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__________________________________________________________________________________________ 

Abstract 

The ultimate objective of this project is to develop coal- and carbon-fueled fuel cells for portable applications. Since direct carbon fuel cells 

are nowhere near commercialization and the fuel gasification process requires a large amount of water (an undesirable characteristic for 

portable applications), the only remaining solution is to use the partial oxidation process to produce CO-rich gaseous fuel. This fuel then can 

be fed to direct carbon monoxide fuel cells (DCMFCs). These fuel cells require the development of CO-resistant anode catalysts. To develop 

these catalysts, direct alcohol fuel cells were used as the source of inspiration. Ten different catalysts were fabricated and tested. The results 

indicated that while the homemade Pt-Ru membrane-electrode assembly (MEA) outperformed the commercial Pt-Ru MEA it could not 

compete with the Pt-Sn MEA. While the performance of the MEAs with Pt-Ru-Ni, Pt-Ru-Sn-Ni, and Pt-Ru-Sn-Co was not satisfactory, the Pt-

Ru-Sn-Co-W MEA achieved the best performance among all MEAs with Nafion® 117 membrane. The last MEA was made of the Pt-Sn anode 

catalyst and Nafion® 212 membrane and outperformed all other MEAs by a wide margin. The experiments demonstrated that the 

performance of the best-developed MEA was three times better than the performance of the commercial Pt-Ru MEA. This means the 

performance of DCMFCs can be significantly improved by developing a suitable anode electrocatalyst, using a thinner membrane, and 

operating at optimum conditions. These results are not only applicable for DCMFCs but are also very useful for other proton exchange 

membrane fuel cells (PEMFCs) operating with CO-containing fuels. 

_________________________________________________________________________________________________________________ 

Introduction 

The ultimate objective of this project is to develop a 

complete package for the direct carbon monoxide fuel 

cell (DCMFC) electricity generation unit for portable 

applications. This includes the development of the 

gasifier and the fuel cell. However, the objective of this 

paper is to present the results of the first step which is 

to design and fabricate the low to medium 

temperature state-of-the-art anode electrocatalysts 

and the membrane-electrode assemblies (MEAs) for 

carbon monoxide-fueled proton exchange membrane 

fuel cells (PEMFCs). The project can be divided into the 

following steps: 

• Identify the best electrocatalyst that could 

effectively electrooxidize carbon monoxide 

• Develop the catalyst 

• Develop the ionomer 

• Fabricate the MEA 

• Test the single fuel cell 

The Unites States Department of Energy (DOE) has 

been promoting “clean coal” technologies as one of 

the paths to sustainable power generation [1]. Fuel cell 

technologies can be an important component of this 

path. The most obvious and presumably 

straightforward approach for the utilization of carbon 

in general and coal in particular as a fuel for a fuel cell 

is directly feeding them to the fuel cell. This type of fuel 

cell is called direct carbon fuel cells (DCFCs). They are 

devices where solid carbon from various sources, such 

as coal, petroleum coke, woods, grass, and other 

biomass, and organic garbage, is converted to 
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electricity with no intermediate combustion or 

gasification. These fuel cells have several 

characteristics that other types of fuel cells, in that 

matter any other power generation systems, find 

almost impossible to compete with, at least 

theoretically. The thermodynamic electrochemical 

efficiency of this type of fuel cell is very high [2]. For a 

process involving an electrochemical reaction, 

thermodynamic efficiency is defined as the ratio of the 

change in the Gibbs energy to the change in the 

enthalpy. For the electrochemical reaction of carbon, 

the change in the Gibbs energy (394.360 kJ/kmol) is 

slightly greater than the change in the enthalpy 

(393.520 kJ/kmol) which results in slightly higher than 

100% thermodynamic efficiency. Also, since the fuel 

and the product are in different phases (solid carbon 

and gaseous carbon dioxide, respectively), the fuel 

utilization factor of the fuel cell can theoretically be 

100%. This can lead to an actual electrical efficiency of 

about 80% for DCFCs compared to about 60% and 45% 

for methane and hydrogen-fueled fuel cells, 

respectively [3]. The operating temperatures of DCFCs 

are high, typically higher than 500°C. The most 

common electrolytes for DCFCs are molten carbonate, 

molten hydroxide, and oxygen ion conducting ceramic 

[2]. The power densities of up to 124, 140, and 50 

mW/cm² have been reported for each of these 

electrolytes, respectively [3]. In some designs, the 

anode is made of carbon and is consumed as fuel while 

in others the carbon particles (e.g., carbon black or 

pulverized carbon) suspended in a liquid or air are used 

as fuel. DCFCs are in their early stages of development 

and are facing many challenges. They typically use the 

components developed for molten carbonate fuel cells 

(MCFC) and solid oxide fuel cells (SOFC). So far, only 

small single-cell MCFCs with non-continuous fuel 

feeding have been developed and tested for a short 

period [2],[3]. The scale-up of these fuel cells along 

with a continuous carbon feeding mechanism has not 

been tried yet and will face serious challenges. The 

impact of coal impurities, the ash effects, the extent of 

fuel pretreatment, thermal management, and many 

other details remain to be figured out. Overall, the 

practical use of solid coal or carbon electrochemistry 

for power generation in DCFCs is quite an engineering 

challenge. Cao et al. [3] concluded in their 

comprehensive review of DCFCs that “the DCFC system 

might be less feasible than other types of fuel cells”. 

Besides the technological immaturity of DCFCs, their 

high operating temperatures make them less suitable 

for portable applications. A practical approach to 

address these challenges while providing the use of 

carbon/coal and an important component of clean 

power generation is needed. 

Conceptual design of the system 

Solid fuels can be gasified and converted to gaseous 

fuels through the gasification process. Alternatively, 

solid fuels can be converted to liquid fuels, such as 

methanol, formic acid, or glycerol. The manufacturing 

process to convert carbon/coal to liquid fuels is 

complex and energy-intensive; thus, unsuitable for 

portable applications. 

Currently, two carbon/coal preprocessing technologies 

are commercially available to gasify carbon/coal: 

gasification and partial oxidation (POX). In the 

gasification process, carbon reacts with oxygen and 

steam to generate syngas consisting of carbon 

monoxide, hydrogen, methane, carbon dioxide, and 

water vapor. 

 2𝐶 + 𝑂2 → 2𝐶𝑂 (1) 

 𝐶 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂 (2) 

To increase the concentration of hydrogen, syngas may 

undergo the following water gas-shift reaction: 

 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2 (3) 

The gasification process is technologically mature and 

available; however, it requires a lot of water. This high 

demand for water may not be a significant problem for 

stationary industrial applications but is a major 

problem for portable applications. The partial 

oxidation process is the combustion of carbon with 

insufficient air needed for the complete combustion 

(sub-stoichiometric combustion). 

 2𝐶 + 𝑂2 → 2𝐶𝑂 (4) 

In this process, about 30% of the thermal energy 

content of the fuel is lost during the process (the Gibbs 

free energy change, ΔG, of carbon oxidation is −394 

kJ/mol compared to −283 kJ/mol for carbon monoxide 
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oxidation). However, the CO oxidation is still more 

energetic than that of hydrogen (ΔG of −283 kJ/mol for 

CO vs. −237 kJ/mol for H2), which means the 

volumetric energy density of carbon monoxide is 

higher than that of hydrogen. Considering the 

simplicity of the partial oxidation process and the fact 

that no water is required for the carbon/coal 

preprocessing, partial oxidation is considered the most 

appropriate carbon/coal-based fuel for portable 

applications. 

With the conversion of the solid fuel to the gaseous 

fuel, a new avenue for utilization of available fuel cell 

technologies becomes accessible because a lot of 

existing fuel cell hardware designs can be adapted for 

carbon-based fuel cells. The low operating 

temperature, high current density, simple design and, 

high power density (volume-based) among other 

characteristics makes proton exchange membrane fuel 

cells (PEMFCs), also known as polymer electrolyte fuel 

cells (PEFCs) or less commonly solid polymer 

electrolyte fuel cells (SPEFCs), an ideal candidate for 

portable applications. They typically operate at low 

temperatures (less than 100°C) although high-

temperature PEMFCs (between 100°C and 200°C) are 

also being developed [4],[5]. 

In the proposed carbon monoxide-fueled PEMFC, CO is 

fed to the anode electrode as fuel. In the presence of 

water, carbon monoxide is electrooxidized to carbon 

dioxide, protons (H+), and electrons. The flow of 

electrons produces the desired product, electricity. 

The protons traverse through the membrane to the 

cathode. In the cathode, along with the electrons, they 

react with oxygen to produce water. This water in the 

cathode outlet can be captured and recycled to the 

anode. The half-reactions and the overall reactions are 

as follows: 

Anode: 𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻+ + 2𝑒− (5) 

Cathode: 
1

2
𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂 (6) 

Overall: 𝐶𝑂 +
1

2
𝑂2 → 𝐶𝑂2 (7) 

Figure 1 illustrates the simplified flow diagram of the 

proposed portable electricity generation unit. In this 

design, carbon or coal is first fed to the dry POX gasifier 

where it is converted to the gas mainly composed of 

carbon monoxide (CO) in the presence of oxygen. 

Then, the hot CO-rich flow is cooled down in a heat 

exchanger. The flow then enters the anode of the PEM 

fuel cell as the fuel along with the flow of air or oxygen 

to the cathode as the oxidant. Within the fuel cell, the 

electrochemical oxidation of CO generates electricity. 

 

Figure 1: Simplified flow diagram of the carbon/coal-fueled electricity generation unit including 15 the direct carbon monoxide 

fuel cell (DCMFC) and the gasifier 
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The operation of the carbon monoxide PEMFC is 

simple but the main challenge is the difficulty of the 

low temperature electrooxidation of carbon 

monoxide. The most common electrocatalysts used in 

the anode electrode of PEMFCs are platinum-based 

catalysts. These catalysts are poisoned in the presence 

of CO because of the strong adsorption of CO and 

require a high potential for CO stripping (around 0.8 V 

vs. NHE). At low temperatures, the surface of the 

catalyst is covered by CO due to the high affinity of 

carbon monoxide molecules to platinum molecules at 

the surface of the catalyst [6]. The effect was first 

documented for PEMFCs by Gottesfeld and Pafford [7]. 

They illustrated that this problem can be present even 

with a low concentration of CO. The answer to this 

problem is to develop anode electrocatalysts with high 

CO tolerance. The source of inspiration in this regard 

may come from direct alcohol fuel cells (DAFCs). 

