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Abstract

:

Passive direct methanol fuel cells (pDMFCs) are promising devices to replace the conventional batteries in portable electronic devices, due to their higher energy densities, autonomies, and instant recharging. However, some challenges, such as their costs, efficiency, and durability, need to be overcome before their commercialization. Towards that, this work presents the effect of the anode diffusion layer (ADL) properties on the performance of a pDMFC using a membrane electrode assembly (MEA) with reduced loadings on both anode and cathode catalysts (3 mg/cm2 Pt/Ru on the anode and 1.3 mg/cm2 of Pt on the cathode). The pDMFC behavior was evaluated through polarization and electrochemical impedance spectroscopy measurements, which allow identifying and quantifying the different losses that affect these systems. The results showed better performances when a diffusion layer with a dual-layer structure was used using higher methanol concentrations. The maximum power density achieved was 3.00 mW/cm2, using carbon cloth with a microporous layer, CC_MPL, as ADL, and a methanol concentration of 5 M. In this work, a tailored and low-cost MEA, using the materials available in the market, was proposed to achieve higher performances working under higher methanol concentrations. This work demonstrates that performing modifications on the fuel cell structure/design is an efficient way to achieve optimized performances.






Keywords:


passive direct methanol fuel cell; anode diffusion layer; diffusion layer structure; carbon-based materials; electrochemical impedance spectroscopy; performance












1. Introduction


In emerging countries and rural areas where the grids are unreliable, small and decentralized power systems are seen as a promising power solution to provide the power needed by the population. Among these systems, fuel cells (FCs) are in the Energy Agenda since were target as the ideal technology to provide power to education, auxiliary and back-up power systems, recreational, medical, and military applications. Furthermore, compact and small FCs, which use methanol as fuel, known as direct methanol fuel cells (DMFCs), emerge as a promising solution to develop advanced small and portable FCs to overcome the limitations of the conventional batteries, providing back-up and small-decentralized power. Additionally, a passive DMFC produces electricity without power consumption, since uses natural forces, such as diffusion and convection to achieve all the processes that occur in a working fuel cell. Hence, these systems are simpler and more compact being for these reasons more suitable for providing energy for portable and small power sources. However, significant efforts should be done towards its commercialization in order to overcome its different scientific challenges, which include its higher costs, due to the use of noble metals as catalysts with higher loadings (usually, 4 mg/cm2 Pt/Ru and 4 mg/cm2 of Pt), and lower power outputs, due to the slow electrochemical reactions that occur on both sides of the cell and methanol crossover from the anode to the cathode side [1,2]. In order to overcome these challenges, different approaches such as improving the cell performance through changes on the different components structure and materials have been studied [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16].



Although the diffusion layers (DLs) do not have a direct contribution on the electrochemical reactions, they provide the reactants access to the catalyst layers (CLs), remove the products and heat, and electrically connect the catalyst layers to the current collectors and the mechanical support to the membrane electrode assembly (MEA). Therefore, the DLs should be electrically and thermally conductive and porous to allow the reactants transport and products removal and rigid to support the MEA, but should also have some flexibility to provide a good electrical contact. Carbon-based materials, such as carbon paper and carbon cloth, have been widely used as DL in pDMFCs, since they met all the DL requirements. Additionally, the DLs may have a single-layer structure or a dual-layer structure, where one layer is similar to the one of the single-layer, backing layer (BL), and the other is a microporous layer (MPL). The BL allows the reactants diffusion and give mechanical support to the DL, whereas the MPL allows a uniform distribution of the reactants on the catalyst layer surface, decreasing the contact resistance between the CL and the BL. Therefore, the MPL must be porous to allow the reactants access and the products removal and should be electrically and thermally conductive.



It is commonly accepted that the structural parameters of the DLs that have a clear effect on the pDMFC behavior are its thickness (linked to the mass transport resistance), its porosity (related to the species transport), and its wettability and roughness (responsible for the droplet/bubble attachment on the DL). Therefore, DLs with different structures, thicknesses, porosities, permeabilities, and surface wettability will have different transport characteristics and will lead to a different fuel cell behavior [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16].



