (s) W-Oe-W asymmetric stretching 

695 (m) C-H out of plane bending 
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 Solid-state NMR spectroscopy was used to study the conduction mechanism of 

phosphoric acid doped PBI polymer.  While the chemical shifts give information about the 

chemical environments, the line widths of the signals at different temperatures often provided 

mobility information on the molecular level.120  During this study, the interaction between PBI 

and phosphoric acid was characterized by 1H MAS and 31P CP/MAS NMR spectroscopy.  

CP/MAS NMR technique is used to obtain 31P spectra in order to enhance signal to noise at a 

much shorter experimental time. 

 Figure 6-9 shows the 1H MAS NMR spectra of PBI/PA and PBI/20%HPA/PA at 80°C 

and 120°C.  In both cases, the 1H signal resonated at 9 ppm is assigned to free H3PO4 while the 

 

 

Figure 6-8. FTIR spectra of PBI/PA (top) and PBI/20%HPA/PA (bottom) during heating up from 
80°C to 100°C, 120°C, 140°C, and 160°C at 5 % RH.  Temperature increased in the direction 
corresponding to the rainbow color (red to purple).  The spectra was split in two regions for 

clarification with high wavenumbers (left) and low wavenumbers (right). 
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one at 8 ppm corresponds to imidazolium -NH sites on the polymer.  Due to the constraint of our 

solid-state NMR spinning rate capability, these peaks are not separated as described in the 

literature.121  The linewidths of PBI/20%HPA/PA 1H spectra are narrower, which indicates 

higher mobility of proton motions due to their smaller dipole-dipole interaction.122  In addition, 

as temperature increased from 80°C to 120°C, the integral peaks ratio at 9 ppm to 8 ppm were 

estimated through deconvolution processes and found to increase from 3.38 to 4.88 in 

PBI/20%HPA/PA, which indicates more free phosphoric acid appeared in the polymer matrix.  

This means that the proton transfers more dominated through hoping via hydrogen bonding 

between the free phosphoric acid, its anion, and water molecules.  On the other hand, the 

corresponding integral peaks ratio slightly decreased from 3.18 to 3.13 at 80°C and 120°C, 

respectively, in PBI/PA.  The proton transport between phosphate anion and protonated 

imidazole on PBI, which is a slower proton conducting route,100 still plays a major contribution 

to the total proton conductivity of PBI/PA at higher temperatures. 

 

Figure 6-9. 1H MAS NMR spectra of PBI/PA (left) and PBI/20%HPA/PA (right) during heating 
up from 80°C (bottom red) to 120°C (top blue). 
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 Figure 6-10 shows the 31P CP/MAS NMR spectra of PBI/PA and PBI/20%HPA/PA at 

80°C and 120°C.  The 31P chemical shift for phosphoric acid is close to 0 ppm.  The other peak 

appears at -10 ppm has been assigned to the dimeric compound pyrophosphoric acid.123  As 

temperature increased from 80°C to 120°C, the phosphoric acid peak shifted to 2 ppm and the 

pyrophosphoric acid peak grew stronger as shown in the PBI/PA NMR spectrum.  This 

observation indicates more pyrophosphoric acid formation while the rest of free phosphoric acid 

becomes hydrogen bonded to the imidazole of the backbone, as the temperature rises to 120°C.  

As a result, it reduces the number of available proton acceptor groups and immobilizes proton 

vacancies, and therefore, inhibits proton conduction.  These changes are not observed in 

PBI/20%HPA/PA NMR spectrum.  The presence of HPA obviously helps to maintain free acid 

inside the polymer matrix as well as avoid condensation defects of phosphoric acid. 

 

 Figure 6-11 shows the effects of temperature on proton conductivities of PBI/HPA versus 

PBI/20%HPA/PA membranes under anhydrous condition and at 5 % RH.  Under anhydrous 

conditions, both PBI/PA and composite PBI/20%HPA/PA membranes decline in conductivity as 

 

Figure 6-10. 31P MAS NMR spectra of PBI/PA (left) and PBI/20%HPA/PA (right) during 
heating up from 80°C (bottom red) to 120°C (top blue). 
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temperatures reach above 120°C.  The loss of free water and dehydration of phosphoric 

acid/HPA both contribute to the suffering of conductivity.  However, the composite 

PBI/20%HPA/PA membrane seems to have a more dramatic effect due to the dehydration of 

HPA.  At 5 % RH, however, both the PBI/PA and composite PBI/20%HPA/PA membranes 

increase in conductivity with increasing temperature as expected.  As shown, the 

temperature/conductivity relationships of both membranes are linearly dependent following the 

Arrhenius equation with calculated activation energies of 26.3 kJ·mole-1 and 17.5 kJ·mole-1 for 

PBI/PA and composite PBI/20%HPA/PA, respectively.  Besides lowering activation energy, it 

also clearly shows the conductivity of PBI/20%HPA/PA is about three times higher than PBI/PA 

throughout the temperature range. 

 

 Since PA-doped PBI consists of an extensive hydrogen bond network, its proton 

conduction occurs mainly through a Grotthuss mechanism, in which molecules are reoriented to 

form hydrogen bonding and allow protons to hop from one site to another through the hydrogen 

bridge.124  However, at elevated temperatures, as shown and discussed in FTIR and NMR 

analyses, PA-doped PBI tends to loose water and dehydrate phosphoric acid more.  As a result, 

  

Figure 6-11. Temperature dependence of ionic conductivity of PBI/PA (■) and PBI/20%HPA/PA 
(�) under anhydrous condition (left) and 5 % RH (right). 
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proton hopping occurs mainly between the NH sites and the bound phosphate anions.  Since the 

bound anions are immobile, the proton transfer occurring in PA-doped PBI is relatively slow.  

Moreover, the strong interaction between protons and nitrogen atoms of the imidazole reduces 

the proton mobility and prohibits its transfer.  On the other hand, the existence of HPA in PA 

doped PBI enhances the presence of free phosphoric acid and preserves water in the polymer 

matrix, protons now can freely jump along different paths, between free anion/PA, water/PA, or 

bound anion/NH, by reorientation of anions and transferring of protons.  With excess of PA in 

the membrane, protons migrate more favorable along the anion/PA or water/PA chain, whereas 

the bound anion/NH only gives a relatively small contribution to the total proton conductivity.  

In addition, the excess PA helps to draw more water in the membrane, leading to higher 

conductivity since proton transfer is faster along the water/PA path.  Furthermore, higher water 

concentration lowers the viscosity of the polymer allowing faster mobility and conductivity of 

the molecules. 

 Figure 6-12 shows the correlation of proton conductivity and doping level of the 

membranes upon adding different amount of HPA.  At 160°C and 5 % RH condition, addition of 

up to 20 % HPA increased the acid doping level from 10 to 14, but dropped to 12 at higher than 

20 % HPA addition.  The conductivity results are consistent with the doping data showing 

conductivity maximized at 20 % HPA.  Previous studies have shown that the conductivity 

increases with the doping level for a given temperature and RH.  The activation energy decreases 

with increasing doping level due to the higher mobility of protons.  In fact, excess phosphoric 

acid increases the proton conductivity, by both Grothuss and Vehicle mechanisms, by either 

increasing the probability of proton hopping via hydrogen bonds or the proton diffusion rate due 

to higher phosphoric concentration in the polymer matrix.  It is still unclear why the doping level, 
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and therefore conductivity, decreases when more than 20 % HPA is added into the polymer 

membrane.  The more concentrated HPA membrane might spatially squeeze excess phosphoric 

acid out of the polymer. 

 

 Figure 6-13 shows the relative humidity dependence of proton conductivity for the 

control PBI/PA membrane versus various compositions of PBI/HPA/PA composite membranes.  

Conductivity generally increases with relative humidity for all membranes.  As reported earlier, 

an increase in RH leads to higher water content in the membrane, leading to higher mobility and 

conductivity of protons.  The addition of 20 % HPA gives the highest conductivity at 160°C and 

10 % RH reaching 0.127 S·cm-1.  This is more than 3 times higher than PBI/PA itself, which 

shows a conductivity of 0.049 S·cm-1 at the same conditions. 

 

 

Figure 6-12. Correlation of ionic conductivity (�) measured at 160°C and 6 % RH versus 
doping level (▲) on different HPA concentration. 
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 Figure 6-14 compares the polarization curves of MEAs made from PBI/20%HPA/PA 

MEA and PBI/PA MEA, using dry hydrogen and dry oxygen, after 700 hours testing.  As can be 

seen, although the open circuit voltage (OCV) of PBI/20%HPA/PA MEA is lower, which is 

possibly due to higher fuel cross-over of the composite membranes, the IR slopes of the 

polarization curve of the composite PBI/20%HPA/PA MEAs (approximately, 0.25 Ohm·cm2) is 

shallower than of the control PBI/PA MEA (0.31 Ohm·cm2), clearly indicating the HPA doped 

membrane has higher conductivity.  As shown in Figure 6-15 in the following impedance study 

section, although the ohmic resistance of MEA containing PBI/20%HPA/PA is much lower than 

the control PBI/PA, the cathode and mass transport resistances are not.  The higher resistances of 

the cathode and mass transport may decrease the fuel cell performance and counter affects the 

 

Figure 6-13. Relative humidity dependence of ionic conductivity of different HPA loading on 
phosphoric acid doped PBI membrane at 160°C. 
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membrane ionic conductivity of PBI/20%HPA/PA.  One will have to optimize the properties of 

the electrodes in order to fully exploit the reduced membrane resistance, this is the subject of a 

future study. 

 

 Figure 6-15 shows the results of the above fuel cells EIS measurements at 160°C using 

dry hydrogen and dry air.  Two MEAs of PBI/20%HPA/PA were used to compare to the control 

reference MEA (PBI/PA).  As stated earlier, both composite membrane MEAs show three times 

lower ohmic resistance (0.057 ± 0.002 Ohm·cm2) compared to the control reference (0.160 

Ohm·cm2).  Table 6-3 summarizes the fitting resistances obtained for these three MEAs.  To 

check the membrane durability by ionic conductivity, each MEA was continuously run at a 

current density of 0.2 A·cm-2 for several days.  EIS was then measured at 169 hours and 313 

hours.  As shown, the ohmic resistance of our composite PBI/20%HPA/PA MEA was unchanged 

after 313 hours, while the charge transfer resistance was improved over time.  We have not fully 

 

Figure 6-14. Polarization curves of PEMFCs under dry hydrogen and dry oxygen at 160°C with 
MEA made of PBI/PA (■) and PBI/20%HPA/PA (▲).  MEA active area is 21 cm2 with λH2 = 

1.5 and λoxygen = 2.5. 
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understood the fuel cell break in as shown after 313 hours conditioning, and at the moment, 

several fuel cell parameters have not been optimized yet.  Clearly, as stated above, these fuel cell 

data are preliminary, and a lot of work is ongoing to successfully obtain and truly appreciate the 

high temperature PEM fuel cells using phosphoric acid doped PBI/HPA as the electrolyte. 

 

  
 

Figure 6-15. Impedance of fuel PEMFCs at 160°C for ohmic resistance comparison (left) and 
durability test of best MEA (right).  For ohmic resistance comparison after 48 hours break-in 

conditioning, one MEA was made of PBI/PA (■) and two MEAs were made of 
PBI/20%HPA/PA (� and ▲).  For durability test of best MEA made of PBI/20%HPA/PA, the 

fuel cell was measured EIS after 48 hours (�), 169 hours (□), and 313 hours (◊).  All EIS spectra 
tests have been taken at 4.2 A (200 mA·cm-2), in the range of frequencies from 10,000 kHz to 

0.010 mHz. 