Direct alcohol fuel cells 

The best fuel for the optimum performance of PEMFCs 

is hydrogen which can be directly provided through a 

storage system or can be produced in a reformer using 

liquid fuels. However, the lack of infrastructure for the 

former and the high cost and weight of the latter 

prevent their widespread commercialization. To 

overcome the fuel problem, a great deal of research 

has been dedicated to the direct utilization of different 

alcohols in PEMFCs. In direct alcohol fuel cells, 

methanol (in direct methanol fuel cells, DMFC) or 

ethanol (in direct ethanol fuel cells, DEFC) is directly 

fed to a PEMFC as fuel. Also, direct formic acid fuel 

cells (DFAFC) are fueled by formic acid. These fuel cells 

are particularly suitable for electric vehicles and 

portable electronic devices due to their simple 

construction, relatively high efficiency, and 

compactness. 

The utilization of ethanol (C2H6O) as fuel instead of 

methanol (CH3OH) is preferable because of the 

nontoxic nature, low volatility, higher energy content, 

low cost, and easy transportation of ethanol as well as 

the fact that it can be produced from renewable 

energy sources. However, DEFC faces some challenges, 

including the difficulty of the complete oxidation of 

ethanol to CO2 and the difficulty in breaking C–C bonds 

using electrocatalysts at low temperatures (unlike 

methanol, which does not have such a bond). 

The following three electrochemical reactions are for 

the anode, cathode, and overall reactions in DMFCs: 

Anode: 𝐶𝐻3 + 𝐻2𝑂 → 𝐶𝑂2 + 6𝐻+ + 6𝑒− (8) 

Cathode: 
3

2
𝑂2 + 6𝐻+ + 6𝑒− → 3𝐻2𝑂 (9) 

Overall 𝐶𝐻3 +
3

2
𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 (10) 

These electrochemical oxidation reactions need 

electrocatalysts. It has been established that the most 

electrochemically active catalyst for these small 

organic molecules is platinum [8]. However, in 

practice, during the electrooxidation of these 

molecules at low temperatures, carbon monoxide is 

generated. This intermediate byproduct can poison 

the platinum electrocatalyst because of the strong 

carbon monoxide adsorption on the catalyst surface. 

Hamnett in [9] provided a twelve-step sequence of 

reactions for the methanol electrochemical reaction. 

One of these steps is the adsorption of carbon 

monoxide on the surface of the Pt catalyst. The 

oxidation of these adsorbed carbon monoxide species 

is slow and the rate-determining step [10]. DEFCs are 

facing similar problems at an even higher magnitude 

[11],[12], similar to DFAFCs [13]. Besides this problem, 

the high cost of platinum and the loss of catalytic 

activity are also major problems for Pt catalysts. The 

problem that the CO-fueled fuel cell is facing, in 

nature, is similar to the problem that the above-

mentioned fuel cells are facing. It is, therefore, 

reasonable to consider DMFCs, DEFCs, and DFAFCs as 

the source of inspiration for developing anode 

electrocatalysts for direct carbon monoxide fuel cells 

(DCMFCs) and validation of the experimental results. 

This is particularly important because there are very 

few papers in the literature on electrocatalysts for 

DCMFCs, especially for low-temperature operations. 

Most data in the literature on anode electrocatalysts 

with improved carbon monoxide tolerance/activity are 

for DMFCs and to a lesser extent for DEFCs and 

DFAFCs. 
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Improved platinum-based catalysts 

It was noted in the previous section that in the 

presence of carbon monoxide, the surface of platinum 

is poisoned by strongly adsorbed CO, which almost 

completely covers the catalyst surface at low 

potentials (less than 0.5–0.6 V). To reduce or eliminate 

the problem, Gottesfeld and Pafford [7] proposed 

adding a small amount of oxygen or air flow to the 

anode to oxidize CO to CO2. Others have proposed CO 

removal from the fuel flow by the selective catalytic 

oxidation process [14],[15]. However, the direct 

injection of oxygen into the fuel flow in the anode is 

not practical due to safety concerns [16]. Schmidt et al. 

[16] proposed adding hydrogen peroxide, H2O2 (stored 

in a separate tank), to the humidifier. Each molecule of 

H2O2 is dissolved to produce H2O and 1/2 O2. These 

approaches are not appropriate for addressing the 

problem in this case. 

A more practical approach is to add specific metals to 

platinum (Pt) that are capable of activating water at 

low potentials to generate oxygenated species, such as 

adsorbed OH, which in turn can oxidize CO and prevent 

Pt poisoning. There is a limited number of metals with 

this characteristic that has long-term stability in the 

acid medium [12]. It is well established that platinum 

alloyed with some transition metals, such as 

ruthenium, can remarkably improve both the 

electrochemical activity of Pt-based catalysts and their 

carbon monoxide poisoning resistance [8]. Platinum–

ruthenium electrocatalysts are commonly used for this 

purpose. A third and even fourth metal have been 

added to further improve the performance of anode 

electrocatalysts. 

In the rest of this paper, some of the most promising 

electrocatalysts selected based on the information 

available in the literature are developed and tested at 

various operating conditions using carbon monoxide, 

the mixture of CO and N2, and H2 as fuels. 

Platinum–ruthenium (Pt–Ru) 

catalysts 

Pt–Ru alloys are the workhorse of PEM fuel cell anode 

catalysts whenever high-purity hydrogen is not 

available as fuel. The reported reason is that Ru 

partially inhibited the creation of chemisorbed CO 

species [17],[18]. Several papers provided detailed 

analyses of this phenomenon [19],[20]. Many papers 

have been dedicated to the study of the performance 

of DMFCs and DEFCs when the anode catalyst was a 

Pt–Ru alloy [21],[22],[23],[24],[25],[26] and many 

more using this type of catalyst as a benchmark for 

their cells 

[12],[27],[28],[29],[30],[31],[32],[33],[34][35],[36]. 

Schmidt et al. [37] demonstrated that the CO tolerance 

of a PEMFC with a Pt–Ru anode catalyst is significantly 

improved compared to that of Pt/Vulcan anode 

catalysts. Later, they reported similarly promising 

results for a CO/H2 gas mixture as the representation 

of the reformer gas [38]. Ren et al. [39] studied many 

DMFCs with unsupported Pt–Ru anode catalysts and 

demonstrated the advantage of small particle sizes, 

which resulted in the higher surface area of the 

catalysts. 

Some researchers used nano-composites of Pt–Ru 

alloys [24],[40]. Deivaraj and Lee [40] prepared 

carbon-supported Pt–Ru nanoparticles using three 

methods and compared their performance. They 

reported that all three catalysts were superior to the 

commercially available Pt catalysts. They 

demonstrated that the particle size (the mean 

diameter of the Pt–Ru nanoparticles) was affected by 

the fabrication method. However, the impact of a 

more homogeneous alloy nanoparticle composition 

has a greater effect on the electrochemistry of the 

catalysts and their tolerance to carbon monoxide. 

MEA fabrication process 

In this work, for the preparation of the anodic 

electrocatalysts, the metal precursors were separately 

dissolved in ethylene glycol, and then the solutions 

were mixed. The KOH solution was added to the 

mixture while it was stirred constantly. The catalyst 

was synthesized by the subsequent reduction process 

after the addition of NaBH4 in the H2O–ethylene glycol 

solvent. Finally, the solid catalyst particles were 

filtered, washed, and dried. This is the unsupported 

anodic catalyst. In creating the anodic catalyst solution 

(ink), the unsupported anode catalyst powder was 
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mixed with Nafion® solution and water. For the 

cathode catalyst ink, Pt black was mixed with Nafion® 

solution and water. The inks were painted on the 

surfaces of two pieces of carbon paper. The area of 

each carbon paper was 5 cm2. The painted carbon 

papers were dried and then hot-pressed on opposite 

sides of a Nafion® membrane at a temperature of 

140°C for 6 minutes. Initially, Nafion® 117 by DuPont 

was used as the membrane but later in order to 

improve the power density of the fuel cell, Nafion® 212 

was employed. For electrode polyelectrolyte bindings, 

D521 and D1021 Nafion® dispersions (from Ion Power 

Inc.) were used as binders. To validate the procedure 

for the preparation of the custom electrocatalysts and 

MEAs, a commercial DMFC MEA was purchased and 

tested. The results of the experiments on the 

commercial and homemade MEAs are compared in the 

following subsections. 

Performance of commercial DMFC 

MEA 

The experiments were started by using a commercial 

direct methanol fuel cell made of carbon-supported 

platinum-ruthenium (Pt-Ru black) as the anode 

electrocatalyst, carbon-supported platinum (Pt black) 

as the cathode electrocatalyst, and Nafion® 117 as the 

electrolyte membrane. Note that for simplification, 

the properties of MEAs might be shown as 

membrane/anode/cathode (N117/Pt-Ru/Pt) or 

anode/cathode (Pt-Ru/Pt). Also, 90/85/80°C means 

the operating temperature of the MEA, the 

temperature of the anode humidification flow, and the 

temperature of the cathode humidification flow are 

90, 85, and 80°C, respectively. Similarly, 100/200 

mlit/min means the flow rates of the anode and 

cathode streams are 100 and 200 mlit/min, 

respectively. The loading of electrocatalysts for both 

the anode and cathode were 4 mg/cm2. The surface 

area of the fuel cells in all experiments was 5 cm2. The 

gas diffusion layers for the cathode and anode were 

made of ETEK ELAT® and carbon cloth, respectively. 

First, the fuel cell was fed with hydrogen and oxygen 

as fuel and oxidant, respectively. Then, the experiment 

was repeated by using a fuel composed of 20% CO and 

80% N2 (volume-based) and oxygen as an oxidant. In 

both cases, the operating temperature of the cell was 

40°C. The difference between the maximum power 

densities in the two cases was staggering (277.7 vs. 

11.6 mW/cm2). This demonstrated that for an MEA 

that is not optimized for operation with carbon 

monoxide, in terms of both the fabrication process and 

operating conditions, the performance of the cell 

when fueled with H2 and CO is not comparable. 

To verify the consistency of the experimental 

procedure and to make sure that the results of the 

experiments are repeatable, the polarization curves of 

the fuel cell were obtained at various operating 

conditions. Figure 2 shows the results for six 

experiments at three operating temperatures, 40, 60, 

and 100°C and two flow rates of 20/40 mlit/min and 

100/100 mlit/min for the anode and cathode. The 

curves demonstrate that the repeatability of the 

results was acceptable and was within the 

experimental errors at the given operating 

temperatures and reactant flow rates. 