Based on that, the aim of this work was to analyze the effect of the anode diffusion layer (ADL) characteristics (thickness, material, and structure) on the performance of a pDMFC using a low-cost MEA, through the reduction of the catalyst loading on the anode and cathode sides. The loadings used were 3 mg/cm2 Pt/Ru at the anode and 1.3 mg/cm2 of Pt at the cathode, instead of the usual 4 mg/cm2 at both sides [3].



Most of the work, concerning the experimental evaluation of the behavior of a pDMFC have been limited to the evaluation of the polarization curves, which are very useful in pointing out the different losses that negatively affect the fuel cell behavior, but fail on evaluating the impact of each one, as the information given by the polarization curves is a sum of the various losses. Contrariwise, the electrochemical impedance spectroscopy (EIS) measurements allow the determination/quantification of each loss that affect the fuel cell behavior [17,18,19,20]. Such evaluation signalizes the major parameters that have a negative impact on the cell performance, such as the methanol crossover, and provides useful information for its optimization [19,20]. In this work, EIS measurements were carried out as a complementary diagnostic tool, to evaluate the effect of using different ADLs, with different materials, thicknesses, and structures on the performance of a pDMFC.




2. Materials and Methods


2.1. Fuel Cell Layout and Experimental Conditions


The cell used in the experimental studies has an active area of 25 cm2 and is composed by an acrylic end plate, an isolating rubber plate, and a stainless-steel current collector, with an open ratio of 41%, on both anode and cathode sides (Figure 1). The anode end plate has a reservoir of 12.5 cm3 and the cathode end plate an open window frame of 25 cm2. A 3-layer MEA was used, acquired to QuinTech, with a Nafion 117 membrane, and 3 mg/cm2 of Pt/Ru and 1.3 mg/cm2 of Pt as, respectively, anode and cathode catalysts. At the ADL, different carbon-based materials with different properties, such as DL structure, porosity, and thickness, were tested. Four of them were made of carbon cloth and were designated as CC (carbon cloth without MPL; thickness: 0.4 mm; porosity: 0.83), CC_T (carbon cloth without MPL; thickness: 0.425 mm; porosity: 0.83), CC_MPL (carbon cloth with MPL; thickness: 0.41 mm; porosity: 0.80), and CC_MPL_ELAT (carbon cloth with MPL; thickness: 0.454 mm; porosity: 0.63). In addition, four different carbon papers, CP (carbon paper without MPL and PTFE treated, 20 (±5) wt. %; thickness: 0.11 mm; porosity: 0.78), CP_T (carbon paper without MPL and PTFE treated, 20 (±5) wt. %; thickness: 0.19 mm; porosity: 0.78), CP_MPL (carbon paper with MPL; thickness: 0.24 mm; porosity: 0.80), and CP_MPL_T (carbon paper with MPL; thickness: 0.34 mm; porosity: 0.80) were tested. As cathode DL, carbon cloth, CC was used. The DLs with an MPL have a PTFE treatment of 15–20 wt% and the microporous layer has 25–30 wt% of PTFE as the binder.



All the materials tested as DLs were supplied by QuinTech and FuelCellsEtc. The anode and cathode diffusion layers were pressed in the 3-layer MEA when assembling the fuel cell. All the tests were performed at ambient conditions.




2.2. Electrochemical Measurements


The electrochemical tests, polarization, and EIS measurements were executed in an electrochemical workstation, ZAHNER-elektrik GmbH & Co. KG (Kronach, Germany). For each experimental condition tested, the polarization curves were performed after filling the anodic reservoir and leaving the cell at the open circuit conditions for 15 min, to ensure its operation at steady state conditions. As these measurements were performed galvanostatically, the current applied range was from 0 to the maximum current allowed by the fuel cell, cell voltage near to zero. At each imposed current, the cell was operated for 3 min to reach steady state conditions, after that the cell voltage was measured and the power calculated. For each set of conditions tested, experiments were performed until obtaining at least two similar results, a relative error between two readings below 10%. Between each test the cell was refilled with a fresh methanol solution.