Table 6-3. EIS data provided from equivalent circuit fitting to determine ohmic resistance, 

cathode resistance, and mass transport resistance. 
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6.5 Conclusion 

 Polybenzimidazole-based, heteropolyacid-added, phosphoric acid-doped 

(PBI/20%HPA/PA) membranes have good proton conductivity, strong mechanical stability, and 

can potentially be great candidates for use in high temperature PEMFCs.  At 160°C and 10 % 

RH, the conductivity of PBI/20%HPA/PA was 0.127 ± 0.007 S·cm-1, which is approximately 

three times higher than the current used PBI/PA membrane (0.049 ± 0.005 S·cm-1).  It has been 

found that LiCl helps to dissolve PBI and HPA in DMAc forming a homogenous solution ready 

for casting.  The lithium salt can be completely removed after soaking the membrane in 

concentrated phosphoric acid (85 wt.%) for seven days.  Adding HPA to the polymer seems to 

increase acid doping level; however, it maximizes at approximately 20 wt.% of HPA addition.  

Through FTIR, 1H/31P MAS NMR, and TGA, we found the addition of HPA helps to increase 

the proton conductivity of PBI-based phosphoric acid-doped membranes by inhibiting the water 

from escaping the membrane at elevated temperatures, minimizing the dehydration of phosphoric 

acid, and adding more acid sites by providing additional paths for proton transport.  The tensile 

stress-strain test shows PBI/20%HPA/PA has better mechanical properties.  SAXS data show 

PBI/20%HPA/PA morphology depends on both temperature and humidity.  Under anhydrous 

conditions, there are 1.5-2.1 nm hydrated HPA clusters that grow irreversibly larger into lamellar 

or vesicle shape as the temperatures increasing to 180°C. Under humidified conditions, however, 

these 3 nm hydrated HPA clusters tend to dissolve uniformly in the membrane, producing a 1.8 

nm feature at 180°C.  The results indicate minimum humidity is required to dissolve HPA 

clusters and boost the composite membrane conductivity.  This observation is consistent with the 

proton conductivity behavior.  To verify that these membranes were still viable in a fuel cell, 

preliminary fuel cell data was collected using an un-optimized single MEA constructed of 
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standard electrodes.  A MEA made from PBI/20%HPA/PA has low ohmic resistance (0.057 ± 

0.002 Ohm·cm2) and is stable up to 313 hours.  The MEA was used to test hydrogen PEMFC at 

160°C for more than 700 hours.  Although the open circuit potential is lower, which might be 

due to higher fuel cross-over through the composite membrane, the IR slope is shallower, which 

indicates PBI/20%HPA/PA system is more proton conductive. 
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CHAPTER 7 : TESTING DIRECT-METHANE PROTON EXCHANGE MEMBRANE FUEL 

CELLS AT ELEVATED TEMPERATURE  

 

7.1 Abtract 

Direct-methane proton exchange membrane fuel cells (PEMFCs) were tested at 160°C 

using different types of catalytic systems at the anode.  Vanadyl pyrophosphonate (VPO), a 

Lewis acid, was prepared and characterized by Fourier transform infrared spectroscopy (FTIR), 

X-ray diffraction (XRD), and BET surface area.  The VPO catalyst was then mixed with Pt black 

and tested.  The results showed that increasing the VPO content up to 10 wt.% increased the 

limiting current density and maximum power density to approximately 0.93 mA·cm-2 and 0.56 

mW·cm-2, respectively.  Next, 12-silicotungstic heteropoly acid (HPA), a Brønsted acid, was 

covalently hybridized on Vulcan XC-72R, and Pt was subsequently deposited onto the resultant 

support.  This catalyst was characterized by scanning electron microscope (SEM), transmission 

electron microscopy (TEM), XRD, and elemental analysis, and then it was tested.  The presence 

of HPA at the anode improved its CO tolerance and produced more than 1.2 mA·cm-2 and 0.45 

mW·cm-2.  In addition, other catalysts, such as Pt-based single-site molecular catalyst (OMC-

4BP-PtCl2) and Pt-based nitrogen/phosphorus doped carbon catalyst (Pt/AC-2), were also tested 

and compared with commercial Pt/C and Pt-Ru/C catalysts.  The results showed that fuel cells 

with Pt/AC-2 at the anode produced the highest limiting current density (10 mA·cm-2) and 

maximum power density (1.5 mW·cm-2) of any catalytic system prepared and tested under the 

same mass electrode assembly (MEA) procedure and testing conditions in this study, although 

both OMC-4BP-PtCl2 and Pt/AC-2 showed about the same methane oxidation reaction activity.  

Last, two commercial gas diffusion electrodes (GDEs) prepared at Advent, Inc. and Danish 

Power System, Inc. (DPS) were tested.  Both the Advent and DPS electrodes exhibited much 
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better fuel cell performance than OMC-4BP-PtCl2 and Pt/AC-2, with the DPS GDE considerably 

improving both the limiting current density (30.0 mA·cm-2 at 0.4 V) and the maximum power 

density (10.0 mW·cm-2).  Gas chromatography (GC) analyses detected CO2 as the only oxidation 

product at the anode, and about the same CO2 concentration was estimated according to 

Faraday’s law. 

7.2 Introduction 

 
Fuel cell technologies show promise in transportation, portable uses, and stationary 

applications.1  Until recently, PEMFCs have mostly used hydrogen as their fuel source, which 

has negatively impacted their economic viability. The synthesis of hydrogen, especially from 

fossil fuels, requires a significant amount of energy due to its high temperature processing, 

difficulty in storage, and purification.7  Near-term fuel cell applications could benefit from using 

a more readily available fuel source, such as methane in natural gas.125 

Methane is the main constituent of natural gas126 (approximately 95 vol.%),8 and has 

received considerable attention due to its potential technical, economic, and environmental 

advantages in motor vehicles use.127  Methane, in fact, is readily and cheaply available via 

landfill gas and mine gas.67  Because of its high availability, methane can be an ideal fuel for fuel 

cell applications.  However, methane is very stable and extremely difficult to oxidize.128  This 

molecule has perfect, symmetrical tetrahedral structure, and its four C-H bonds are completely 

uniform and stable.129  The C-H bond in methane in fact is one of the strongest C-H bonds (435 

KJ·mole-1) in organic compounds, and therefore, the activation and reaction of methane requires 

extreme conditions.130  Although methane oxidation is thermodynamically favorable, its reaction 

kinetics are very slow.  As a result, methane oxidation must normally occur at very high 

temperatures (> 500°C), which limits its use in fuel cells.10 
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There has been high demand for improved activity and selectivity of catalytic systems 

that can activate C-H bonds at lower temperatures.131  Such direct-methane oxidation is one of 

the most difficult challenges in catalysis; it has been extensively researched since the 1970s, but 

with very little success.  Consequently, reports for selective, low temperature oxidation of 

methane are very limited.132  However, one interesting approach for direct-methane oxidation at 

low temperatures was to apply an electrochemical cell that contained electrocatalysts to the 

reaction system.133  The resultant electrochemical oxidation of methane followed an easier route 

because the applied potential allowed the C-H bond to break more easily, forming carbon 

dioxide and water as the products.  It was found that complete methane oxidation to carbon 

dioxide could be electrochemically promoted up to five times.134  In addition, the complete 

anodic oxidation of methane in direct-methane PEMFCs also produced useful current and power 

densities, although these values were extremely low.51 

The performance of direct-methane PEMFCs is the poorest among all hydrocarbon fuel 

cells.8  Therefore, it is desired to seek the right catalysts and optimize the best fuel cell operating 

conditions for complete methane oxidation.  Current direct-methane PEMFCs operate at 80°C 

due to the thermal limitations of the polymer-electrolyte membrane (e.g., Nafion®).  This 

operating temperature is probably too low to oxidize methane, even with the assistance of an 

electrocatalyst, because the transition temperature of methane oxidation is higher than 400°C.9  

One study reported a measurable conversion of methane via oxidation by using a Pd/Al2O3 

catalytic system, at temperatures above 300°C.127  Therefore, it is necessary to raise the operating 

temperature of direct-methane PEMFCs to promote methane conversion.   

Increasing the operating temperature of a fuel cell will increase the diffusion rates of 

reactants and products while also enhancing the reaction activity of the electrocatalyst at the 
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anode.135  In addition, at low temperatures, the partial oxidation of methane possibly produces 

carbon monoxide, which can poison the catalyst, reduce its catalytic activity, and lower the fuel 

cell performance over time.11  Furthermore, water management, especially in direct-methane 

PEMFCs, is extremely difficult because liquid condensation occurs at temperatures below 100°C.  

As a result, increasing the operating temperature of direct-methane PEMFCs not only increases 

the anodic reaction kinetics, but also increases its tolerates for carbon monoxide poisoning, and 

prevents condensed liquid water from flooding the electrochemically active surface area, 

allowing for more methane to react.136 

The development of a thermally tolerant polybenzimidazole (PBI) electrolyte membrane 

has led to a generation of high temperature direct-methane PEMFCs.137  Recent success in 

incorporating 12-silicotungstic acid into the PBI polymer matrix, which enhances its proton 

conductivity and durability at 160°C, allows for the testing of direct-methane PEMFCs with 

several different catalytic systems at this elevated operating temperature.  This report shows the 

results of testing several different catalysts at the anode to completely oxidize methane, resulting 

in the production of useful current and power densities.  New catalysts, such as platinum with 

VPO-doped or HPA-hybridized carbon catalysts, as well as previous reported catalysts,51 for 

example Pt-based single-site molecular catalyst or Pt-based nitrogen/phosphorus-doped carbon 

catalyst, were used to test direct-methane PEMFCs at 160°C.  Commercial catalysts, such as 

Pt/C or Pt-Ru/C, were also tested as a baseline for comparison.  Finally, commercial high 

temperature platinum GDEs that were fabricated under a process that controlled the 

microstructure were used to confirm the oxidation of methane at elevated temperature.  Current 

and power densities were measured at different potentials and anode polarizations to evaluate the 

overall fuel cell performance and the catalytic activities, respectively.  Finally, GC analyses were 
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used to detect gaseous products in the anodic exhaust and to complete the mass balance for 

direct-methane oxidation. 

7.3 Experimental 

7.3.1 Preparation and Characterization of VPO Catalyst 

Vanadyl pyrophosphonate was prepared following the procedure reported by McCormick 

et al.138  All reactants and solvents were purchased from Aldrich and used as-received.  In detail, 

5.0 g of vanadium (V) oxide and 2.0 g of sodium dodecyl sulfate were combined and suspended 

in a mixture of 30 mL of isobutyl alcohol and 20 mL of benzyl alcohol.  The suspension was 

stirred while refluxing for 3 hours at 150°C.  After cooling to room temperature, stirring was 

allowed to continue overnight, and the suspension became a dark green solution.  Next, 5.4 g of 

anhydrous phosphoric acid was added, and the mixture was refluxed for an additional 2 hours, 

resulting in a jade green colored solution.  After filtering and washing with excess isobutyl 

alcohol, the solid product was dried in air at 120°C overnight.  Finally, the catalyst precursor was 

calcined in a tube furnace under 1.5 % butane (balance in air) with a flow rate of approximately 

150 sccm at 400°C for 18 hours.  The VPO product was light grey in appearance. 