 

Figure 2: The polarization curves of the commercial DMFC: 

The confirmation of the repeatability of the experiments 

(fuel: the mixture of 20% CO and 80% N2, oxidant: O2) 

Next, the impact of the operating temperature on the 

polarization curve was investigated. Figure 3 illustrates 

the polarization curves of the commercial DMFC for 

the operating temperatures of 40/40/30°C, 

60/60/50°C, 80/75/75°C, and 100/95/90°C when 

fueled with the mixture of 20% CO and 80% N2 

(volume-based) and the oxidant of oxygen (at the flow 

rates of 20 and 80 mlit/min, respectively). As expected, 

increasing the operating temperature of the fuel cell 
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improves its performance. The maximum power 

density increases from 10.8 to 26.6 mW/cm2 when the 

operating temperature increases from 40 to 100°C. 

These are moderate outputs which are partially due to 

the significant activation polarization losses. Using the 

custom synthesized catalysts should reduce these 

losses. 

The only abnormal behavior in Figure 3 is when the fuel 

cell operates at a high temperature (the solid line) and 

the high current density where the voltage abruptly 

drops. The reason for this drop is the low flow rate of 

the reactants which results in the starvation of the cell 

at the high current densities where the concentration 

overpotential is dominant. As it will be shown next 

(Figure 4), when the flow rates are sufficiently high, 

this phenomenon will not occur. 

 

Figure 3: The polarization curves of the commercial DMFC fed 

with the mixture of CO and N2 as the fuel and oxygen as the 

oxidant (20/80 mlit/min): The effect of the cell operating 

temperature 

Figure 4 illustrates the polarization curves of the same 

fuel cell operating at the temperature of 100/95/90°C 

with two flow rates, 20 and 100 mlit/min in the anode 

(20% CO and 80% N2), and 40 and 100 mlit/min in the 

cathode (oxygen) (20/40 and 100/100 mlit/min). The 

curves indicate that at the higher flow rates, the 

sudden voltage drop at the high current densities, due 

to cell starvation, is avoided. 

 

Figure 4: The polarization curves of the commercial DMFC: 

The effect of the fuel and oxygen flow rates at the operating 

temperature of 95°C (20% CO and 80% N2/O2) 

In the next set of experiments, the air is used as the 

oxidant instead of pure oxygen. First, the effect of the 

operating temperature of the cell on the polarization 

curve is investigated. Figure 5 shows the polarization 

curves of the commercial DMFC when fueled with the 

mixture of 20% CO and 80% N2 (volume-based) and air 

(at the flow rates of 20 and 80 mlit/min, respectively) 

for operating temperatures of 40/35/35°C, 

60/55/55°C, 80/75/75°C, and 100/95/95°C. 

 

Figure 5: The polarization curves of the commercial DMFC fed 

with the mixture of CO and N2 2 (20 mlit/min) and air (80 

mlit/min): The effect of the cell operating temperature 

The cell voltage is almost doubled when the operating 

temperature increases from 40 to 80°C. Comparing 

Figure 5 and Figure 3 indicates that the fuel cell 
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performance, when fed with air or oxygen, was not 

significantly different. This result is expected because 

the electrochemical reactions in the anode are limiting 

the cell performance (refer to the discussion Figure 7). 

It is however predicted that in the optimized MEA, the 

fuel cell fed with pure oxygen as the oxidant should 

outperform the one fed with air. 

While there is no dramatic difference in the 

performance of the MEA when fed with air or oxygen, 

there are slight differences. At the operating 

temperatures of 60 and 80°C, the fuel cell fed with 

oxygen outperforms the one fed with air (Figure 3 and 

Figure 5). But at the operating temperature of 40°C, 

the fuel cell performance when fed with air is slightly 

better compared to that of the oxygen-fed fuel cell. At 

the operating temperature of 100°C, the difference is 

significant (the maximum power density of 26.6 

mW/cm2 for the oxygen-fed fuel cell compared to that 

of 18.7 mW/cm2 for the air-fed fuel cell). Also, similar 

to the case with oxygen as the oxidant, at the 

operating temperature of 100°C, the voltage drops 

significantly at the high current densities compared to 

other operating temperatures. Again, the reason is the 

low flow rate of the reactants and the starvation of the 

fuel cell at the high current densities. Figure 6 shows 

that increasing the flow rates of the reactants prevents 

this phenomenon. 

 

Figure 6: The polarization curves of the commercial DMFC fed 

with the mixture of CO and N2 as the fuel and air as the 

oxidant at the cell operating temperature of 100°C: The 

effects of flow rates of the reactants 

The next step is to identify whether the impact of the 

flow rate to the anode or the cathode is dominant in 

the performance of the fuel cell. Figure 7 illustrates the 

polarization curves of the commercial DMFC for 

various anode and cathode flow rates at the cell 

operating temperature of 100°C. In three of the 

experiments, the fuel (a mixture of CO and N2) flow 

rate was kept constant at 20 mlit/min and the flow rate 

of air was varied at 40, 80, and 100 mlit/min. The 

diagram indicates that the performance of the fuel cell 

is slightly improved with an increase in the flow rate of 

air (the maximum power density of the cell increases 

from 17.6 to 19.0 mW/cm2 when the air flow rate 

increases from 40 to 100 mlit/min). In the two cases, 

the air flow rate was fixed at 100 mlit/min while the 

fuel flow rate was 20 and 100 mlit/min. This time the 

performance of the fuel cell improved by about 14% 

when the fuel flow rate increased. This confirms the 

fact that the anode is mainly limiting the performance 

of the fuel cell. 

 

Figure 7: The polarization curves of the commercial DMFC fed 

with the mixture of CO and N2 and air at the cell operating 

temperature of 100°C: The effects of flow rates of the 

reactants 

Finally, as the last experiment on the commercial 

DMFC, the effect of the fuel and air humidification 

temperatures on the performance of the fuel cell is 

investigated. For this purpose, the operating 

temperature of the cell was fixed at 80°C and the flow 

rates of the fuel (the mixture of CO and N2) and air 

were 50/250 mlit/min and the humidification 

temperature was varied between 80 and 90°C with an 

increment of 5°C. The curves in Figure 8 show that an 
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increase in the humidification temperature (both the 

anode and the cathode) does not change the cell 

performance significantly and only a slight 

improvement is observed. 

 

Figure 8: The polarization curves of the commercial DMFC at 

the cell operating temperature of 80°C (CO+N2/Air, 50/250 

mlit/min): The effects of humidification temperature 

Repeatability of the MEA fabrication 

process 

In order to make sure that the procedure to fabricate 

MEAs is repeatable, two MEAs were fabricated with 

the same procedure and parameters and then the 

results of the experiments were compared. The 

objective was to show that the developed fabrication 

procedure included all the important parameters and 

that there is no unknown parameter that may affect 

the results. 

For this purpose, two MEAs were fabricated with the 

same procedure and were tested under the same 

operating conditions. The anode electrocatalyst of the 

fabricated MEAs was unsupported Pt–Ru with the 

platinum loading of 6 mg/cm2 and the cathode 

electrocatalyst was the carbon-supported platinum 

with a loading of 4 mg/cm2. The electrolyte membrane 

was Nafion® 117. It has been reported that the atomic 

ratio of 1:1 provides the optimum performance [23], 

[41],[42]; therefore, this ratio was used. 

 

Figure 9: The polarization curves of the Pt-Ru/Pt MEA: The 

repeatability of the test and fabrication procedures (CO/O2 - 

100/200 mlit/min) 

Figure 9 illustrates the polarization curve of the two 

MEAs when they were fed with CO as the fuel and 

oxygen as the oxidant with the mass flow rates of 100 

and 200 mlit/min, respectively. The two fuel cells were 

tested at extreme temperatures of 40 and 95°C. The 

diagrams show that at the low temperature, the 

performance of the cells is reasonably close. For the 

high temperature, at the low and intermediate current 

densities, the curves are close, but at the high current 

densities, there are some discrepancies. Interestingly, 

however, the same irregularities occur in both cells, 

although not always at the same current density. 

Overall, these experiments prove that both the test 

procedure and MEA fabrication procedure are 

reasonably repeatable. 

Performance of homemade Pt–Ru 

catalyst 

The unsupported Pt–Ru electrocatalyst and the MEA 

were fabricated according to the procedure explained 

before with the catalyst loading of 6 mg/cm2 in the 

anode. The cathode electrocatalyst was the carbon-

supported platinum with the loading of 4 mg/cm2. The 

electrolyte membrane was Nafion® 117. Figure 10 

illustrates the effect of the cell operating temperature 

on the performance of the single Pt–Ru/Pt fuel cell 

when it was fueled with carbon monoxide and oxygen 

(flow rates 25 and 50 mlit/min, respectively). It should 

be noted that in these tests the temperatures of the 
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fuel and oxidant humidifiers were set equal to the 

temperature of the cell. This will be the case for all 

experiments unless otherwise stated. As expected, the 

performance of the single fuel cell is improved at 

higher temperatures. The maximum power density of 

33.8 mW/cm2 is achieved at the current density of 

about 200 mA/cm2 for the operating temperature of 

80°C followed by 21.1 mW/cm2 at 140 mA/cm2 and 

11.8 mW/cm2 at 95 mA/cm2 at the temperatures of 60 

and 40°C, respectively. The open-circuit voltage of the 

single cells for 80, 60, and 40°C are 0.708, 0.666, and 

0.653 V, respectively. This strong dependency of the 

performance of the fuel cell on the operating 

temperature is expected [19]. Lee et al. [43] 

demonstrated that the performance improvement of 

DMFCs at high temperatures was significantly higher 

for the carbon-supported Pt–Ru anode catalyst 

compared to that of the carbon-supported Pt. 

Similarly, Colmati et al. [35] compared two anode 

catalysts for DMFCs, the carbon-supported Pt and the 

carbon-supported Pt–Ru. They demonstrated that the 

rate of improvement in the maximum power density 

as a function of the operating temperature is much 

higher for the carbon-supported Pt–Ru catalyst. 

 

 

Figure 10: The polarization curves of Pt-Ru MEA: The effect of 

the cell operating temperature (fed with CO/O2 - 25/50 

mlit/min) 

The same pattern can be seen when the carbon 

monoxide and oxygen flow rates of the same fuel cell 

were increased to 100 and 200 mlit/min, respectively, 

and the cell operating temperature varied from 40 to 

95°C (Figure 11). At the operating temperatures of 80 

and 95°C, some irregularities can be observed at the 

intermediate and high current densities. In this case, 

the maximum power density for operating 

temperatures of 95, 80, 60, and 40°C were 58.7, 33.2, 

19.5, and 12.5 mW/cm2, respectively. Interestingly, for 

the operating temperatures of 80 and 60°C, the 

maximum power densities are slightly decreased in 

Figure 11 compared to Figure 10. 