The EIS tests were performed in-situ, at different fuel cell voltages, a frequency range from 10 mHz to 100 kHz, and an amplitude of 10 mV. The tests procedure used in the EIS measurements was performed with a pDMFC working with methanol and air at, respectively, the anode and cathode sides, to obtain the cell spectrum (Figure 2) and then replaced the air at the cathode by hydrogen to perform the half-cell measurements. This is a common procedure in pDMFC systems since the use of a reference electrode is very difficult. As the losses associated with hydrogen were despicable, all the data obtained in the half-cell measurements was attributed to the working electrode, which in this case was the anode. Comparing the half-cell measurements with the overall cell ones, it was possible to access the cathode behavior [17,18,19,20]. This practice allowed selecting the optimal equivalent electric circuit (EEC) for the pDMFC under study (Figure 3) [19,20]. The EEC was then fitted to the overall impedance spectrum, represented by a Nyquist plot (Figure 2) to obtain the resistances that have a negative impact on the pDMFC performance.





3. Results and Discussion


In this section, the experimental results regarding the effect of the ADL properties on the pDMFC behavior analyzed through polarization and EIS measurements are presented. In the first part of the section, the impedance data are analyzed using a chosen set of values that present the same trends and patterns of the remaining ones, and the quality of the EEC fitting is shown. Then, the effect of the ADL characteristics on the fuel cell behavior is presented. At the end of this section, an economic evaluation is provided based on the different materials used as ADL.



3.1. EIS Measurements


As referred, the EIS measurements are performed as a complementary diagnostic technique to evaluate the electrochemical systems, since it delivers specific information about the system under study, allowing the identification and quantification of the different losses/resistances that affect the pDMFC behavior. In this work, the EIS data are represented in a Nyquist plot (Figure 2), where the real impedance (Zre) is plotted against the imaginary one (Zim).



The nature of each spectrum allows detecting the phenomena that affect the fuel cell behavior and selecting the electrical elements and/or combinations of them that will be used on the development of the EEC, which represents the system under study. As known, at the high frequency region, the impedance spectrum is characterized by a point, none as the high-frequency resistance (HFR), where the plot intercepts the real impedance axis that symbolizes the ohmic resistance [17,18]. This loss is time independent, is expressed by the Ohm’s law, and is represented in the equivalent electrical circuit by a resistor, ROhm, as displayed in Figure 3. The other two regions, medium- and low-frequency regions, are characterized by an arc that represents, respectively, the activation resistance/losses, which decrease with a decrease of the fuel cell voltage, and the concentration resistance/losses, which increase with a decrease of the fuel cell voltage [17,18]. These arcs are represented in the EEC through a resistor (R) in parallel with a constant phase element (CPE), related to the capacitance properties of the double-layer interfaces (Figure 3).



Nevertheless, it should be mentioned that in some systems, such as the one under study, it is not possible to identify the concentration losses, since all the resistances decrease with a decrease of the fuel cell voltage (Figure 2 and Table 1), a characteristic behavior of the activation losses. Thus, the arcs in the medium- and low-frequency regions of the impedance spectrum presented in Figure 2, are due to activation losses, where the resistance decrease with a decrease of the voltage [19,20]. After concluding that, it is mandatory to connect each activation loss with the various phenomena that occur in a pDMFC. The activation resistance/losses are directly related to the electrochemical reactions that occur in a DMFC, which in an ideal situation are the methanol oxidation reaction (MOR) at the anode side (RA) and the oxygen reduction reaction (ORR) at the cathode side (RC). However, as known, in a working DMFC, an additional electrochemical reaction occurs at the cathode side, the methanol oxidation reaction, due to the methanol that crosses the membrane from the anode to the cathode side (RCrossover). Additionally, as the methanol crossover rate decreases with a decrease of the fuel cell voltage [21], the crossover losses also decrease, as can be corroborated by the RCrossover values presented in Table 1.



Based on the EIS spectrum obtained for the different voltages tested and its interpretation/analyses, the EEC that characterizes the system under study, pDMFC, is composed by a resistance in series with three parallel circuits, each one representing one arc of the Nyquist plot, composed by a resistance and a CPE (Figure 3).



As presented in Figure 2, a good agreement between the EEC proposed in this work and the impedance data was achieved, showing that the EEC used reproduces with exactness the pDMFC. These results are new and groundbreaking, allowing a way to access the crossover losses through the EIS measurements.