FTIR spectra were collected using a Nicolet Magna 550 FTIR with 256 scans and at a 

resolution of 4 cm-1.  XRD patterns were collected using a Scintag θ/2θ diffractometer with a Cu 

target X-ray tube (λKα = 1.540562 Å) operating at 45 kV and 40 mA.  Surface area and pore size 

distribution were analyzed by a Micromeritics Gemini apparatus.  Adsorption isotherms were 

determined by N2 adsorption at 77 K.  BET surface area, t-plot micropore volume and pore 

widths were calculated by applying the BET equation to the adsorption isotherms. 
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7.3.2 HPA-doped Pt/C Catalyst Preparation and Characterization 

Vulcan carbon black XC-72R (VCBR) was purchased and cleaned to remove any 

residual metal impurities.  Initially, 20 g of VCBR was refluxed in 500 mL of 6 M H2SO4 for 3 

hours.  The carbon black was then collected on the filter and rinsed with excess hot deionized 

(DI) water until the filtrate was weakly acidic.  Next, 500 mL of 7 M KOH was added to the 

carbon black and heated to reflux for an additional 3 hours.  The carbon black was collected on 

the filter and rinsed with excess hot DI water again.  Finally, 100 mL of 0.05 M H2SO4 was 

added to the carbon black on the filter and then rinsed with excess hot DI water until the filtrate 

has a neutral pH. 

HPA-aromatic groups were covalently attached to the carbon black support by using the 

aryl grafting technique, which has been used to successfully functionalize carbon surfaces with 

aromatic molecules containing aryl diazonium moieties.80  In detail, a silane-coupling agent, ρ-

aminophenyltrimethoxysilane (2.2 mmol) in CH3CN (3 mL), was added to a CH3CN/H2O 

mixture (100 mL, 75/25, v/v) and stirred for 5 minutes.  K8[α-SiW11O39]x12H2O solid (1 mmol) 

was then added slowly to the solution, followed by stirring for an additional 5 minutes at room 

temperature.  The pH of the reaction mixture was adjusted to 1.8 with a 6.6 mL aliquot of 1 M 

HCl solution, upon which time the solution color changed to clear orange.  After stirring at 25°C 

overnight, an additional 4.5 mL aliquot of 1 M HCl solution was added until the pH was about 

1.1, then the reaction mixture was cooled to 0°C in an ice-water bath.  While the temperature was 

maintained at 0-2°C, an aqueous solution of sodium nitrite (2.4 mmol in 2 mL DI water) was 

added dropwise and allowed to react for 4-5 minutes.  The solution was immediately tested for 

excess acid with an external indicator (moist KI starch paper.)  Varied amounts of HPA-

diazonium salt (that result in 2.23 wt.%, 4.30 wt.%, and 8.10 wt.% doping levels), which are 
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very sensitive to heat, were then added to the boiling carbon black (1.0038 g in 50 mL of DI 

water), and nitrogen bubbles were released.  The mixture was stirred while heating for 2 hours 

and dried in the oven at 100°C overnight.  A sample of the resulting carbon black product was 

rinsed with hot DI water, then subjected to Soxhlet extraction with ethanol overnight, rinsed with 

DI water, and dried again in the oven at 100°C overnight, to result in 2-10 wt.% HPA-hybridized 

carbon black products. 

Platinum was deposited onto the HPA-hybridized carbon support by an ethylene glycol 

reduction process described by Mason et al.80  The prepared HPA-hybridized VCBR samples 

were dispersed in DI water, ultrasonicated for 20 minutes, and used as the carbon supports.  In a 

separate container, an appropriate amount of chloroplatinic acid hexahydrate (calculated to result 

in approximately a loading of 30 wt.% Pt on HPA-hybridized VCBR in the final product) was 

dissolved in ethylene glycol at 80°C.  The solution was then bubbled with 1 % CO in nitrogen 

for at least 20 minutes.  A solution of 0.25 M NaOH in ethylene glycol was next added dropwise 

to the above solution until the color of the solution changed from bright orange to dark brown.  

The Pt precursor was then mixed with the carbon support and allowed to adsorb under 

ultrasonication for an additional 20 minutes.  The solid was then filtered and washed with excess 

DI water.  The catalyst was finally dried in an oven at 200°C for 2 hours and characterized by 

elemental analysis, SEM, TEM, and XRD. 

7.3.3 Other Testing Catalysts 

Pt-based single-site molecular catalyst (OMC-4BP-PtCl2, described previously in Chapter 

3) and Pt supported on nitrogen/phosphorus doped carbon catalyst (Pt/AC-2, described 

previously in Chapter 5) were used as-prepared.  Pt/C (46 wt.%) and Pt-Ru/C (40 wt.%, 1:1 w/w 

ratio) were purchased from Fuel Cell Store, Inc. and used as-received.  Commercial high 
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temperature Pt/C electrodes, with 1.0 mg·cm-2 Pt loading were purchased from Advent and Pt/C 

electrodes with 1.5 mg·cm-2 Pt loading were provided by DPS, and used as baseline GDEs. 

7.3.4 Membrane Electrode Assembly (MEA) Fabrication 

The anode ink was prepared by combining the catalyst, water, and isopropanol solution.  

Water was added in an amount that was ten times the mass of the carbon in the ink.  Isopropanol 

was added to the ink to obtain a water/isopropanol ratio of 3:2 by weight.  The ink was sonicated 

in an ultrasonic bath for 30 minutes, followed by mixing with a vortex mixer for 5 minutes. The 

ink was then sprayed onto a hydrophobic gas diffusion layer (GDL) provided by DPS to make 

the anode.  The wet anode was then placed under an IR 250 W heat lamp to evaporate the 

water/isopropanol solvent in the catalyst layer.  A DPS Pt/C GDE (with a Pt loading of 1.5 

mg·cm-2) was used as the cathode for all tests.  Both the anode and cathode were prepared with 

an area of 5.48 cm2, except for the one used for the run using GC analysis that had an area of 25 

cm2. The electrodes were hot pressed onto the opposite sides of a PBI/20%HPA/PA membrane 

(described previously in Chapter 6) at 1.5 tons at 100°C for 3 minutes before hardware assembly 

and testing. 

7.3.5 Fuel Cell Testing 

 A single hardware cell with an area of 5.48 cm
2
 (or 25 cm

2
) and single serpentine flow 

fields (Fuel Cell Technologies, Inc.) was used for this study.  To break in the MEA, the fuel cell 

was operated by feeding humidified hydrogen and oxygen to the anode and cathode at flow rates 

of 0.3 L·min
-1 

and 0.2 L·min
-1

, respectively.  Both gases were fed and humidified by sparging 

them through a bottle filled with DI water using a modular gas handling and gas metering system 

(Scribner, Inc.).  Both hydrogen and oxygen were humidified at 80°C while the cell was 

maintained at 160°C.  The fuel cell was conditioned at a current density of 0.2 A·cm
-2

 for at least 
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24 hours.  After the break-in process, the anode feed was switched to methane at the same 

flowrate of 0.3 L·min
-1

 and the electrode was purged for at least 1 hour to clear out the hydrogen 

before measuring fuel cell polarization curves. The effluent from the fuel cell flowed through a 

backpressure regulator, and liquid water was condensed out by passing the gas through a bottle 

held at room temperature. For this study, the backpressure was always kept at 30 psig during fuel 

cell testing.  A potentiostat (Gamry Instruments) was used to collect polarization curves by first 

remaining at open circuit for 10 minutes, then stepping down from the open circuit potential 

(OCV) until the limiting current was reached.  For anode polarization, nitrogen instead of oxygen 

was fed to the cathode, which became a pseudo-reference electrode.
139

 The potential was then 

scanned from open circuit to more positive potentials until a limiting current was achieved. 

To analyze the methane oxidation product, a chronoamperometry sequence was applied 

on the fuel cell to continuously draw more than 15 mA of current from the anode to the cathode. 

After 15 minutes, the methane feed was reduced to 0.03 L·min-1.  After another 15 minutes, the 

anodic gas exhaust was sampled and analyzed with two on-line gas chromatographs (Agilient 

GC 7890B) with dual flame-ionization/thermal-conductivity detectors (FID/TCD).  Hydrogen 

was flowed at 30 mL·min-1 and used as the carrier gas.  The GC oven was initially set at 35°C 

for 5 min then heated to 225°C at a ramp rate of 20 °C·min-1.  Several standard CO and CO2 gas 

mixtures at 0.2 vol.%, 0.4 vol.%, 0.6 vol.%, 0.8 vol.%, and 1.0 vol.% concentrations were 

prepared and used to generate GC calibration curves.  The theoretical concentrations of the CO 

and CO2 products expected in the outlet gas from the anode were calculated using Faraday’s law 

based on six and eight electron reactions, respectively.9 
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7.4  Results and Discussions 

VPO has been used commercially to catalyze the selective oxidation of n-butane to 

maleic anhydride.138  The presence of both V+4 and V+5 in this unique reduction-oxidation 

(redox) system allows VPO to specifically activate and selectively oxidize the alkane.  

Interestingly, McCormick et al. also reported the ability of VPO to moderately oxidize even 

shorter hydrocarbons such as methane at 300-425°C.138  Strong Lewis acid sites found on the 

surface of VPO could be active enough to initiate activation of these short alkanes.  These sites 

assist in the dissociation of the C-H bond, producing hydrocarbon free radicals, which are further 

converted to carbon dioxide. 

Figure 7-1 shows the FTIR spectrum of VPO.  All of the peaks observed in the infrared 

spectrum agree with those reported previously.140  The spectrum clearly shows the presence of 

the P2O7
4- anion, which indicates that VPO was successfully prepared.  The peak at 742 cm-1 was 

assigned to a symmetric P-O-P stretching vibration, the peak at 793 cm-1 was assigned to (V=O)-

V stretching, the peak at 971 cm-1 was assigned to V=O stretching, ant the peaks at 1082 cm-1 

and 1147 cm-1 were assigned to PO3 stretching vibrations. 

A XRD pattern obtained from the prepared VPO is shown in Figure 7-2.  The diffraction 

peaks are also in agreement with the results reported previously.141  The highest peaks at 22.8° 

and 28.3° correspond to the (020) and (204) reflection planes, respectively.  Since the widths of 

these peaks are very similar, the resultant pure VPO is expected to have single phase crystalline 

structure. 
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Figure 7-1. FTIR spectrum of VPO. 

 

Figure 7-2. XRD pattern of VPO. 
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To increase the surface area of the VPO product, the preparation procedure used in this 

study was slightly modified from the past by adding sodium dodecyl sulfate as a surfactant in the 

reaction mixture at the beginning of synthesis.142  The resultant VPO had a BET surface area of 

17.7 m2
·g-1; a lot higher than previously reported batch preparations (1.00 m2

·g-1).140  As 

indicated in Figure 7-3, although it is much improved, the prepared VPO still had very low 

surface area because the majority of its pore distribution was in the microporous range with 

extremely low pore volume (0.0011 cm3
·g-1). 

 

 

Figure 7-3. Pore size distribution of VPO prepared by sodium dodecyl sulfate surfactant. 
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Figure 7-4 shows the polarization curves for direct methane PEMFCs that used different 

percentages of VPO mixed with Pt-black.  In all cases, the OCVs are well above 0.7 V, stable, 

and reproducible.  However, at 2.0 wt.% VPO addition, the polarization curve behaves almost 

the same as for pure Pt-black, in which the limiting current density was less than 0.10 mA·cm-2.  