 

Figure 11: The polarization curves of the Pt-Ru MEA: The 

effect of the cell operating temperature (fed with CO/O2 - 

100/200 mlit/min) 

The influence of the fuel and oxidant flow rates is 

investigated in Figure 12. The curves show the 

polarization curves of the single fuel cell fed with 

carbon monoxide/oxygen at the flow rates of 25/50 

and 100/200 mlit/min at the operating temperatures 

of 80, 60, and 40°C. The diagram shows that the impact 

of the fuel and oxidant flow rates (CO and O2, 

respectively) at various operating temperatures is not 

significant. 



 

 

 

Journal of Power Technologies 105 (4) (2025) 319 -- 341                       

319 | 341 

 

Figure 12: The polarization curves of Pt-Ru MEA: The effect of 

the fuel (CO) and the oxidant (O2) flow rates 

The experiment was repeated by using hydrogen as 

the fuel. Figure 13 illustrates the polarization curves of 

the fuel cell when it was fueled with hydrogen and 

oxygen (flow rates 50/50 and 100/200 mlit/min) at the 

operating temperature of 40°C. As the Figure shows, 

the performances of the fuel cell are generally close 

while its performance is slightly improved with an 

increase in the flow rates of the fuel and the oxidant. 

 

Figure 13: The polarization curves of Pt-Ru MEA: Effect of the 

fuel and oxidant (H2/O2) flow rates at the operating 

temperature of 40°C 

To further investigate the effect of the flow rates of the 

carbon monoxide fuel, the same cell was tested using 

the mixture of 20% carbon monoxide and 80% 

nitrogen as the fuel and oxygen as the oxidant at the 

operating temperature of 95°C. Figure 14 shows that 

with this fuel at low current densities (less than 30 

mA/cm2), the change in the performance of the fuel 

cell as a result of different reactant flow rates is small. 

But at the intermediate and high current densities, the 

performance of the cell quickly deteriorates at the low 

flow rates. The reason is that with the low fraction of 

carbon monoxide in the fuel, the concentration loss 

quickly becomes the dominant loss due to the low 

partial pressure of CO in the triple-phase boundary 

(TPB) and the fuel starvation of the cell. 

 

Figure 14: The polarization curves of Pt-Ru MEA: The effect of 

the fuel and oxidant (20% CO and 80% N2/O2) flow rates at 

the operating temperature of 95°C 

Furthermore, the fuel cell was tested when either air 

or oxygen was used as the oxidant (Figure 15). As 

expected, the performance of the fuel cell when 

oxygen was used as the oxidant is better than that of 

the air. The irregularities in the curves are due to the 

high operating temperature of the cell. 

 

Figure 15: The polarization curves of Pt-Ru MEA: The effect of 

the type of the oxidant gas, i.e., air and oxygen (the mixture 
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of 20% CO and 80% N2 as the fuel for both cases) at the 

operating temperature of 95°C 

Next, the fuel cell was fueled with 100% carbon 

monoxide and the mixture of 20% CO and 80% N2 

(volume-based) and was tested. The polarization 

curves shown in Figure 16 indicate that the 

performance of the fuel cell is close at the low current 

densities, but at the higher current densities, the fuel 

cell fueled with pure CO outperforms the other fuel. 

The reason is that when the fuel cell was fed with the 

mixture of CO and N2, it was starved of the fuel in the 

anode due to the low concentration of CO. 

To evaluate the quality of the MEA fabrication process 

used to make the MEAs, the polarization curves of the 

homemade fuel cells were compared to that of the 

commercial DMFC. Figure 17 indicates that the 

performance of the homemade MEA is better than 

that of the commercial fuel cell when they are fueled 

with a mixture of CO–N2 and air (the maximum power 

density of 38.8 vs 24.7 mW/cm2, respectively). The 

reason might be in the slightly higher anode platinum 

loading of the homemade MEA compared to that of 

the commercial one. 

 

 

Figure 16: The polarization curves of Pt-Ru MEA at the 

operating temperature of 95°C with the fuel flow rate of 100 

mlit/min and the oxygen flow rate of 200 mlit/min: The effect 

of the fuel type (CO vs. the mixture of CO-N2) 

 

Figure 17: The polarization curves of the homemade Pt-Ru 

MEA and the commercial DMFC when fueled with the 

mixture of CO and N2 as the fuel and air as the oxidant 

(100/500 mlit/min) at the operating temperature of 95°C 

Similar to Figure 17, the polarization curves in Figure 

18 compare the two MEAs; this time when fueled with 

hydrogen. Interestingly, in this case, the commercial 

MEA outperformed the homemade one (the maximum 

power density of 278 vs 208 mW/cm2, respectively) 

which is contrary to the trend for MEAs when fueled 

with CO–N2 (Figure 17). The reason is that in this case 

(H2-fueled MEA) the commercial MEA contained 

plenty of catalysts (platinum) particles and the slightly 

more significant platinum loading in the homemade 

MEA did not make any meaningful difference. In the 

meantime, the higher quality of the fabrication of the 

commercial MEA provided it with better performance 
in similar operating conditions. 

 

Figure 18: The polarization curves of the homemade Pt-Ru 

MEA and the commercial DMFC when fueled with hydrogen 
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and air at the operating temperature of 40°C (100/200 

mlit/min) 

Finally, the performance of the single fuel cell fueled 

with various fuels was investigated. First, the 

performance of the fuel cell fueled with carbon 

monoxide and hydrogen was compared (Figure 19) 

followed by carbon monoxide and the mixture of 

carbon monoxide and nitrogen (Figure 16). The 

maximum power densities of the cell when fueled with 

hydrogen and carbon monoxide were 208 mW/cm2 at 

450 mA/cm2 and 12.5 mW/cm2 at 80 mA/cm2 (almost 

16.6 times lower maximum power density for the 

latter). This performance of the cell, when fueled with 

CO, is not acceptable and new material and optimized 

operating conditions should be sought. 

 

Figure 19: The polarization curves of Pt-Ru MEA: The effect of 

the fuel type; hydrogen vs. carbon monoxide (oxygen as the 

oxidant) at the operating temperature of 40°C (hydrogen and 

carbon monoxide flow rates 100 mlit/min and oxygen flow 

rate 200 mlit/min) 

It should be noted that the catalytic activity of an 

electrocatalyst depends on the characteristics of both 

the metallic catalyst and its support. Furthermore, the 

size distribution of catalyst particles and their 

dispersion through electrodes can significantly impact 

the catalytic activity [44]. In the next subsection, the 

effects of using different catalyst support materials on 

the performance of the Pt–Ru catalyst will be 

investigated. 

Carbon-supported Pt–Ru (Pt–

Ru/Vulcan) 

Electrodes in PEMFCs have three major functions: 

• to provide sites for electrochemical reactions 

of fuel and oxidant at the triple-phase 

boundary (TPB), which require high catalytic 

activity, 

• to conduct electrons and ions to and from the 

TPB, which require high ionic and electronic 

conductivities, 

• to provide a path for the flow of reactants to 

the TPB and the flow of products from the 

TPB, which require high porosity. 

In many catalysts, a support material with high surface 

area and high conductivity is added to improve the 

electrical conductivity of the catalyst. Catalyst 

supports function as the connecting agent between 

the catalyst and the porous backing. Moreover, they 

can decrease the usage of expensive noble metals, 

increase surface area, improve catalytic activity, 

increase porosity, and reduce the degradation of metal 

catalysts [24]. Carbon particles have been the most 

common catalyst support material, though other 

materials—such as conducting polymers (e.g., 

polyaniline)—have also been proposed and used due 

to their high electronic conductivity, stability, and 

surface area [45]. Carbon nanotubes (CNTs) have 

recently become popular to be used as carbon support 

in electrocatalysts because of their extraordinary 

electrical, chemical, mechanical, and thermal 

characteristics, particularly their high surface-to-

volume ratio [19],[46],[47]. Similarly, multi-walled 

carbon nanotubes (MWNTs) have attracted attention 

as the superior carbon support for electrocatalysts 

[8],[48],[49]. However, the most popular type of 

carbon support material for PEMFCs is still Vulcan XC-

72 carbon black [47],[50],[51]. 

Goel et al. [44] compared the performance of a DEFC 

with the anode catalyst made of Pt–Re–Sn with two 

support materials, multi-walled carbon nanotubes and 

Vulcan-XC. They showed that the performance of the 

fuel cell with multi-walled carbon nanotubes as 

support was superior to that of the Vulcan-XC as 

support. 

The fabrication process for the MEA that is developed 

and tested in this subsection was exactly similar to the 

process used for the previous MEAs. The anode 
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electrode of the fabricated MEA was the carbon-

supported Pt–Ru with the platinum loading of 6 

mg/cm2 and the cathode electrode was the carbon-

supported platinum with the loading of 4 mg/cm2 and 

Nafion® 117 as electrolyte. 

To compare a carbon-supported MEA and an 

unsupported MEA, the two MEAs were tested in 

similar operational conditions. Figure 20 shows the 

maximum power densities of the carbon-supported 

MEA when it was fueled with 100% CO and oxygen as 

the oxidizer (with the flow rates of 100 and 200 

mlit/min, respectively) at the operating temperatures 

of 80 and 95°C were 12.6 and 18.1 mW/cm2, 

respectively. The maximum power densities of the 

unsupported MEA at similar operating conditions were 

33.2 and 58.7 mW/cm2, respectively (Figure 11). 

Similar experiments using hydrogen as fuel showed 

similar results. This indicates that the addition of 

carbon support significantly contributed to  the 

deterioration of this MEA’s performance. 

 

Figure 20: The polarization curves of the carbon-supported 

Pt-Ru MEA fed with carbon monoxide and oxygen (100/200 

mlit/min): The effect of the operating temperature 

To determine if the performance of the cell can be 

improved by optimizing the operating conditions, 

several experiments were conducted. Figure 20 shows 

that increasing the operating temperature of the fuel 

cell from 80 to 95°C improved the maximum power 

density by about 44%. Figure 21 illustrates the 

polarization curves of the fuel cell when fueled with CO 

and O2 at the operating temperature of 95°C for 

different flow rates of carbon monoxide and oxygen. 

The Figure indicates that the effects of the flow rates, 

both fuel and oxidant, were not significant. 

 

Figure 21: The polarization curves of the carbon-supported 

Pt-Ru MEA fed with carbon monoxide and oxygen at the 

operating temperature of 95°C: The effect of the fuel and the 

oxidant flow rates 

Figure 22 shows the impact of the anode and cathode 

humidification temperatures on the performance of 

the fuel cell in two cases, when the fuel cell was fueled 

with hydrogen and when it was fueled with carbon 

monoxide. In these experiments, the oxidant was 

oxygen and the fuel cell operating temperature was 

80°C. In each experiment, the anode and cathode 

humidification temperatures were equal and varied 

between 75 and 80°C. Surprisingly, the performance of 

the fuel cell improved markedly with only 5°C increase 

in the humidification temperatures. In the case of the 

hydrogen-fueled MEA, the maximum power density 

improved by about 10%, and in the case of the carbon 

monoxide-fueled MEA, by about 21%. 
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Figure 22: The polarization curves of the carbon-supported 

Pt-Ru MEA fed with carbon monoxide and hydrogen as the 

fuel and oxygen as the oxidant (with flow rates of 100/200 

mlit/min) at the operating temperature of 80°C: The effect of 

the anode and cathode humidification temperatures 

The results of experiments on the carbon-supported 

MEA indicate that it cannot compete with the 

unsupported MEA. Liu et al. [52] reported that while 

supported catalysts showed better specific activities 

compared to that of unsupported catalysts, they 

demonstrated no performance improvements when 

used as anode catalysts in DMFCs. So the results of 

these experiments may not be as unusual as they may 

seem. 

Generally, the results for unsupported- and supported-

Pt–Ru anode catalysts indicate that although the 

performance of the fuel cells can be improved 

significantly, still they are not at an acceptable level. 

Furthermore, ruthenium is a rare transition metal in 

the platinum group with very limited annual global 

production, and its utilization in the fuel cell 

fabrication should be reduced [42]. Therefore, in the 

following section, other binary alloys of platinum will 

be investigated. 

Binary alloys of Pt and metals other 

than Ru 

Ruthenium (Ru) is not the only metal that can be 

alloyed with Pt as electrocatalysts. Other metals have 

been tried with varying success levels, including the Pt-

alloy with 

• molybdenum (Mo) 

[33],[53],[54],[55],[56],[57], 

• tin (Sn) [11],[34],[35],[36],[44],[58],[59],[60], 

[61],[62],[63],[64], 

• cobalt (Co) [65], 

• iron (Fe) [8],[66], 

• tungsten (W) [34][67], 

• nickel (Ni) [31],[65], 

• gold (Au) [68], 

• osmium (Os) [69], 

• iridium (Ir) [70], 

• rhenium (Re) [44],[58], 

• and lead (Pd) [71],[34]. 

Also, metal oxides have been added to Pt to fabricate 

electrocatalysts, including 

• MoOx [72],[73],[74], 

• WO3 [19],[75], 

• NbOx [76], 

• TaOx [76], 

• SnOx [42], 

• PbOx [77], 

• RuO2 [78], 

• and RhO2 [78]. 

The general conclusion of most of these studies was 

that these catalysts typically were better catalysts than 

pure Pt in terms of both electrochemical activities and 

CO tolerance. Their performance though was inferior 

compared to that of Pt–Ru and Pt–Sn catalysts. One of 

the most promising and most studied Pt-based 

catalysts is platinum–tin (Pt–Sn) alloy. Therefore, this 

catalyst will be investigated next.  
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Platinum (Pt) – tin (Sn) 

electrocatalysts 

Among many attempted binary Pt-based catalysts, the 

Pt–Sn catalysts have the biggest potential to replace 

Pt–Ru catalysts. It has been reported that Pt–Sn 

catalysts have better CO tolerance compared to Pt–Ru 

alloys [42],[44]. Rousseau et al. [11] reported that 

alloying platinum and tin in a carbon-supported 

electrocatalyst improved the catalytic activity of 

carbon-supported Pt from a few mW/cm2 to about 30 

mW/cm2 at 80°C in a direct ethanol fuel cell (DEFC). 

Zhou et al. [34] demonstrated the superior 

performance of carbon-supported Pt–Sn catalysts 

compared to carbon-supported Pt–Ru, Pt–W, Pt–Pd, 

and Pt catalysts in a single DEFC. The maximum power 

density of Pt–Sn doubled that of the second-best 

performing catalyst, Pt–Ru. Jiang et al. [62] reported 

that the catalyst preparation method affects the tin 

oxidation state and thus the electrochemical activity of 

the catalyst. Simões et al. [61] developed and tested 

various Pt–Sn catalysts for DEFCs. They developed 

their DEFC using carbon-supported Pt–Sn as the anode 

catalyst, Pt as the cathode catalyst, and Nafion® 117 as 

the electrolyte. While based on the electrochemical 

characterization, they reported Pt 60% – Sn 40% as the 

best catalyst in terms of activity for ethanol oxidation, 

the catalyst with the highest power density (when 

used to create the MEA for a DEFC) was Pt 90% – Sn 

10%. They attributed this apparent discrepancy to 

different temperatures during the electrochemical 

characterization (room temperature) and the 

operation of the fuel cell. 

In this MEA, first, several tests were conducted to 

evaluate the performance of the fuel cell when fed 

with CO–N2 and CO as the fuel, and air and oxygen as 

the oxidant at the operating temperature of 80°C. 

Figure 23 shows that the fuel cell fueled with CO and 

O2 outperformed other cases (with the maximum 

power density of 59.4 mW/cm2) followed by when the 

fuel cell was fueled with CO and air (with the maximum 

power density of 49.2 mW/cm2). The worst 

performance was when it was fueled with CO–N2 and 

air (with the maximum power density of 44.7 

mW/cm2). It should be noted that in these 

experiments the flow rates of the fuels and oxidants 

varied, 50/100 mlit/min for CO/O2, 50/250 mlit/min 

for CO/air, and 250/1500 mlit/min for CO–N2/air. In all 

these cases, the maximum power densities were 

significantly higher than the values reported by 

Rousseau et al. [11] for Pt–Sn catalysts used in their 

DEFCs at the same operating temperature (about 30 

mW/cm2). 

 

Figure 23: The polarization curves of MEA with Pt-Sn anode 

catalyst fed with the mixture of CO-N2 and CO as the fuel and 

air and O2 as the oxidant (at the operating temperature of 

80°C): The effects of the fuel and oxidant composition 

To investigate the impacts of the operating 

temperature on the fuel cell performance, the 

experiments were conducted using the mixture of CO–

N2 as the fuel and air as the oxidant at the operating 

temperatures of 80 to 95°C with the increment of 5°C. 

The curves in Figure 24 show that at the high operating 

temperatures of 90 and 95°C the fuel cell operation 

was unstable probably due to the drying effect on the 

electrolyte. The maximum power densities of the cell 

at 80, 85, and 95°C were 44.7, 44.5, and 43.8 mW/cm2, 

respectively. Note that in these experiments the flow 

rates of the fuels and oxidants were varied. Lamy et al. 

[12] reported the power density of about 20 mW/cm2 

at the operating temperature of 90°C and about 27 

mW/cm2 at the operating temperature of 110°C for 

the Pt–Sn catalyst in a DEFC . While the developed Pt–

Sn catalyst for this paper outperformed the reported 

results by Lamy et al. [12], it did not demonstrate the 

expected strong dependency on operating 

temperatures. This might be because of the high 
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operating temperatures of the MEA (close to the upper 

limits of the operating temperature of the membrane). 

Also, they reported an open circuit voltage (OCV) of 

0.72 V which is much lower than that of the developed 

MEA about 0.9 V. However, in both the developed 

MEA and the reported results by Lamy et al. [12], the 

OCVs are unaffected by the operating temperatures. 

 

Figure 24: The polarization curves of MEA with Pt-Sn anode 

catalyst fed with the mixture of CO-N2 as the fuel and air as 

the oxidant: The effects of the operating temperature 

Comparing the maximum power density of the current 

MEA with that of the commercial Pt–Ru DMFC when 

fueled with the mixture of CO–N2 and air at the 

operating temperature of 80°C (approximately 45 vs. 

24 mW/cm2, respectively) indicates that the 

homemade MEA with the unsupported Pt–Sn anode 

catalyst had a significantly better performance than 

that of the commercial Pt–Ru MEA. Similarly, when fed 

with CO and O2 at the operating temperature of 80°C, 

the homemade MEA with the unsupported Pt–Sn 

anode catalyst performed much better than the 

homemade MEA with the unsupported Pt–Ru anode 

catalyst (approximately 60 vs. 34 mW/cm2, 

respectively). Comparing the performance of the 

homemade MEA with the unsupported Pt–Sn and Pt–

Ru anode catalysts when fed with CO–N2 and air at the 

operating temperature of 95°C indicates similar results 

but with a smaller difference (approximately 44 vs. 39 

mW/cm2, respectively). 

The superior performance of the fuel cell with the 

anode catalyst of Pt–Sn compared to that of the fuel 

cell with the anode catalyst of Pt–Ru confirms the 

similar results reported by Zhou et al. [34] for DEFCs 

although they reported a larger difference in some 

cases. Similar results are reported by others such as 

[34], [35], [36], and [64]. It should be noted that the 

reported results on the superiority of Pt–Sn anode 

catalyst were only for DEFCs. For DMFCs, fuel cells with 

the anode catalyst of Pt–Ru have reportedly superior 

performance compared to that of fuel cells with the 

anode catalyst of Pt–Sn [35],[36],[64]. 

Vulcan–carbon nanotubes–

supported Pt–Sn electrocatalyst 

As previously explained, catalyst supports are added to 

electrocatalysts to improve their catalytic activity, 

ionic and electronic conductivity, and porosity. It was 

shown earlier that the addition of carbon support 

(Vulcan) did not improve the performance of the Pt–

Ru anode catalyst. In this section, the impact of the 

addition of support to the Pt–Sn anode catalyst will be 

investigated. The anode electrode of the fabricated 

MEA was the Vulcan–carbon nanotubes (CNT)–

supported Pt–Sn with the catalyst loading of 6 mg/cm2 

and the cathode electrode was the carbon-supported 

platinum with the loading of 4 mg/cm2 and Nafion® 

117 as the electrolyte. 