As the VPO content increased to 5 wt.% and 10 wt.%, the limiting current densities of the fuel 

cells increased to 0.74 mA·cm-2 and 0.93 mA·cm-2, respectively.  A similar correlation was also 

observed in the power density curves, where increasing the VPO content from 2 wt.% to 5 wt.%, 

and then from 5 wt.% to 10 wt.% also increased the power density from 0.16 mW·cm-2 to 0.48 

mW·cm-2, and then to 0.56 mW·cm-2, respectively.  It is interesting to notice that the shape of the 

polarization curves is very abnormal, especially in the ohmic and mass transport regions.  The 

curving U-turn shape at the end of the curve indicates high resistance that retards the fuel cell’s 

performance.  It is suspected that this strange polarization behavior is probably due to the 

formation of carbon monoxide at the anode that eventually poisons the Pt catalyst.  The lower 

OCV observed in the polarization curve for the electrode that contained 10 wt.% of VPO maybe 

due to the higher electrical resistance of the electrode since VPO is a non-conductive material. 

 

	 	

Figure 7-4. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made of 
2.0 wt.% (●), 5.0 wt.% (■), and 10.0 wt.% (▲) of VPO mixing with Pt black. 
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One way to reduce the effect of carbon monoxide observed above is to add HPA to the 

electrode.  Several studies have repeatedly shown that HPAs not only enhance electrode activity 

but also protect the Pt anode catalyst from carbon monoxide poisoning.80  In addition, recent 

studies in our group have demonstrated that HPAs can be covalently attached onto carbon 

supports by using the aryl grafting technique, which could potentially be used in direct-methane 

PEMFCs at elevated operating temperature conditions.  On the other hand, the PBI membrane 

used in this study was also doped with 12-silicotungstic acid, a type of HPA which contains 29 

water molecules.  As a result, the presence of Brønsted acids in both the electrode and the 

membrane may increase the proton conductivity. 

Table 7-1 summarizes the properties of the three catalysts prepared for this study.  

Different loading (wt.%) of hybridized HPA and Pt that were deposited on Vulcan XC-72R were 

determined by elemental analysis, SEM, TEM, and XRD.  The presence of elemental tungsten in 

the final catalyst samples after extensively washing the carbons with hot water and ethanol 

indicate that HPA was in fact strongly attached to the carbon support.  These samples were used 

to test direct-methane PEMFCs at 160°C, as described later in this chapter. 

 

 

Table 7-1. Pt/HPA-Vulcan catalyst compositions and platinum particle size 

Wt.% hybrid HPA on  

C-support 

Wt.% Pt  

on catalyst 

Pt Particle Size 

(nm) 

2.23 30.9 2.5 

4.30 29.6 2.2 

8.10 38.8 10.1 
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Figure 7-5 (a) and (b) show SEM images of Vulcan XC-72R carbons after covalently 

attaching 2.23 wt.% and 4.30 wt.% HPA, respectively.  It can be seen that the carbon consists of 

an aggregation of particles and some primary particles.143  The severe heat treatment during aryl 

grafting could partially destroy the carbon morphology, changing the shape of the primary 

particles to be non-spherical and making its morphology denser.  Figure 7-5 (c) and (d) show 

TEM images of 2.23 wt.% and 8.10 wt.% HPA-hybridized Vulcan XC-72R after Pt deposition.  

The TEM images show that the Pt particle size on the carbon with less HPA (2-3 nm) is much 

smaller than on the carbon with more HPA (> 10 nm).  Lower HPA content (< 5.0 wt.%) 

probably helped to disperse and stabilize the Pt nanoparticles, and prevented them from growing 

and aggregating during synthesis and heat treatment.  At 8.10 wt.% HPA, however, this 

mechanism was no longer effective, resulting in the formation of large Pt particles. 

        

Figure 7-5. SEM (top) and TEM (bottom) images of 2.23 wt.% (a, c), 4.3 wt.% (b), and 8.10 
wt.% (d) HPA-hybridized Vulcan XC-72R. 

a b

c d
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To confirm the size of the Pt particles on the catalysts observed with TEM, the samples 

were also characterized by XRD (Figure 7-6).  The location, amplitude, area, and full-width at 

half-maximum (FWHM) of Pt diffraction were determined by fitting each peak with a Pearson 

function using PeakFit software.  The diffraction patterns represented all the reflections 

corresponding to the face centered cubic (fcc) lattice of the deposited Pt nanoparticles.  The 

Bragg peaks at 2-Theta angles of 40°, 45°, 68°, and 81° were attributed to the Pt[111], Pt[200], 

Pt[220], and Pt[311] diffraction planes, respectively.71  The average Pt crystallite size was 

calculated using the Scherrer Equation.93b  It was found that Pt crystallite sizes of 2.5 nm, 2.2 nm, 

and 10.1 nm were present on the 2.23 wt.%, 4.3 wt.%, and 8.10 wt.% HPA-hybridized carbons, 

respectively, which is consistent with the TEM images. 

 

 

 

Figure 7-6. XRD patterns for 38.8 wt.% Pt/8.10 wt.% HPA/Vulcan XC-72R (top), 29.6 wt.% 
Pt/4.3 wt.% HPA/Vulcan XC-72R (middle), and 30.9 wt.% Pt/2.23 wt.% HPA/Vulcan XC-72R 

(bottom). 
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Figure 7-7 shows polarization curves for direct methane PEMFCs that used different 

Pt/HPA-hybridized carbon catalysts.  The OCVs were again well above 0.8 V, stable, and 

reproducible.  Increasing the HPA content seemed to increase the limiting current density 

slightly, but it also increased the activation and ohmic losses.  For all cases, the limiting current 

densities were about the same at about 1.2-1.4 mA·cm-2.  At 2.23 wt.% HPA, however, the 

maximum power density was highest at 0.45 mW·cm-2.  As expected, the shape of the 

polarization curves showed less resistance at low voltage than observed for VPO.  The presence 

of HPA likely provided the Pt catalyst sites with some resistance against carbon monoxide 

poisoning, and therefore, resulted in greater overall current and power densities. 

 

Since both Pt-based single-site molecular catalyst (OMC-4BP-PtCl2, refer to Chapter 3 

for details) and Pt-based nitrogen/phosphorus doped carbon catalyst (Pt/AC-2, refer to Chapter 5 

for details) performed well in direct-methane PEMFCs at 80°C, it was desired to test them again 

at 160°C.  Commercial Pt/C and Pt-Ru/C catalysts were used as references to establish baseline 

performance.  Figure 7-8 shows the polarization curves of direct-methane PEMFCs using the 

  

Figure 7-7. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made of 
~ 30 wt.% Pt deposited on Vulcan XC-72R carbon supports hybridized with 2.23 wt.% (●), 4.3 

wt.% (■), and 8.10 wt.% (▲) HPA. 
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aforementioned catalysts.  As shown, both commercial Pt/C and Pt/AC-2 have a curving shape at 

0.4 V, which was suspected to be related to carbon monoxide formation.  However, at low 

voltage, the poisoning sites became clean, especially in the case of Pt/AC-2, and fuel cell 

performance resumed.144  One important observation during this study is that carbon monoxide 

poisoning was completely absent for the Pt-Ru/C and OMC-4BP-PtCl2 catalysts.  Pt/Ru alloy is 

known for its carbon monoxide tolerance, mainly because the dissociation of water on ruthenium 

leads to a further oxidation of carbon monoxide to carbon dioxide.145  It is extremely interesting 

that OMC-4BP-PtCl2 catalyst also tolerated carbon monoxide poisoning, but it is still not known 

by what mechanism it accomplished this. 

 

 

Figure 7-8. Cell polarization curves (top) and anode polarization curves (bottom) for fuel cells 
with MEA anodes made of commercial Pt/C catalyst with 2.5 mg·cm-2 Pt loading (●), Pt-Ru/C 
catalyst with 1.1 mg·cm-2 Pt loading & 1.1 mg·cm-2 Ru loading (■), molecular catalyst OMC-
4BP-PtCl2 with 0.1 mg·cm-2 Pt loading (▲), and nitrogen/phosphorus doped carbon Pt/AC-2 

with 0.1 mg·cm-2 Pt loading (∆). 
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The OCVs of all the fuel cells tested were above 0.8 V, stable, and reproducible.  The 

fuel cell with Pt/AC-2 had the highest current density and power density, probably because 

Pt/AC-2 has more Pt active sites due to its higher Pt dispersion with smaller particle size (as 

discussed in Chapter 5).  This is the first time that a direct-methane PEMFC has been shown to 

be capable of generating more than 10 mA·cm-2 and 1.5 mW·cm-2.  The fuel cell with OMC-

4BP-PtCl2 catalyst was the next best in terms of limiting current density (5.0 mA·cm-2) and 

maximum power density (0.85 mW·cm-2).  Fuel cells with either Pt/C or Pt-Ru/C had the same 

limiting current density (2.0 mA·cm-2), however Pt/C had higher maximum power density (1.05 

mW·cm-2) compared to Pt-Ru/C (0.29 mW·cm-2), probably due to its higher Pt loading. 

Figure 7-8 also shows the anode polarization curves for these four fuel cell catalysts.  It 

shows the curves under log scale for a more descriptive view.  As indicated by the curves, the 

Tafel slopes for the OMC-4BP-PtCl2 and Pt/AC-2 catalysts are about the same (182-183 

mV·dec-1), whereas the Tafel slopes for the Pt/C and Pt-Ru/C catalysts are larger; about 193 

mV·dec-1 and 227 mV·dec-1, respectively.  The anode polarization results indicate that OMC-

4BP-PtCl2 and Pt/AC-2 both have higher methane oxidation reaction activity with faster reaction 

kinetics than the commercial catalysts. 

To confirm that methane oxidation was occurring at the anode, a chronoamperometry 

sequence at 0.2 V was applied on the fuel cell using Pt/AC-2 (with a 25 cm2 MEA for higher 

current density).  After at least 15 minutes had passed, the methane feed was reduced to 90 % of 

its original flowrate, subsequently increasing the product concentrations above the detectable 

limits of the TCD and FID detectors.  A series of carbon monoxide and carbon dioxide gas 

standards were prepared and used for calibrations.  Figure 7-9 shows the standards’ TCD signals 

with the typical gas retention times.  According to this pattern, carbon monoxide and carbon 
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dioxide should be detected at approximately 7.6 minutes and 14.2 minutes, respectively.  Figure 

7-10 shows two typical calibration curves for CO and CO2 at a concentration range of 0.3-1.2 

vol.%, which is close to their expected concentrations in the anode exhaust.  Both calibration 

curves were linearized with greater than 99 % correlation, indicating that they may be used for 

estimating CO and CO2 product concentrations with reasonable precision. 

 

 

 

 

Figure 7-9. GC chromatogram of gas standards at 5 vol.% each in nitrogen. 

  

Figure 7-10. GC calibration curves. 
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After 15 minutes of continuously holding at 0.2 V, the fuel cell produced an average of 

15 ± 2.1 mA, which corresponds to 0.16 ± 0.022 % conversion according to Faraday’s law.  The 

exhaust was then collected and analyzed by GC.  As expected, CO2 was the only byproduct that 

appeared in the gas sample.  Figure 7-11 clearly shows the CO2 peak at a 14.2 minutes retention 

time.  About 0.13 ± 0.013 % CO2 formed as estimated from the calibration curve.  No methanol 

was detected by the FID detector. 