In these experiments, first, the effect of the fuel type 

is investigated. Figure 25 shows the polarization curves 

of the fuel cell when fueled with CO–N2 (20% and 80% 

volume-based, respectively) and H2 as the fuel and 

oxygen as the oxidant with the flow rates of 100/200 

mlit/min at the operating temperature of 80°C. The 

ratio of the maximum power density of the fuel cell 

when fueled with hydrogen to that of the CO–N2–

fueled fuel cell was 12.8. 
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Figure 25: The polarization curves of the MEA with the 

carbon-supported Pt-Sn anode catalyst fed with the mixture 

of CO-N2 and hydrogen as the fuels and oxygen as the 

oxidant: The effect of the fuel type 

Figure 26 depicts how the fuel cell operating 

temperature influences the performance of the cell 

when it was fueled with hydrogen and oxygen with the 

flow rates of 100 and 200 mlit/min, respectively. The 

curves show that the maximum power density of the 

cell increases from 108 to 136 mW/cm2 when the 

operating temperature increases from 40 to 80°C. 

 

Figure 26: The polarization curves of the MEA with the 

carbon-supported Pt-Sn anode catalyst fed with hydrogen as 

the fuel and oxygen as the oxidant (100/200 mlit/min): The 

effect of the operating temperature 

Similarly, Figure 27 illustrates the polarization curves 

of the fuel cell when fueled with CO–N2 and O2 

(100/200 mlit/min) at the operating temperatures of 

80 and 95°C. The Figure remarkably indicates that the 

maximum power density of the fuel cell more than 

doubled when the operating temperature increased 

from 80 to 95°C. 

 

Figure 27: The polarization curves of the MEA with the 

carbon-supported Pt-Sn anode catalyst fed with CO-N2 as the 

fuel and O2 as the oxidant (100/200 mlit/min): The effect of 

the operating temperature 

Figure 28 depicts the effect of fuel and oxidant flow 

rates on the performance of the fuel cell. The curves 

show that at the operating temperature of 80°C, the 

performances of the fuel cell with various flow rates 

are close. But at the operating temperature of 95°C, 

increasing the flow rates significantly improves the 

performance of the fuel cell. The reason can be 

because of the higher activity of the electrocatalyst at 

the higher temperature, which increases the rate of 

reactions. This means at the high operating 

temperature and the low flow rate, the cell is starved. 

 

Figure 28: The polarization curves of the MEA with the 

carbon-supported Pt-Sn anode catalyst fed with CO-N2 as the 
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fuel and O2 as the oxidant: The effect of the fuel and oxidant 

flow rates 

The comparison of the experimental results for the 

carbon-supported Pt–Ru and Pt–Sn anode 

electrocatalysts indicates that the performance of the 

two MEAs is consistent when fed with CO and O2. At 

the operating temperature of 80°C, the power density 

of 10 to 13 mW/cm2 and at the operating temperature 

of 95°C the power density of 18 to 22 mW/cm2 were 

observed in these two catalysts. For hydrogen/oxygen-

fed MEAs at the operating temperature of 80°C, the 

power densities of 194 and 136 mW/cm2 were 

achieved for the carbon-supported Pt–Ru and Pt–Sn 

anode catalysts, respectively. However, the 

comparison of the performance of the MEAs made of 

the supported and unsupported Pt–Sn anode catalysts 

indicate a significantly inferior performance of the 

former. The power densities of the supported and 

unsupported Pt–Sn anode catalysts when fueled with 

CO–N2 at the operating temperature of 80°C were 

approximately 10 and 45 mW/cm2, respectively. In 

fact, the carbon-supported Pt–Sn anode catalyst had 

the worst performance among all the developed and 

tested anode catalysts [52]. 

Adding a third metal to Pt–Ru 

Many researchers have tried to add a third metal to a 

Pt–Ru catalyst to create a ternary catalyst anticipating 

an improvement in electrochemical characteristics of 

the catalyst as well as reducing the consumption of 

platinum and ruthenium. 

It is reported that in the ethanol oxidation reaction, 

most ternary Pt–Ru–based and Pt–Sn–based 

electrocatalysts outperformed Pt–Ru and Pt–Sn 

electrocatalysts [19]. However, some of these catalysts 

have suffered from problems due to the lack of 

durability and stability [53]. Some of the ternary Pt–

Ru–based electrocatalysts reported in the literature 

are as follows: 

• Pt–Ru–Sn [11],[28],[34], 

• Pt–Ru–Ni [20],[31],[34],[79],[80],[81], 

• Pt–Ru–Mo [20],[64],[82] 

• Pt–Ru–W [34],[64], 

• Pt–Ru–Os [30],[83], 

• Pt–Ru–Co [20],[84],[85], 

• Pt–Ru–Pb [71], 

• Pt–Ru–Pd [29], 

• Pt–Sn–Re [44], 

• Pt–Sn–Ir [44], 

• Pt–Sn–Hf [44], 

• Pt–Ru–Ir [20], 

• Pt–Sn–Ta [44], 

• and Pt–Sn–Os [44]. 

Some researchers added metal oxides to create anode 

electrocatalysts including: 

• Pt–Ru–WO3 [75],[86],[87], 

• Pt–Ru–MoOx [86],[87], 

• Pt–Ru–VOx [86],[87], 

• and Pt–Ru–SnOx [42]. 

Pt–Ru–Ni electrocatalysts 

Wang et al. [79] experimentally demonstrated that the 

catalytic activity and CO tolerance of carbon-

supported Pt–Ru–Ni anode electrocatalysts were 

higher than those of the carbon-supported Pt–Ru. 

Similar results were reported by Ye et al. [80] and 

Martínez-Huerta et al. [81] for the higher catalytic 

activity and stability of the CNT-supported Pt–Ru–Ni 

catalysts in DMFCs. However, Pasupathi and Tricoli 

[20] reported that the addition of “even trace amounts 

of nickel” in Pt–Ru anode electrocatalysts deteriorated 

the performance of DMFCs and reduced the catalytic 

activities of the catalysts toward methanol. The reason 

for this discrepancy might be the different fabrication 

methods used in these studies. While most studies 

used the chemical reduction method to synthesize 

catalysts, Pasupathi and Tricoli [20] used the vapor 

deposition of Ni-precursor onto Pt–Ru catalysts for this 

purpose. 
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For this part, the anode electrocatalyst was made of 

the Pt–Ru–Ni with the loading of 6 mg/cm2, and the 

cathode electrocatalyst was made of carbon-

supported platinum with the loading of 4 mg/cm2 and 

Nafion® 117 as the electrolyte. To evaluate the 

performance of the developed Pt–Ru–Ni MEA, first, 

the polarization curves when the cell was fueled with 

hydrogen are presented. Figure 29 illustrates the 

effect of the operating temperature of the cell on the 

polarization curves when the cell was fed with 

hydrogen as the fuel and oxygen as the oxidant (flow 

rates of 100/200 mlit/min) at the operating 

temperatures of 40 and 80°C. Similar to previous cases, 

the fuel cell performance was improved with an 

increase in the operating temperature. Comparing the 

performance of this MEA and those of the commercial 

and homemade Pt–Ru anode catalyst MEAs in similar 

operating conditions (the maximum power densities of 

184 vs. 278 and 208 mW/cm2, respectively, at an 

operating temperature of 40°C) indicates that when 

fueled with hydrogen, the Pt–Ru–Ni MEA performance 

was inferior to the Pt–Ru MEA performance for both 

the homemade and the commercial ones. However, 

the Pt–Ru–Ni outperformed the carbon-supported Pt–

Ru and the carbon-supported Pt–Sn by a wide margin 

when fed with hydrogen and oxygen at the operating 

temperature of 80°C (the maximum power densities of 

304 vs 194 and 136 mW/cm2, respectively). 

 

Figure 29: The polarization curves of the Pt-Ru-Ni MEA fed 

with H2 and O2 (100/200 mlit/min): The effect of the 

operating temperature 

Figure 30 depicts the effect of the oxidant flow rate, in 

this case, air, on the performance of the fuel cell when 

it is fueled with hydrogen. Increasing the air flow rate 

from 200 mlit/min to 1000 mlit/min improved the 

performance of the single-cell. This improvement was 

manifested in the maximum power density which 

increased from 192 to 215 mW/cm2. 

 

Figure 30: The polarization curves of the Pt-Ru-Ni MEA fed 

with H2 and air (at the operating temperature of 80°C): The 

effect of air flow rate 

Next, the fuel cell performance when fueled with 

different fuels is investigated. First, the performance 

of the fuel cell is compared when it is fueled with 

hydrogen and carbon monoxide as the fuel and oxygen 

as the oxidant (Figure 31). The maximum power 

density of the fuel cell, when fueled with hydrogen, 

was about 6.4 times greater than that  fueled with 

carbon monoxide. This ratio is much lower than the 

same ratio for Pt–Ru MEA. 



 

 

 

Journal of Power Technologies 105 (4) (2025) 329 -- 341                       

329 | 341 

 

Figure 31: The polarization curves of the Pt-Ru-Ni MEA fed 

with oxygen (200 mlit/min): The effect of the fuel type, H2 and 

CO (100 mlit/min), at the operating temperature of 80°C 

Comparing the maximum power density of the fuel cell 

in Figure 31 (CO/O2, 100/200 mlit/min, 80°C) with that 

of the supported and unsupported Pt–Ru MEAs 

reported at similar operating conditions, 47.4 vs. 33.2 

and 12.6 mW/cm2, respectively, indicates that in this 

operating condition, this MEA outperforms the Pt–Ru 

MEAs. However, the maximum power density of the 

unsupported Pt–Sn MEA (59.4 mW/cm2) was higher 

than that of the supported Pt–Ru–Ni MEA. Similarly, 

Figure 32 compares the performance of the fuel cell 

when fueled with the mixture of CO and N2 (20% and 

80% volume-based, respectively) and hydrogen as the 

fuels and air as the oxidant. In this case, the ratio of the 

maximum power density of the fuel cell when fueled 

with hydrogen to that when fueled with CO–N2 was 

about 4.6. It should be noted that the air flow rate for 

hydrogen was 200 mlit/min while the flow rate for CO–

N2 was 500 mlit/min. When the air flow rate for 

hydrogen fuel was increased to 1000 mlit/min, the 

ratio increased to about 5.5. 

 

Figure 32: The polarization curves of the Pt-Ru-Ni MEA fed 

with air: The effect of the fuel type at the operating 

temperature of 80°C 

Figure 33 illustrates the impact of the operating 

temperature on the performance of the fuel cell when 

it is fueled with the mixture of CO and N2 as the fuel 

and O2 as the oxidant. At low current densities, as 

expected, the performance of the cell improves with 

the increase of the operating temperature. At high 

operating temperatures, for the high current densities, 

however, the voltage abruptly drops. To investigate 

this behavior, the same experiments were repeated 

but at the higher flow rates of the fuel and oxidant. 