 

The catalyst layer is one of the most important elements in the performance of a MEA 

because that is where the electrochemical reactions occur.146  Therefore, the catalyst needs to be 

applied uniformly on the gas diffusion layer so that the catalyst particles are electrically 

connected to the substrate, with intimate ionomer contact, and while also allowing easy access 

for the reactant gases to reach the active sites.  The resultant triple phase boundary (catalyst, 

ionomer, and gases) must form nicely to produce a well-functioning fuel cell.  As a result, most 

commercial GDEs are prepared by spraying the catalyst suspension onto the GDLs using an 

ultrasonic sprayer system.  Such a spraying technique continuously breaks up agglomerates into 

evenly dispersed catalyst solution while it is spraying, resulting in ideal dispersion of Pt/C in the 

 

Figure 7-11. Direct-methane PEMFC with Pt/AC-2 at the anode showing the current produced 
during chronoamperometry at 0.2 V (left), and the corresponding GC chromatogram for the 

exhaust gas (right). 

1500

1000

500

S
ig

n
a
l

20151050

Time (min)

60.0

59.5

59.0

58.5

58.0

57.5

57.0

S
ig

n
a
l

14.414.314.214.114.013.913.813.7

Time (min)

25

20

15

10

5

0

C
u
rr

e
n
t 
(m

A
)

22201816141210

Time (min)



 179 

catalyst layer.147  This spraying technique produces higher electrochemical performance and a 

more reliable MEA. 

Different coating techniques, therefore, can significantly change the electrode 

microstructure, which is an important factor in the formation of the triple-phase boundary of the 

PEMFC.136  To test the influence of such uniform thin film coatings, two commercial high 

temperature Pt/C GDEs that were purchased/supplied from Advent Inc. and Danish Power 

Systems, Inc. were tested under the same operating conditions for direct-methane PEMFCs.  

Figure 7-12 shows the polarization curves for the fuel cells that used these GDEs at the anode.  

As shown, the Advent GDE had lower OCV, limiting current density, and maximum power 

density, whereas the DPS GDE had very good OCV (above 0.8 V) and the best current density 

measured to date for an elevated-temperature direct-methane PEMFC (about 30.0 mA·cm-2 at 0.4 

V), and the highest maximum power density (about 10.0 mW·cm-2).  This is an order of 

magnitude higher than the GDE prepared by aerosol spraying a similar Pt/C catalyst solution 

onto the same GDL (Figure 7-8).  However, since both of these GDEs contain Pt/C catalyst 

layers, the polarization curves for the commercial GDEs again have the same curving U-turn 

shape in the low voltage range as observed earlier due to the carbon monoxide poisoning. 

  

Figure 7-12. I-V (left) and I-P (right) polarization curves for fuel cells with MEA anodes made of 
Advent GDE with 1.0  mg·cm-2 Pt loading (■) and DPS GDE with 1.5 mg·cm-2 Pt loading (●) 
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Chronoamperometry at 0.4 V was applied to the fuel cells with Advent and DPS GDEs to 

determine the mass balance for methane oxidation at the anode.  Using the same method 

described earlier, Figure 7-13 shows the current produced during GC analysis and the GC 

chromatogram that was recorded on the exhaust sample of fuel cell with Advent GDE at the 

anode.  As seen before, CO2 was the only byproduct that appeared in the gas sample (the CO2 

peak appears at a 14.2 minutes retention time).  After 30 minutes of continuously holding the 

fuel cell at 0.4 V, it produced an average of 36 ± 1.1 mA, which corresponds to 0.38 ± 0.012 % 

conversion according to Faraday’s law.  About 0.40 ± 0.013 % CO2 formed as estimated from 

the GC calibration curve.  No methanol was detected by the FID detector. 

 

Figure 7-14 shows the current produced by the fuel cell with the DPS GDE during GC 

analysis, and the GC chromatogram recorded by sampling the exhaust from the anode.  Similar 

to the previous results, CO2 was the only byproduct in the gas sample.  After 30 minutes of 

continuously holding the fuel cell at 0.4 V, it produced an average of 123 ± 0.5 mA, which 

corresponds to 1.29 ± 0.005 % conversion according to Faraday’s law.  About 1.27 ± 0.013 % 

 

Figure 7-13. Direct-methane PEMFC with Advent GDE at the anode showing the current 
produced during chronoamperometry at 0.4 V (left), and the corresponding GC chromatogram 

for the exhaust gas (right). 
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CO2 formed as estimated from the GC calibration curve.  No methanol was detected by the FID 

detector.  Table 7-2 summarizes all the GC analyses results in this study. 

 

 

 

7.5 Conclusion 

Different catalytic systems were used to test direct-methane PEMFCs at 160°C.  First, 

two systems with VPO (Lewis acid) and HPA (Brønsted acid) were tested with accompanying 

Pt/C-based catalysts.  The VPO system showed improvement in terms of limiting current density 

 

Figure 7-14. Direct-methane PEMFC with DPS GDE at the anode showing the current produced 
during chronoamperometry at 0.4 V (left), and the corresponding GC chromatogram for the 

exhaust gas (right). 

Table 7-2. GC analysis of CO2 gas produced at the anode during chronoamperometry. 

GDE 

Average Applied 

Current 

(mA) 

% CO2 

(Calculated) 

% CO2 

(Detected) 

Pt/AC-2 15 ± 2.1 0.16 ± 0.022 0.13 ± 0.013 

Advent 36 ± 1.1 0.38 ± 0.012 0.40 ± 0.013 

DPS 123 ± 0.5 1.29 ± 0.005 1.27 ± 0.013 
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and maximum power density, but also had high resistance over the ohmic and mass transport 

regions of the polarization curve.  It is suspected that polarization curve is U-shaped at low 

voltage due to the formation of carbon monoxide from the partial oxidation of methane.  This 

carbon monoxide eventually poisons the Pt catalytic sites and reduces the fuel cell’s performance.  

The HPA-hybridized Pt/C system tolerated carbon monoxide and showed no poisoning effects.  

Significantly less ohmic and concentration losses were observed across the range of low voltages, 

and the limiting current densities and maximum power density exceeded 1.2 mA·cm-2 and 0.45 

mW·cm-2, respectively.  Next, other catalytic systems that were tested at 80°C, such as the Pt-

based single-site molecular catalyst (OMC-4BP-PtCl2) and Pt supported on nitrogen/phosphorus 

doped carbon catalyst (Pt/AC-2), were retested again at 160°C.  Commercial Pt/C and Pt-Ru/C 

catalysts were used as references.  The results showed that the fuel cell with Pt/AC-2 had the 

highest limiting current density (10 mA·cm-2) and the highest maximum power density (1.5 

mW·cm-2).  The anode polarization results also indicated that the OMC-4BP-PtCl2 and Pt/AC-2 

catalysts had higher methane oxidation reaction activity with faster reaction kinetics than the 

commercial catalysts.  Lastly, to study the influence of the electrode microstructure formed 

during ultrasonic spraying of the catalyst ink onto the GDL, two commercially available GDEs 

from Advent and DPS were tested under the same direct-methane PEMFCs operating conditions 

at 160°C.  The results showed that these electrodes could improve both the current density (30.0 

mA·cm-2 at 0.4 V) and the power density (10.0 mW·cm-2) by a factor of ten times.  GC analyses 

showed CO2 was the only oxidation byproduct, and about the same concentration of CO2 in the 

anode exhaust was estimated from the GC calibration curve as was calculated according to 

Faraday’s law.  As a result of these experiments, for the first time, direct-methane PEMFCs have 
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been observed to produce measurable current densities and enough carbon dioxide to measure by 

GC analyses.  This is a critical step toward future studies of direct-methane PEMFCs. 
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CHAPTER 8 : CONCLUSIONS AND FUTURE WORK  

 

8.1 Fuel Cells Testing Conditions 

 Proton exchange membrane fuel cells (PEMFCs) will soon be our next generation power 

sources for transportation, stationary, and portable applications, due to their high efficiencies and 

low emissions.1  This technology is on the edge of maturation, ready to be commercialized and 

replace some of the petroleum based energy sources.  Millions of PEMFCs can be 

commercialized each year to provide electricity that world will demand in the future.  

Consequently, cost-effective high-purity hydrogen fuel will be needed to supply our needs.  

Although it is still very early, we should start thinking about what other alternative and more 

readily available fuel sources can be used for PEMFCs applications.  Clearly, methane is one of 

the most abundant fuel sources that can readily supply our demand for energy, because it makes 

up about 95 % of natural gas.8  However, methane is extremely stable, and its oxidation at the 

fuel cell anode can be blocked or slowed by a kinetic barrier unless it is promoted with an 

appropriate catalytic system at the right temperature, relative humidity, and pressure conditions. 

 Water is required for methane oxidation at the anode.  However, water molecules also 

compete with methane molecules on the adsorption sites of the catalyst.127  Therefore, the anode 

should be maintained at a low relative humidity.  It was found that 40 % RH is the optimal 

humidity for a fuel cell operating at 80°C, and this is sufficiently high enough to supply water to 

completely oxidize the methane, but not so high that it floods the anode and prevents methane 

diffusion.  Another factor that can increase the methane oxidation rate is the reactant 

concentration.  Increasing the operating pressure of the fuel cell helps to concentrate the gaseous 

reactants at the anode, facilitating their diffusion toward the reactive sites, and therefore, 

speeding up the reaction rate.148  Most fuel cell systems can run at 30 psig without damaging the 
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MEA, and as a result, the pressure was set at 30 psig while testing all of the direct-methane 

PEMFCs in this study. 

 According to collision theory, a chemical reaction takes place only when the reacting 

molecules collide in the right orientation.148  For example, when methane and water molecules 

collide, their combined kinetic energies reach the specific threshold energy required for the 

reaction.  In addition, the fact that the molecules are brought together and held in exactly the 

right orientation raises the free energy of the system by lowering the entropy.  The total energy 

of the system then overcomes the activation energy needed to break the C-H bond and oxidize 

the methane.  Because increasing the temperature raises the energy level of the system and 

increases the rate of successful collisions between molecules, we found it was necessary to raise 

the operating temperature of the direct-methane PEMFCs to 160°C, which is high enough to 

promote some methane oxidation, but without damaging the fuel cell. 

 Most PEMFCs generally operate below 100°C due to the need to fully humidify (i.e. not 

dry out) commonly used perfluorosulfonic acid electrolytes such as Nafion®.  However, we have 

developed a polybenzimidazole-based membrane that is modified with heteropolyacid (HPA) 

and doped with phosphoric acid (PBI/20%HPA/PA) that has good proton conductivity and 

strong mechanical stability.  The membrane was tested in direct-methane PEFMCs at 160°C and 

10 % RH, where the conductivity of PBI/20%HPA/PA was measured at 0.127 ± 0.007 S·cm-1, 

which is even higher than Nafion® at 80°C and 100 % RH (0.080 S·cm-1).  Because the reaction 

rates often double for every 10°C increase in temperature,148 operating the direct-methane 

PEMFCs at 160°C was a lot more effective than at 80°C. 
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 The presence of a catalyst provides an alternative mechanism involving a different 

transition state to lower methane activation energy.148  When methane and humidified water are 

passed through a direct-methane PEMFC anode, it is assumed that the gas and water molecules 

adsorb onto the nearby active sites of the catalyst particles.67  Once physically adsorbed, the 

molecules then undergo chemisorption that dissociates a C-H bond from methane and an O-H 

bond from water, forming a new C-O bond between the resulting radicals due to their close 

proximity.138  The subsequent long chain interactions of the methyl or methylene radicals with 

the adsorbed water fragment lead to the complete oxidation of methane to CO2, protons, and 

electrons.127  As a result, with the assistance of an electrocatalyst, the particularly strong C-H 

bond in methane is broken, which would be very difficult in the gas phase due to its high 

activation energy.  The schematic shown in Figure 8-1 proposes a possible mechanism for the 

methane oxidation based on experimental observations. 