Figure 34 depicts the polarization curves of the fuel cell 

at the operating temperatures of 95 and 100°C for two 

cases; the fuel and air flow rates of 100/500 and 

250/1500 mlit/min. The Figure indicates that with an 

increase in the flow rates, the sudden drop of voltage 

at high current densities is avoided, which means the 

drop was due to the starvation of the electrodes 

(mainly the anode). Also, the curves in Figure 34 show 

that the performance of the cell at 95°C is better than 

that at 100°C. This might be a result of the drying of 

the electrolyte membrane at extremely high operating 

temperatures. 
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Figure 33: The polarization curves of the Pt-Ru-Ni MEA fed 

with the mixture of N2 and CO and air (100/500 mlit/min): 

The effect of the cell operating temperature 

 

Figure 34: The polarization curves of the Pt-Ru-Ni MEA fed 

with N2-CO and air: The effect of the fuel and air flow rates 

If the maximum power density of the current MEA at 

44 mW/cm2 and those of the commercial DMFC (Pt–

Ru), homemade Pt–Ru, and Pt–Sn are compared at 

similar operating conditions (CO–N2/air and 95°C), 

24.7 and 38.8 mW/cm2, respectively, it can be 

concluded that in this operating condition, the current 

MEA outperformed both Pt–Ru catalysts. However, at 

this operating condition, the Pt–Ru–Ni MEA and 

unsupported Pt–Sn MEA performed similarly (44 vs. 

43.8 mW/cm2, respectively). It should be noted that at 

this operating condition, the maximum power density 

of the Pt–Ru–Ni MEA was twice as high as that of the 

unsupported Pt–Sn MEA. At the operating 

temperature of 80°C, the Pt–Ru–Ni MEA also 

outperformed the Pt–Ru MEAs, but it was inferior to 

the Pt–Sn MEA. 

To sum up, when fueled with hydrogen, the Pt–Ru–Ni 

MEA cannot compete with Pt–Ru MEAs. When fueled 

with CO-containing fuels, the Pt–Ru–Ni MEA 

outperforms all the Pt–Ru MEAs but is outperformed 

by the Pt–Sn MEA. These findings are aligned with the 

results reported by [79],[80] and [81] and contradict 

those reported by Pasupathi & Tricoli in [20]. This 

discrepancy, as noted earlier, might be due to the 

different fabrication methods that were used to 

develop the MEAs in the latter research. 

Pt–Ru–Sn–Ni electrocatalyst 

To further improve the performance of anode 

electrocatalysts, several attempts have been reported 

in the literature to fabricate quaternary Pt-based 

electrocatalysts, including Pt–Ru–Mo–W [88], Pt–Ru–

Os–Ir [32], and Pt–Ru–Sn–W [89]. In the previous 

experiments, it was shown that when Ni was added to 

Pt–Ru, the performance of the catalyst was improved. 

Also, it was observed that the Pt–Sn catalyst has the 

best performance for CO-containing fuels among all 

developed MEAs so far. Furthermore, Spinacé et al. 

[90] reported that the carbon-supported Pt–Sn–Ni 

electrocatalyst has a better performance than that of 

the carbon-supported Pt–Sn electrocatalyst in direct 

ethanol fuel cells. All these observations indicate that 

the next logical step is to fabricate quaternary 

electrocatalysts containing platinum, ruthenium, tin, 

and nickel (Pt–Ru–Sn–Ni). 

Figure 35 illustrates the performance of the fuel cell 

when fed with either hydrogen or carbon monoxide as 

the fuel and oxygen as the oxidant at the operating 

temperature of 80°C. The ratio of the maximum power 

density of the fuel cell when fueled with hydrogen to 

that when fueled with carbon monoxide is 2.9. This 

ratio is much smaller for this catalyst compared to the 

previous ones. 
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Figure 35: The polarization curves of the Pt-Ru-Sn-Ni MEA fed 

with O2 as the oxidant at the operating temperature of 80°C: 

The effect of the fuel type (H2 and CO) (100/200 mlit/min) 

Figure 36 depicts the polarization curves of the fuel cell 

when it was fueled with CO and O2 (500/1000 

mlit/min) at two operating temperatures. The curves 

show that the performance of the fuel cell improves 

with an increase in the operating temperature, as 

expected. The maximum power density increases from 

26.7 to 33.7 mW/cm2 when the operating temperature 

increases from 80 to 95°C. The instability in the 

operation of the fuel cell at high temperatures should 

be noted. 

 

Figure 36: The polarization curves of the Pt-Ru-Sn-Ni MEA fed 

with CO as the fuel and O2 as the oxidant (500/1000 

mlit/min): The effect of the operating temperature 

Figure 37 shows the polarization curves of the fuel cell 

fed with CO and O2 (100/200 mlit/min) at the 

operating temperature of 80°C. In these experiments, 

the humidification temperature of the cathode is 80°C 

and the humidification temperature of the anode was 

80 and 90°C. The Figure indicates that the 

performance of the fuel cell was slightly improved 

when the temperature of the humidification process 

was increased from 80 to 90°C (about 1.3% increase in 

the maximum power density). 

 

Figure 37: The polarization curves of the Pt-Ru-Sn-Ni MEA fed 

with CO as the fuel and O2 as the oxidant (100/200 mlit/min) 

at the operating temperature of 80°C: The effect of the anode 

humidification temperature 

At the operating temperature of 80°C when the MEAs 

were fed with CO and O2, the maximum power 

densities of the Pt–Ru–Sn–Ni MEA, Pt–Ru MEA, Pt–Sn 

MEA, and Pt–Ru–Ni MEA were 33.0, 33.2, 59.4, and 

47.4 mW/cm2, respectively. A similar pattern can be 

seen when the fuel cells were fed with carbon 

monoxide and oxygen at the operating temperature of 

80°C, where the Pt–Ru–Sn–Ni catalyst demonstrated 

the most inferior performance. When fueled with 

hydrogen, the Pt–Ru–Sn–Ni MEA had the lowest 

maximum power density among all the experiments 

conducted so far. Collectively, all these values indicate 

that contrary to the initial expectations, the Pt–Ru–Sn–

Ni MEA was inferior compared to the other MEAs. The 

good performances observed in Pt–Ru, Pt–Sn, and Pt–

Ru–Ni MEAs did not result in the exceptional 

performance of the Pt–Ru–Sn–Ni MEA. 

Pt–Ru–Sn–Co electrocatalyst 

Pasupathi & Tricoli [20], Zhang et al. [84], Antolini et al. 

[65], and Moreno et al. [85] all experimentally 

demonstrated that the addition of cobalt (Co) to Pt–Ru 
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electrocatalyst can positively impact the catalytic 

activity of the electrocatalyst, particularly towards 

methanol oxidation. In an attempt to improve the 

anode catalyst, the Pt–Ru–Sn–Co electrocatalyst was 

developed and used as the catalyst in the MEA. The 

anode electrocatalyst was made of the Pt–Ru–Sn–Co 

with the loading of 6 mg/cm2 and the cathode 

electrocatalyst was made of the carbon-supported 

platinum with the loading of 4 mg/cm2 and Nafion® 

117 as the electrolyte. 

Figure 38 depicts the polarization curve for the fuel cell 

with the Pt–Ru–Sn–Co electrocatalyst at two operating 

temperatures of 80 and 95°C when the cell was fueled 

with the mixture of 20% CO and 80% N2 as the fuel and 

air as the oxidant (250/1000 mlit/min). As with the 

other cases, the increase in the operating temperature 

improves the performance of the fuel cell, and the 

maximum power density increases from 25.8 to 30.6 

mW/cm2 when the operating temperature increases 

from 80 to 95°C. 

 

Figure 38: The polarization curves of the Pt-Ru-Sn-Co MEA fed 

with CO-N2 as the fuel and air as the oxidant: The effect of 

the operating temperature 

Figure 39 illustrates the impact of the fuel and air flow 

rates on the performance of the fuel cell. The curves 

indicate that the performance of the fuel cell is mostly 

unaffected by the variation of the flow rates. In this 

Figure, the maximum power density is in the range of 

25.7 and 26.1 mW/cm2. 

 

Figure 39: The polarization curves of the Pt-Ru-Sn-Co MEA fed 

with CO-N2 as the fuel and air as the oxidant: The effect of 

the reactant flow rates 

At the operating temperature of 95°C when the fuel 

cells were fed with CO–N2 and air, the maximum 

power densities of the Pt–Ru–Co–Sn, commercial and 

homemade Pt–Ru, Pt–Sn, and Pt–Ru–Ni MEAs are 

30.6, 24.7, 38.8, 43.8, and 37.3 mW/cm2, respectively. 

The performance of the Pt–Ru–Sn–Co and Pt–Ru–Sn–

Ni MEAs are of the same magnitude. A similar trend is 

observed at the operating temperature of 80°C when 

the fuel cells were fed with CO–N2 and air. However in 

this case the Pt–Ru–Sn–Ni MEA outperforms the Pt–

Ru–Sn–Co MEA. All these values indicate that the Pt–

Ru–Sn–Co MEA is inferior to the previous MEAs, except 

the commercial Pt–Ru. 

Pt–Ru–Sn–Co–W electrocatalyst 

Several research teams have reported that the 

addition of tungsten to catalysts can improve their 

activity. This can be achieved by forming Pt–W 

[34],[67], Pt–Ru–W [34], or Pt–Ru–Sn–W [89]. As the 

last attempt to improve the performance of the MEA 

by manipulating the anode electrocatalyst, the Pt–Ru–

Sn–Co–W electrocatalyst was developed and used as 

the anode catalyst for the MEA. The anode 

electrocatalyst was Pt–Ru–Sn–Co–W with the loading 

of 6 mg/cm2 and the cathode electrocatalyst and the 

electrolyte were similar to the previous MEAs. 

First, several experiments were conducted to evaluate 

the impacts of fuel and oxidant types, i.e., CO–N2 or CO 

and air or oxygen, on the performance of the MEA. 

Figure 40 indicates that while the effect of using CO–
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N2 or CO is negligible, the impact of the oxidant type is 

the dominant factor. As expected, the performance of 

the fuel cell was much better when fed with O2 

compared to that when fed with air. The maximum 

power density of the fuel cell when fed with O2 was 

about 50% higher than that when fed with air. 