 

 

8.2 Hypotheses and Results 

 Although the above mechanism indicated that methane would have been oxidized with an 

electrocatalyst, the tested direct-methane PEMFCs at low temperatures using Pt/C at the anode 

 
Figure 8-1. Proposed methane oxidation mechanism. 
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produced very low and unstable current densities.  Three hypotheses were provided in this thesis 

documentation to explain why the fuel cells’ performance was lower than expected: 

8.2.1 Hypothesis 1: 

 “Previous tested catalytic systems were not active enough to facilitate C–H bond 

dissociation energy of methane due to the slow sorption kinetics of methane, which slowed 

the reaction and lowered the fuel cell performance.  The catalysts were also poisoned by 

carbon monoxide.”  The following testing results indicate this hypothesis is proven. 

 The strategy of pairing molecular catalysts with ordered mesoporous carbon (OMC) is a 

viable approach for low temperature electrochemical methane oxidation.  Therefore, molecular 

Pt catalysts, which have been shown to thermally activate C–H bonds for chemical 

transformations,40 were tethered to a conductive OMC support to perform similar C–H activation 

in an electrochemical environment.  Using a series of OMC-tethered molecular catalysts, we 

demonstrated power densities ranging from 100-400 µW·mg-1 Pt, drastically outperforming the 

previous technology, which showed a very low, unsteady open circuit voltage (OCV) at less than 

105 mV and produced no measurable current from the fuel cell.27  Additionally, this work 

demonstrated substantial improvement in power density over the initial publication from the 

General Electric Corporation that demonstrated only 2.2 µW·mg-1 Pt for a direct-methane 

PEMFC.26  All OMC-tethered single-site catalysts gave substantially higher OCV than previous 

direct-methane PEMFC studies.  In general, the chlorine variants of the molecular complexes 

gave higher current and power densities than their phenyl counterparts possibly due to the easier 

access to cationic Pt/chloride ion pairs.  It has been suggested that related ion pairs are involved 

in Pt+2 mediated methane activation using different catalysts.39a, 44  As indicated in Figure 8-1, 

the presence of formate ion, hydrocarboxyl radical, and the removal of electrons in the proposed 
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scheme explain why the molecular catalyst with Pt in the +2 oxidation state is one of the best 

catalysts for direct-methane PEMFCs.  Pt+2 may allow the electrons to transfer through the 

support and may also stabilize the intermediate negatively charged ion and radical. 

 OMC-4Bp-Pt-Cl2 was found the best molecular catalyst.  At 80°C, a direct-methane 

PEMFC using OMC-4Bp-Pt-Cl2 at the anode reached a voltage as high as 0.53 V and produced 

approximately 80 µA·cm-2 at 0.2 V with a maximum power density of 278 µW·mg-1 Pt.  The 

direct-methane PEMFC was also tested at 160°C, resulted in high, stable, and reproducible OCV 

(above 0.8 V) with high limiting current density (5.0 mA·cm-2) and maximum power density 

(0.85 mW·cm-2).  OMC-4BP-PtCl2 catalyst also showed its ability to tolerate carbon monoxide 

poisoning and avoid high concentration resistance at low voltage.  In addition, the Tafel slope for 

the OMC-4BP-PtCl2 obtained from anode polarization was about 182-183 mV·dec-1 which was 

lower than the Tafel slope obtained from the commercial Pt/C and Pt-Ru/C catalysts (193 

mV·dec-1 and 227 mV·dec-1) indicating OMC-4BP-PtCl2 has higher methane oxidation reaction 

activity and faster reaction kinetics. 

 Other catalysts were also used to test this hypothesis.  For example, vanadyl 

pyrophosphonate (VPO), a Lewis acid, was tested in a direct-methane PEMFC at 160°C, and we 

showed that by increasing the VPO content up to 10 wt.% increased the limiting current density 

and maximum power density to approximately 0.93 mA·cm-2 and 0.56 mW·cm-2, respectively.  

Furthermore, Pt was deposited onto Vulcan XC-72R that had been covalently hybridized with 

12-silicotungstic acid (HPA), a Brønsted acid, which improved its CO tolerance and produced 

more than 1.2 mA·cm-2 and 0.45 mW·cm-2.  Pt/Ru catalyst also showed CO tolerance (as 

expected for ruthenium alloy) with a high limiting current density of 2.0 mA·cm-2 and a 

maximum power density of 0.29 mW·cm-2.   
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8.2.2 Hypothesis 2: 

 “A slow diffusion of methane to the reactive sites, due to the insolubility or the 

incompatibility of methane with water or water-liked media, limited the performance of 

the tested direct-methane PEMFCs.”  The following testing results indicate this hypothesis is 

proven. 

 To improve the rate that methane fuel can reach the catalyst sites in the anode and 

simultaneously allow efficient charge transfer during methane oxidation, the ionomer needs to be 

carefully selected to not only provide a triple phase boundary (i.e. solid catalyst, liquid ionomer, 

and gaseous reactants) but also form a good medium for methane diffusion and proton 

conduction (in the absence of water.  Three different protonic ionic liquids (PILs) were 

synthesized that were thermally stable up to 300°C, had good proton conductivity under 

anhydrous conditions (42.7 S·cm-1 at 80°C), and proved to be better than perfluorosulfonic acid 

(PFSA)-type ionomers at dissolving and transporting methane (30 times higher diffusion 

coefficient) and protons (167 lower charge transfer resistance) at the anode.  A fuel cell with a 

Pt-based single-site molecular catalyst demonstrated that a MEA that contained [Im][HTFSI] 

ionomer as its proton conductor at the anode generated five times higher current density (503 

µA·cm-2) and three times higher power density (58.5 µW·cm-2) than a direct-methane PEMFC 

that used 3M PFSA-type ionomer.  [Im][HTFSI] was found to be the best ionic liquid because its 

anion ([HTFSI]) promoted the adsorption of methane more than the others. 

8.2.3 Hypothesis 3: 

 “The current density produced in the tested direct-methane PEMFCs was low and 

unstable due to the coalescence/agglomeration of the Pt nanoparticles during the fuel cell 

polarization.”  The following testing results indicate this hypothesis is proven. 
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 Nitrogen/phosphorus doped carbons with high surface area and tunable pore size 

distribution were also tested in direct-methane PEMFCs.  The presence of pyridine, pyrrole, 

pyridone, phosphate, and phosphonate functional groups at the carbon edge sites provided 

ligands that tightly bound Pt and anchored the Pt nanoparticles that were formed in situ, resulting 

in the formation of highly dispersed nanocrystalline Pt particles (< 1.0 nm).  Since the total 

active surface area of the solid catalyst has an important effect on the reaction rate, the smaller Pt 

particle size found on the nitrogen/phosphorus doped carbon supports resulted in larger catalytic 

surface area, which gave more active sites to increase the methane oxidation rate.  A direct-

methane PEMFC operated at 80°C with Pt/AC-2 supported catalyst had almost double the 

current and power density of the Pt-based single-site molecular catalyst; reaching approximately 

1000 µA·cm-2 and 100 µW·cm-2.  The direct-methane PEMFC was also tested at 160°C, which 

resulted in high, stable, and reproducible OCV (above 0.8 V) with excellent current density and 

power density.  This is the first time that a direct-methane PEMFC has been shown to be capable 

of generating more than 10 mA·cm-2 and 1.5 mW·cm-2.  Gas chromatography (GC) analysis of 

the anodic exhaust indicated that carbon dioxide was the only byproduct of methane oxidation. 

8.3 Summary of direct-methane PEMFCs development 

 Besides testing the above hypotheses, this thesis documentation also study the effect of 

electrode microstructure (prepared by ultrasonic spraying) on the fuel cell’s performance using 

differerent commercial high temperature GDEs.  GC analyses confirmed that carbon dioxide was 

the only methane oxidation product with a good correlation between the concentration measured 

by GC and the amount formed as estimated by Faraday’s law.  Figure 8-2 a, b, c, and d compare 

the performance of those highly active fuel cell catalyst systems at 160°C versus 80°C; the 

limiting current densities and the maximum power densities increased dramatically upon heating 
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the fuel cell to 160°C.  The progress of this thesis work for direct-methane PEMFCs 

development is summarized in Table 8-1 including comparisons to the original work going back 

to 1962. 

 

 

 

Figure 8-2. Polarization curves for fuel cells with MEA anodes made of a/ commercial Pt/C 
catalyst with 2.5 mg·cm-2 Pt loading at 80°C (●) and 160°C (○), b/ molecular catalyst OMC-
4BP-PtCl2 with 0.1 mg·cm-2 Pt loading at 80°C (■) and 160°C (□), c/ nitrogen-doped carbon 

TDA Pt/AMS-213 with 0.1 mg·cm-2 Pt loading at 80°C (▲) and 160°C (∆), d/ commercial GDE 
Pt-based catalyst with 0.5 mg·cm-2 Pt loading at 80°C (♦) and 1.0 mg·cm-2 Pt loading 160°C (◊). 
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8.4 Recommendations for Future Work 

 
 Operating direct-methane PEMFCs at 160°C overcame the activation energy required to 

break C-H bond and oxidize methane.  Molecular catalysts, which showed great catalytic activity 

towards methane oxidation under both chemical and electrochemical environments, should be 

further evaluated again at 160°C.  Since Pd is more active than Pt in activating methane’s C-H 

bond,127 molecular catalysts with a Pd complex should be prepared and tested under the same 

fuel cell operating conditions.  These new Pd-based OMC-tethered single-site molecular 

catalysts might oxidize methane more effectively.  In addition, while testing Pt-based molecular 

catalysts at 80°C, we observed much higher power densities when 20 % unfunctionalized OMC 

was mixed with the molecular catalyst tethered on OMC, possibly due to the higher conductivity 

of the unfunctionalized OMC support.51  As a result, it will be interesting to test molecular 

catalysts based on OMC with higher electrical conductivity.  The new OMC can be prepared by 

Table 8-1. Progress of direct-methane PEMFCs development. 

Year Scientific Approached 

Development 

Pt Loading 

(mg·cm-2) 

Temp 

(°C) 

OCV 

(V) 

imax 

(mA·cm-2) 

1962 Pt Black GE Origin 18.0 80 0.60 0.50 ± 0.10 

 2014 Molecular Catalyst & 3M 0.10 80 0.53 0.13 ± 0.01 

 2015 Molecular Catalyst & PIL 0.10 80 0.56 0.40 ± 0.06 

2016 N-doped Pt Catalyst & PIL 0.10 80 0.49 0.98 ± 0.11 

2017 Molecular Catalyst / PBI 0.10 160 0.85 4.91 ± 0.78 

2017 N-doped Pt Catalyst / PBI 0.10 160 0.72 10.1 ± 2.38 

2017 Commercial GDE / PBI 1.5 160 0.84 29.9 ± 0.84 

 



 193 

simply adding electrically conductive carbon black, such as Vulcan XC-72R, to the sucrose 

precursor before it is carbonized and pyrolyzed at 900°C. 

 Pt supported on nitrogen/phosphorus doped carbon showed excellent Pt dispersion with 

much smaller nanoparticle sizes than the commercial Pt-based catalysts.  The resultant higher 

catalytic surface area increased the rate of methane oxidation at the anode to produce relatively 

higher current and power densities compared to other catalysts.  However, the feature that 

indicates carbon monoxide poisoning still appeared in the polarization curves in the low voltage 

range and negatively affected the fuel cell performance.  To avoid this, we learned that 

nitrogen/phosphorus doped carbon can be hybridized with a HPA and then Pt can be deposited to 

form a more carbon monoxide tolerant catalyst.  Alternatively, depositing Pt/Ru alloy 

nanoparticles onto nitrogen/phosphorus doped carbon also helps the fuel cell tolerate carbon 

monoxide formation.  In either case, the fuel cell polarization will have less resistance over a 

wider potential window, and therefore, can result in higher current and power densities. 