 

Figure 40: The polarization curves of the Pt-Ru-Sn-Co-W MEA 

fed with CO-N2 and CO as the fuels and air and O2 as the 

oxidant at the operating temperature of 95°C: The effect of 

the reactant concentration on the fuel cell performance 

Similarly, Figure 41 shows the polarization curves of 

the fuel cell when fueled with CO–N2 and H2 as the 

fuels and oxygen as the oxidant at the operating 

temperature of 80°C. The maximum power density 

when the fuel cell was fueled with hydrogen is about 

5.1 times greater than that when it was fueled with 

CO–N2. 

 

Figure 41: The polarization curves of the Pt-Ru-Sn-Co-W MEA 

fed with CO-N2 and H2 as the fuels and O2 as the oxidant at 

the operating temperature of 80°C: The effect of the fuel type 

Figure 42 depicts the polarization curves of the fuel cell 

at two operating temperatures; 80 and 95°C. The 

Figure shows that when the operating temperature 

was increased from 80 to 95°C, the maximum power 

density increased from 62.2 to 73.5 mW/cm2. 

 

Figure 42: The polarization curves of the Pt-Ru-Sn-Co-W MEA 

fed with CO-N2 as the fuel and O2 as the oxidant: The effect 

of the operating temperature 

On this particular MEA, a short-term (30 minutes) 

performance stability test was conducted where the 

current density was repeatedly switched between 10 

and 250 mA/cm2 and the cell voltage cycles were 

recorded. The results indicated that no degradation 

was evident in the short-term output stability 

experiment. Also, the experiment showed that 

increasing the cathode humidification temperature 

had a stronger effect on the performance than 

increasing the anode humidification temperature. This 

can be attributed to the significant thickness of the 

used membrane. 

At the operating temperature of 95°C when the fuel 

cells were fed with CO–N2 and air, the maximum 

power densities of the Pt–Ru–Sn–Co–W, commercial 

and homemade Pt–Ru, Pt–Sn, Pt–Ru–Ni, Pt–Ru–Sn–Ni, 

and Pt–Ru–Co–Sn MEAs are approximately 53, 25, 39, 

44, 44, 34, and 31, respectively. Clearly, the Pt–Ru–Sn–

Co–W MEA has the highest power density at this 

operating condition among all the MEAs developed so 

far. Similarly, when the fuel cell was fed with CO–N2 

and oxygen at the operating temperature of 80°C, the 

maximum power density of Pt–Ru–Co–W–Sn MEA was 

higher than all the other MEAs. A similar trend can be 
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observed when the MEAs were fed with hydrogen and 

oxygen at the operating temperature of 80°C. All these 

values indicate that the current MEA achieved the best 

performance among all the fabricated and tested 

MEAs so far.  

Reducing the thickness of the 

electrolyte membrane 

Up to this point, the composition of anode 

electrocatalysts and the operating conditions of cells 

were manipulated to achieve the best performance. In 

the rest of this paper, the impact of the electrolyte 

membrane thickness will be studied, trying to improve 

the single-cell performance by reducing the thickness 

of the electrolyte. 

Electrolytes in MEAs have two major functions: to 

conduct ions between two electrodes and to prevent 

the direct mixing of the reactants. While using a 

thinner membrane can improve its ionic conductivity 

and thus the performance of the MEA, it can also 

increase fuel crossover, particularly for liquid fuels. 

Peighambardoust et al. [91] listed the following 

advantages for thinner membranes: 

• lower water crossover 

• lower membrane ionic resistance 

• higher membrane ionic conductivity 

• lower cost 

• faster hydration 

They reported that lower durability and higher fuel 

bypass the main problems of thinner membranes. For 

the rest of this work, one of the previously developed 

catalysts is redeveloped employing a much thinner 

membrane. 

Pt–Sn electrocatalyst with Nafion® 

212 

For this MEA, the anode and cathode electrocatalysts 

were similar to the previously developed Pt–Sn MEA. 

But in this case, Nafion® 212 with the thickness of 50.8 

micrometers (2 mil) is used instead of Nafion® 117 with 

the thickness of 183 micrometers (7.2 mil) to fabricate 

the MEA. Figure 43 shows the effect of the operating 

temperature on the performance of the fuel cell. The 

polarization curves show that generally, the increase in 

the operating temperature improves the performance 

of the fuel cell. However, at the higher current 

densities, the voltage of the fuel cell at the operating 

temperature of 90°C is lower than that of the fuel cell 

at 80°C. This might be because of the drying of the 

membrane at high operating temperatures. 

 

Figure 43: The polarization curves of the Pt-Sn electrocatalyst 

with Nafion® 212 MEA fed with CO/O2 (100/100 mlit/min): 

The effect of the operating temperature 

Figure 44 depicts the polarization curves of the fuel cell 

when fueled with CO and air at the operating 

temperature of 95°C at different flow rates of the fuel 

and the oxidant. It can be observed that increasing the 

flow rates from 100/200 to 500/1000 mlit/min 

significantly improves the performance of the fuel cell 

(the maximum power density of 85 vs. 119 mW/cm2, 

respectively). But at the high flow rates, increasing the 

flow rates from 500/1000 to 1000/2000 mlit/min 

slightly improves the performance of the fuel cell (the 

maximum power density of 119 vs. 128 mW/cm2, 

respectively). 
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Figure 44: The polarization curves of the Pt-Sn electrocatalyst 

with Nafion® 212 MEA fed with CO/air at the operating 

temperature of 95°C: The effect of the reactant flow rates 

Figure 45 shows similar results when the MEA was fed 

with CO and O2. The curves demonstrate that when the 

flow rates of the fuel and the oxidant are increased 

from 100/100 to 500/500 mlit/min, the maximum 

power density of the fuel cell increases from 117 to 

144 mW/cm2. 

Comparing the performance of the MEAs with the 

anode catalyst made of Pt–Sn and the electrolytes of 

Nafion® 117 and 212 membranes at the operating 

temperature of 80°C when fed with CO and O2 

indicates that the maximum power density of the 

latter is more than twice that of the former. A similar 

pattern can be observed when the MEA was fed with 

CO and air at the operating temperature of 95°C. In 

fact, the performance of the Pt–Sn electrocatalyst with 

Nafion® 212 membrane MEA was the best among all 

the MEAs that were developed and tested in this work. 

 

Figure 45: The polarization curves of the Pt-Sn electrocatalyst 

with Nafion® 212 MEA fed with CO/O2 at the operating 

temperature of 95°C: The effect of the reactant flow rates 

Conclusion 

The results of the experiments presented in this paper 

indicate that PEMFCs can be fueled with carbon 

monoxide–containing fuels if suitable anode 

electrocatalysts are used at the optimum operating 

conditions. Among various anode electrocatalysts that 

were studied Pt–Ru–Sn–Co–W demonstrated the best 

performance. More specifically the following 

conclusions can be drawn from the presented 

experimental results: 

1. As noted, DAFCs were used as the source of 

inspiration for the development of the anode 

catalysts. The results proved that this strategy 

was successful. All homemade MEAs used the 

carbon-supported Pt cathode catalyst and the 

Nafion® 117 membrane, except the last MEA 

that used Nafion® 212. 

2. The experimentations with the commercial 

DMFCs made of the Pt–Ru anode catalyst 

verified the repeatability of the experimental 

method. The results of the experiments were 

also used as a benchmark to confirm the 

repeatability of the anode electrocatalysts 

and MEAs fabrication methods. 

3. The results of the tests on the commercial and 

homemade Pt–Ru MEAs indicated that while 

the hydrogen-fueled commercial MEA 

outperformed the homemade one, the trend 



 

 

 

Journal of Power Technologies 105 (4) (2025) 336 -- 341                       

336 | 341 

was reversed when the cell was fueled with 

CO-containing fuels. 

4. The Pt–Sn anode catalyst significantly 

improved the performance of MEA when the 

cell was fueled with CO-containing fuels. 

5. For both Pt–Ru and Pt–Sn anode 

electrocatalysts, using carbon (both Vulcan 

and carbon nanotubes) as the support for the 

anode catalyst proved to be fruitless and 

deteriorated the performance of the MEAs. 

6. The addition of nickel to the Pt–Ru catalyst to 

develop the Pt–Ru–Ni electrocatalyst 

improved the performance of the Pt–Ru 

catalysts when fueled with CO-containing 

fuels but could not compete with the Pt–Sn 

MEA. 

7. Two quaternary Pt-based electrocatalysts, 

i.e., Pt–Ru–Sn–Ni and Pt–Ru–Sn–Co, were 

developed and tested. The performance of 

both catalysts was inferior compared to 

previous MEAs. 

8. Unlike previously developed ternary and 

quaternary anode electrocatalysts, the Pt–

Ru–Sn–Co–W anode catalyst demonstrated 

superior performance compared to all other 

MEAs made using the Nafion® 117 

membrane. 

9. Finally, the Pt–Sn MEA with the Nafion® 212 

membrane not only outperformed the Pt–Sn 

MEA with the Nafion® 117 membrane but 

also was superior to all other MEAs by a very 

wide margin. This indicates the critical 

importance of the membrane thickness. 

10. In all the MEAs, increasing the operating 

temperature improved the performance 

albeit with a different magnitude of 

improvement. 

11. Increasing the flow rates of the reactants 

improved the performance of the MEAs up to 

a certain level and beyond that, the impact 

was not significant. 

12. Typically, the performance of the MEAs was 

better when fed with CO rather than CO–N2 

and O2 rather than air but the actual impact 

depended on other operating conditions. 

13. Some of the experiments indicated that 

DEFCs are closer to DCMFCs than other fuel 

cell types in terms of their anode 

electrocatalyst performance. 

Overall, the results demonstrated that the 

performance of DCMFCs can be significantly improved 

by developing a suitable anode electrocatalyst, using a 

thinner membrane, and operating at optimal 

conditions. These results are not only applicable for 

DCMFCs but also are very useful for other PEMFCs 

operating with CO-containing fuels. 

Future work 

The long-term steady-state and dynamic operation 

tests should be conducted on the best performing 

MEAs to evaluate the stability, longevity, and 

degradation rate of these MEAs. Due to their higher 

tolerance for CO, easier water management, easier 

thermal management, and smaller cooling load, and 

no need for external humidifiers, high-temperature 

PEMFCs are potentially suitable for this application 

and their performance should be investigated. When 

the single-cell units are optimized, the next step will be 

to fabricate fuel cell stacks and integrate the balance 

of the plant, including a dedicated gasifier. 
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