 PILs showed positive effects in improving methane diffusion and charge transport under 

anhydrous conditions.  However, due to time constraints, PILs were not tested in direct-methane 

PEMFCs at 160°C.  It is therefore suggested that the fuel cell catalysts are retested with the 

addition of PILs at the anode, so the fuel may be transported more effectively towards the 

catalytic sites.  Furthermore, the proton conductivity of PILs remains high at conditions of high 

temperature and low relative humidity.  Both of these advantages should increase the fuel cell’s 

overall performance.  In recent ionic liquid studies, Chen et al. reported that the solubility of 

methane in ionic liquids can be further increased with a longer fluoroalkyl chain in the anion.20  

PILs such as N,N-diethylmethylammonium heptadecafluorooctanesulfonate [DEMA][HfO] has a 

long fluoroalkyl chain that increases the hydrophobicity of the backbone and its methane 
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solubility.  PILs can therefore improve methane diffusion towards the reactive sites.  It would 

also be interesting to test 2,6-difluoropyridium trifluoromethanesulfonate [2,6-DFP][TfO] since 

this PIL contains fluoroalkyl chains on both its cation and anion.  It has been shown that the 

cation influences methane solubility as much as the anion.  In addition, this particular PIL is 

extremely stable under the oxidative conditions required in direct-methane PEMFCs. 

 Finally, commercial GDEs with uniform catalyst layers prepared using an ultrasonic 

spraying method produced almost ten times higher current and power densities than a similar Pt-

based electrode prepared in less uniform catalyst layer by a different spraying mechanism.  

Obviously, the electrode microstructure highly affects the fuel cell’s performance.  It is highly 

recommended to build a controlled sprayer system to improve the catalyst’s microstructure and 

its distribution on the electrodes.  Then, Pt catalysts should be prepared using each type of 

modified OMC or nitrogen/phosphorus doped support and tested again to demonstrate the 

effectiveness of this new spraying procedure. 
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APPENDIX A: SUPPLEMENTAL STUDIES, FIGURES, AND TABLES OF CHAPTER 3 
 

A.1 Optimization of Fuel Cell Studies 

 Considering that this is a relatively new technology, direct methane PEM fuel cell could 

be further improved by engineering and optimizing the fuel cell system to maximize its output 

performance. The major contributing factors for lowering the open circuit potential in PEM fuel 

cells are fuel crossover and electrical short. In fuel crossover issue, instead of generating 

electricity via a redox reaction, methane migrates from the anode through the membrane 

electrolyte and reacts directly with oxygen at the cathode, which results in a decrease in the fuel 

cell OCV by generation of mixed potential. On the other hand, direct conduction of electrons 

between the electrodes through the electrolyte results in an electrical short that reduces the 

overall fuel cell performance. Since direct methane fuel cell currently generates very low current 

density, even small effects of these unwanted transport issues would substantially impact the 

overall fuel cell efficiency. In order to minimize these, we used a thick Nafion® membrane 

(1110) to avoid methane fuel crossover and keep the electrons from passing through the 

membrane. Another important factor was the hot-press condition for MEA preparation. In our 

experience, the optimal pressure and temperature to prevent loss of OCV while maintaining good 

MEA adhesion are 60 psig and 80°C, respectively. 

 Figure A- 5 shows crossover and electrical short of various MEA preparations using a 

voltammetric method.149 In this experimental setup, nitrogen was used to purge the fuel cell 

cathode while hydrogen was supplied at the anode. The potential of the cathode was then swept 

to an overpotential at which any hydrogen supplied from the cathode would be instantaneously 

oxidized.150 For simplification, hydrogen was used instead of methane, however, it should be 

noted that the effect of crossover for methane is even more significant since methane-water 
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solubility is an order of magnitude higher than hydrogen. As indicated by Figure A- 5, applied 

pressure and temperature during MEA preparation influenced the crossover and short circuit 

issues. With Nafion® 1110 pressed at 80 psig and 60°C, the limiting current density was lowest 

at approximately 100 µA·cm-2 and the resistance of the electrical short (the inverse of linearized 

slope at 0.3-0.6 V region) was highest at about 3200 Ω·cm2. As a consequence, all the MEA’s 

prepared in this study were hot-pressed at the aforementioned condition. 

 Hydration level within the catalyst layer was the next important factor that we optimized. 

In order to obtain high performance, the anode must provide good methane gas access to the 

catalyst layer, which implies minimal hydration level. Otherwise, excess water may flood the 

anode and prevent methane gas from reaching the catalyst. Poor transport of fuel negatively 

affects the anode performance.151 However, as shown in the DMEFC schematic, twice the molar 

ratio of water to methane is required for complete oxidation of methane at the anode. On the 

other hand, Nafion® membrane requires sufficient hydration for optimal proton conductivity. So 

in general, a good balance of humidity level at the anode would boost the performance of the 

methane fuel cell. 

 At 30 psig, the optimum operating temperatures of DMEFC are at 80°C with a relative 

humidity at 40.4 % at the anode side and 80°C at the cathode side (RH = 100 %). As seen from 

Figure S6, the limiting current density increased from 470 µA·cm-2 to 610 µA·cm2 as the relative 

humidity at the anode changed from 8.3 % to 40.4 %, respectively, although the open circuit 

potential dropped slightly from 0.48 V to 0.43 V. Increasing relative humidity on the cathode 

side up to 100 % also improved the cell performance, however, the effect was less prominent 

than at the anode side. Interestingly, when the relative humidity at the anode went beyond 

40.4 %, the open circuit potential dropped dramatically to 0.2 V and the fuel cell polarization 
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was no longer stable. This suggests poor methane diffusion consequently leading to poor 

transport of methane through the electrode. 

A.2. Mass Transport Limitations 

 The formation of electrode-electrolyte interface strongly affects the performance of 

DMEFC. This interface happens to be a combination of three phases and two-phase boundary 

regions. In the three-phase boundary reaction zone, there exists a physical contact between the 

solid catalyst, the liquid water, and the methane gas. Since the oxidation reaction at the anode 

requires both water and methane, the existence of the three-phase boundary is a requirement for 

DMEFC to function. Contrarily, a two-phase boundary zone forms as water adsorbs on the 

catalyst surface or partially floods the anode and therefore prevents the diffusion of methane into 

the reaction zone. As we observed, exceeding the water content at the anode beyond a certain 

limit lowered the OCV dramatically and rendered the fuel cell nonfunctional. Even at our 

optimized water molar ratio (about 7.0 % by mole), our estimation of methane diffusion 

coefficient from using Randles-Sevcik equation was extremely low. 

 By stepping down the voltage at different scan rates and recording the cell limiting 

current, we can extract the diffusion coefficient of methane at the anode via the equation, 

�!"#"$"%& = 2.69 · 10
!
· �

!/!
· � · �

!/!
· �

!
· �

!/! 

Where n is the number of electrons transferred in the redox equations, A is the active electrode 

area, D is the diffusion coefficient of methane at the electrode-electrolyte interface, cb is the bulk 

concentration of methane at the anode, and ν is the scan rate.  Figure 3-4 b shows a Cottrell plot 

linearly heading towards the origin as expected. With the estimated slope of the straight line and 

the known values of n, A, and cb, the diffusion coefficient of methane was estimated at 3.19 x 10-

12 cm2
·s-1. 
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Figure A- 1. Nitrogen sorption isotherms and pore size distribution curves of (a) l-MSN, (b) 

OMC, (c) OMC-4Bp and (d) OMC-6Bp. 
 

 

  
Figure A- 2. Small angle X-ray scattering patterns of l-MSN (red) and OMC (blue). The 100, 
110 and 200 peaks are visible in the l-MSN indicating a 2D hexagonal arrangement of pores. 

Only the 100 peak is visible for the OMC sample indicating disordered pore arrangement along 
the 110 and 200 planes. 
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Figure A- 3. Raman spectra of the OMC support (red) and the samples after chemical 
modification with the phenanthroline (Fig. S3a) and the bipyridine (Fig. S3b) ligands. The ID/IG 
ratio for the samples OMC, OMC-phen and OMC-6Bp was calculated to be 0.96, 1.12 and 1.00 

respectively. A small change in the ID/IG ratio indicates that the OMC structure has remained 
intact during surface functionalization using the lithiation approach. Raman spectra of the OMC 

support (red) and the OMC-4Bp-Pt-Cl2 catalyst (Fig. S4c) showing the defect peak and the 
graphitic peak. A small change in the ID/IG ratio (0.96 for OMC to 1.06 for OMC-4Bp-Pt-Cl2) in 

the Raman analysis of the OMC-4Bp-Pt-Cl2 sample revealed that the OMC structure was 
retained even after chemical modification of the surface. 
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Figure A- 4. Representative SEM-EDS showing the elemental composition of the (a) control 
(OMC-6Bp), (b) catalyst OMC-6Bp-Pt-Ph2 and (c) the catalyst OMC-6Bp-Pt-Cl2 The Si peak 

when quantified was observed to be less than 0.25 wt.% in the sample. 

 

Figure A- 5. Hydrogen crossover and electrical short evaluation for different MEA preparations, 
using ELAT® LT 1400 GDL with 0.5mg Pt cm-2 for both anode and cathode. 
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Figure A- 6. Polarization curves of DMEFC at different anode and cathode temperatures. Cell 
temperature remains at 80°C using ELAT® LT 1400 GDL with 0.5mg-Pt·cm-2 for both anode 

and cathode, back pressure was set at 30 psig. 

 

Figure A- 7. Chronoamperometry of OMC-4Bp as a Pt-free control with an initial OCV (left) 
and after applying a low voltage of 0.0004 mV to measure the producing current density (right). 
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Figure A- 8. V-I curve (A) and P-I curve (B) of Vulcan-4Bp-Pt-Cl2. 

 

Figure A- 9. Cyclic voltammetry spectrum of OMC-6Bp-Pt-Ph2 (see inset for catalyst details). 
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Figure A- 10. FTIR of anode with OMC-phen-Pt-Cl2 before and after polarization. 

 

Figure A- 11. 13C NMR spectrum of bicarbonate solution collected from the fuel cell’s anodic 
effluent exit trap. The catalyst used was OMC-4Bp-Pt-Cl2. The bicarbonate is clearly the product 

of methane oxidation. No other products were observed in the 13C NMR indicating complete 
oxidation of methane to carbon dioxide. 
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Figure A- 12. Methane PEMFC with OMC-4Bp-Pt-Cl2 and 20 % unfunctionalized OMC on the 
anode and commercial Pt/C on the cathode, durability test was performed by standard 

chronopotentiometry method with an applied current of 19.3 µA·cm-2 for 16 hours. 

 

Figure A- 13. FT-IR spectrum of homogeneous (tbpy)PtCl2 complex after exposure to carbon 
monoxide at 80°C. No presence of Pt-CO vibrational frequencies were observed in the spectrum. 
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Figure A- 14. FTIR spectrum of homogeneous (tbpy)PtPh2 complex after exposure to carbon 
monoxide at 80°C. No presence of Pt-CO vibrational frequencies were observed in the spectrum. 

 

Figure A- 15. Transmission electron micrographs of the catalyst OMC-4Bp-Pt-Cl2 before the 
fuel cell reaction. The colored boxes in (A) correspond to the magnified areas in (B) and (C). 
The scale bars = 500 nm, 100 nm, and 100 nm, respectively. No metallic Pt nanoparticles are 

seen in the above micrographs or corresponding STEM images (see Figure A- 16), confirming 
that the activity of the catalyst is due to the tethered complex. 
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Figure A- 16. STEM-ADF and EDX analysis of the same catalyst particle from Figure A- 15 
before the fuel cell reaction. (A) STEM annular dark field (ADF) image of a catalyst particle. 

Scale bar = 500 nm. (B) EDX analysis of the region within the red circle indicated in (A). Only 
C, O (not labeled) and Si are observed in the EDX spectrum, confirming the absence of Pt 

nanoparticles in the as-synthesized catalyst sample. 

 

Figure A- 17. STEM-ADF and EDX analysis of the same catalyst particle from Figure A- 15 
before the fuel cell reaction. (A) STEM annular dark field (ADF) image of a catalyst particle. 
Scale bar = 500 nm. (B) EDX analysis of the region within the red circle indicated in (A). (C) 

Only C, O (not labeled), and Si are observed in the EDX spectrum, confirming the absence of Pt 
nanoparticles in the as-synthesized catalyst sample. 
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Figure A- 18. STEM-ADF (A-C) and EDX analysis (D) showing the catalyst sample OMC-4Bp-
Pt-Cl2 after the fuel cell reaction. The region in (C) corresponds to the blue square in (B). The 
EDX spectrum in (D) was taken on the Pt nanoparticle indicated by the red circle in (C), and is 

representative of spectra acquired on numerous other nanoparticles in these images. This 
indicates that the Pt nanoparticles are clearly visible in all the micrographs, showing deactivation 

of the catalyst sample. Scale bars in (A)-(C) are 200 nm, 200 nm, and 50 nm, respectively. 

 

Figure A- 19. Molecular structure of ionomer used in fuel cell studies. 
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Table A- 1. Characteristics of l-MSN, OMC, OMC-4Bp, OMC-6Bp and OMC-phen. 
Sample Surface area 

(m
2 

 g
-1

) 

Pore Size 

(nm) 

Pore Volume 

(cm
3
 g

-1
) 

l-MSN 

OMC 

OMC-4Bp 

OMC-6Bp 

OMC-phen 

412.3 ± 4.3 

1129.6 ± 11.4 

569.3 ± 2.5 

541.4 ± 2.0 

502.7 ± 2.3 

12.2 

6.0 

5.9 

5.7 

6.1 

1.3 

1.7 

0.9 

0.8 

0.6 
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Table A- 2. Average % atomic concentration and the atomic ratios of the important elements 
present in the OMC bound single-site catalysts obtained by XPS measurements. The activity 
values of these catalysts have also been included for comparison. 

 

 

   % atomic concentration
a
 ratio 

Sample  Catalyst Power 

(µW/mg 

Pt) 

Pt 4f 

  

N 1s 

 

Cl 2p 

 

N/Pt 

 

 

OMC-6Bp-Pt-Ph2 

 

 

 

83 

 

 

 

1.1 ± 0.1 

 

0.5 ± 0.4 

 

0.0 ± 0.0 

 

0.5 

 

 

OMC-4Bp-Pt-Ph2 

 

 

 

 

 

      101 

 

1.3 ± 0.1 

 

4.1 ± 0.7 

 

0.0 ± 0.0 

 

3.1 

 

 

OMC-phen-Pt-Ph2 

 

 

 

 

 

 

 

103 

 

 

0.8 ± 0.1 

 

 

1.0 ± 0.1 

 

 

0.0 ± 0.0 

 

 

1.3 

 

 

OMC-6Bp-Pt-Cl2 

 

 

 

 

 

      127 

 

3.2 ± 0.8 

 

0.6 ± 0.4 

 

0.0 ± 0.0 

 

0.2 

 

 

OMC-4Bp-Pt-Cl2 

 

 

 

 

 

      278 

 

4.0 ± 0.4 

 

3.2 ± 0.6 

 

1.7 ± 0.0 

 

0.8 

 

 

OMC-phen-Pt-Cl2 

 

 

 

 

 

109 

 

 

5.1 ± 0.0 

 

 

1.8 ± 0.2 

 

 

0.9 ± 0.0 

 

 

0.4 
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APPENDIX B: SUPPLEMENTAL STUDIES, FIGURES, AND TABLES OF CHAPTER 6 
 

B.1 Elemental analysis 

 Prior analysis, all polymer membrane samples were first frozen in liquid nitrogen and 

ground into fine powder.  The samples were then dried in a furnace at 110°C for 4 hours to 

remove any water moisture and stored under nitrogen before analysis.  Different analytical 

techniques were used to quantitatively determine the compositions of the samples. 

 Carbon, hydrogen, and nitrogen were determined on a Thermo Flash EA 1112 Series 

CHN analyzer following the classical Dumas method, with thermal conductivity detection (TCD), 

as described in ASTM D5373 (coal) and ASTM D5291 (petroleum products).  The weighed 

samples were combusted in oxygen at 1000°C.  The combustion products were swept by a 

helium carrier gas through combustion catalysts, scrubbers, and through a tube filled with 

reduced copper.  The copper removed excess oxygen and reduced NOx to N2.  The gases were 

then separated on a chromatography column and measured with a TCD. 

 Oxygen was determined on a Leco RO-478 Oxygen analyzer following ASTM D5622, 

which is generally applicable to organically bound oxygen.  A sample was pyrolyzed at 1200°C 

in a carbon pyrolysis tube to convert oxygen in the sample to CO and CO2 which were then 

measured by non-dispersive infrared detection.  Oxygen from water and from oxides that 

decomposed at 1000°C or were reduced by the sample or carbon in the pyrolysis tube was then 

determined.  It is worth to mention that the refractory metal oxides such as those of silicon, 

aluminum, and boron were not determined.  In addition, fluorine is an absolute interference in 

that it tends to replace oxygen in the system.  However, our samples do not contain these 

elements. 
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 Lithium, tungsten, and phosphorus were determined after a total acid digestion with nitric, 

perchloric, hydrofluoric, and boric acids.  The digestion solutions were analyzed on a Perkin 

Elmer DV5300 ICP-AES instrument in duplicate with excellent precision.  The method utilized 

is a modified EPA 200-7.   

  Total halogens were determined by introducing the sample into a combustion furnace 

where chlorine was converted to halide.  The combustion product then flowed into a titration cell 

where it was quantitatively measured based on the coulometric titration of chloride with 

silver.  The apparatus and reagents are described in EPA SW-846 Method 9076 “Test Method for 

Total Chlorine in New and Used Petroleum Products by Oxidative Combustion and 

Microcoulometry.” 

B.2 Figures 

 

 

 

Figure B- 1. SEM images of pure PBI (a), PBI/20%HPA before doping with phosphoric acid (b), 
and PBI/20%HPA/PA after doping phosphoric acid (c). 
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Figure B- 2. SAXS patterns of PBI/PA under anhydrous condition during heating up, starts at 
80°C then increases to 100°C, 120°C, 140°C, 160°C, and 180°C. 

 

Figure B- 3. SAXS patterns of PBI/PA under anhydrous condition during cooling down, starts at 
180°C then cools to 160°C, 140°C, 120°C, 100°C, and 80°C. 
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B.3 Tables 

 

 

 

 

 

Table B- 1. Elemental analysis of PBI/PA and PBI/HPA/PA membranes used in this work.  

 

Table B- 2. SAX fitting data of PBI/PA under anhydrous condition. 

 

 

  PBI/PA PBI/10% HPA/PA PBI/20% HPA/PA PBI/20% HPA 

  Calculated Found Calculated Found Calculated Found Calculated Found 

C 13.52 13.70 15.15 14.74 12.24 13.93 44.20 45.99 

H 4.35 3.47 4.12 3.38 4.08 3.19 3.88 4.05 

N 3.15 3.19 3.54 3.39 2.86 3.20 10.31 11.07 

O 57.33 57.48 54.55 50.56 56.56 52.38 15.78 15.74 

P 21.65 24.60 21.14 22.30 21.82 21.50 0.00 0.50 

W 0.00 <0.1 1.49 1.00 2.41 2.80 8.70 5.60 

Li 0.00 <0.01 0.00 <0.01 0.00 <0.01 2.80 2.44 

Cl 0.00 0.003 0.00 0.008 0.00 0.007 14.21 11.5 

 

Low Q Mid Q High Q 

 

Large Nanoparticle Medium Nanoparticle Diffraction 

T (
o
C) Rg-1 (nm) P1 Rg-2 (nm) P2 

d1 
(nm) 

d2 
(nm) 

       80 19.71 3.06 0.99 3.18 1.26 0.90 

100 21.95 3.15 1.00 3.11 1.26 0.90 

120 23.92 3.13 1.00 2.79 1.26 0.90 

140 22.02 3.09 1.01 2.43 1.26 0.90 

160 22.75 3.00 1.00 1.93 1.26 0.90 

180 18.08 2.60 0.94 1.76 1.26 0.90 

160 74.31 2.80 1.08 2.61 1.26 0.94 

140 19.90 3.00 0.98 3.78 1.26 0.90 

120 19.16 3.06 0.97 3.98 1.26 0.90 

100 17.81 3.17 0.97 4.25 1.26 0.90 

80 19.06 3.24 0.97 4.47 1.26 0.90 
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Table B- 3. SAX fitting data of PBI/20%HPA/PA under anhydrous condition. 

 

Table B- 4. SAX fitting data of PBI/20%HPA/PA at 10% RH. 

 

 

Low Q Mid Q High Q 

 

Large Nanoparticle Medium Nanoparticle Diffraction 

T (
o
C) Rg-1 (nm) P1 Rg-2 (nm) P2 d (nm) 

      30 23.17 2.69 1.05 2.28 1.25 

80 23.14 2.06 1.33 1.43 1.23 

100 19.68 2.37 3.27 2.19 1.26 

120 19.79 2.49 2.22 3.49 1.34 

140 22.35 1.81 1.89 3.54 1.27 

160 23.91 1.65 2.07 3.26 1.22 

180 24.16 1.82 2.12 3.18 1.22 

160 22.87 1.74 2.09 3.02 1.19 

140 23.24 2.21 2.12 3.01 1.20 

120 21.97 2.04 2.10 3.34 1.21 

100 22.26 1.82 2.11 3.23 1.20 

80 22.54 1.82 2.14 3.18 1.20 

 

 

Low Q Mid Q High Q 

 

Large Nanoparticle Medium Nanoparticle Diffraction 

T (
o
C) Rg-1 (nm) P1 Rg-2 (nm) P2 d (nm) 

      30 14.37 0.14 3.02 1.71 1.26 

80 14.52 0.14 3.39 1.73 1.26 

100 15.62 0.01 4.01 1.80 1.26 

120 17.03 0.51 4.05 2.17 1.26 

140 12.51 0.79 2.09 3.16 1.26 

160 3.50 0.94 1.69 2.62 1.26 

180 3.39 0.85 1.83 4.25 1.26 

160 24.96 0.61 4.63 3.20 1.26 

140 21.99 0.54 4.72 3.09 1.26 

120 32.94 0.49 4.76 3.05 1.26 

100 26.29 0.58 4.66 3.09 1.26 

80 21.02 0.58 4.42 3.21 1.26 
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APPENDIX C: COPYRIGHT PERMISSIONS 
 

 This Appendix includes expressed, written permission from the copyright holders 

granting permission for republication of the material contained in Chapter 4 (Journal of Americal 

Chemical Society).  Written consent for republication from all Co-authors is also included. 
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