As the EIS data for all the conditions tested presented the same behavior/trends, only the EIS data for a voltage of 0.2 V (voltage near to the maximum power density obtained for each condition tested) will be shown in the next subsections.




3.2. Carbon Cloth as Anode DL


Figure 4 shows the polarization curves of a pDMFC using four different carbon cloths as ADL for different methanol concentrations. The values of the resistances in the EEC, at 0.2 V and at the different methanol concentrations tested, as well as the maximum power density achieved for each configuration are shown in Table 2. The plots presented in Figure 4 put in evidence that it was only possible to operate the cell with higher methanol concentrations, 7 M, without a significant loss of performance, when using carbon cloth with a dual-layer structure, CC_MPL and CC_MPL_E. The MPL favors the fuel distribution on the catalyst surface increasing the anode electrochemical rate and therefore, decreasing the anode overpotential (RA). Additionally, as more methanol reacts on the anode side, less methanol crosses the membrane towards the cathode side, decreasing the methanol crossover rate and consequently, the cathode activation losses due to methanol crossover (RCrossover), as can be seen in Table 2. This also leads to a reduction of the cathode activation losses (RC), since the cathode catalyst poisoning by the undesired methanol oxidation reaction is less severe, leading to more available active sites for the oxygen reduction reaction. Regarding the carbon cloths with a single structure tested, for lower methanol concentrations (1 and 2 M), better performances were achieved with the carbon cloth with the lower thickness (CC), which showed lower RCrossover values (Table 2). However, with an increase of the methanol concentration, the performance increases when a carbon cloth with a higher thickness (CC_T) was used as ADL.



As already mentioned, the thickness and porosity of the DLs are very important parameters that have a remarkable effect on the cell performance, since are responsible for the transport of different species towards the catalyst layer and out of the cell. As expected, a higher thickness will lead to a higher transport resistance through this layer, but will also lead to a more inform distribution of the fuel along the catalyst layer. This will conduct to an increase of the fuel oxidation rate, a decrease of the anode activation losses (RA) and of the methanol crossover rate (RCrossover), as can be verified in Table 2.



Despite the fact that the methanol crossover increases with the methanol concentration, which can be confirmed by a decrease of the open circuit-voltage with the methanol concentration (Figure 4), an increase of the methanol concentration until a maximum value (in this work was 5 M) also lead to an increase of the amount of fuel that reaches the catalyst layer, increasing its oxidation rate and consequently decreasing the anode activation losses (RA). Under these conditions, the cathode activation losses (RC) also decrease, since less methanol crosses the membrane towards the cathode side and reacts on this side (RCrossover). Based on the results presented in Figure 4 and Table 2, the best performance, 3.00 mW/cm2, was achieved using a carbon cloth with a dual-layer structure, CC_MPL, as ADL and with a methanol concentration of 5 M.




3.3. Carbon Paper as Anode DL


The effect of carbon paper as ADL in a passive DMFC was also studied in this work, using four different types of carbon papers with different properties. Figure 5 shows the polarization curves for the different carbon papers tested and for different methanol concentrations. Likewise, in the previous subsection, regarding the carbon cloth properties, carbon cloth was used as cathode DL for all the conditions tested. The different resistances of the EEC, at a voltage of 0.2 V, and the maximum power density achieved for each configuration are presented in Table 3.



When carbon cloth was used as ADL, the best results were achieved with a CP with a dual-layer structure, CP_MPL and CP_MPL_T. These results are in accordance to what is expected, since this dual-layer structure allowed increasing the carbon paper porosity, which favors the methanol supply and distribution on the catalyst layer surface, increasing its oxidation rate on de anode catalyst (RA), decreasing its crossover rate and the overall cathode activation losses (RC and RCrossover). Additionally, the carbon papers with MPL presented lower ohmic losses, ROhm, (Table 3), since an MPL is also used to decrease the contact resistance between the BL and the catalyst layer.



As can be seen by the results presented in this subsection, the use of CP_MPL as ADL allowed running the pDMFC with a methanol concentration of 9 M. However, the power density was lower than one achieved with 7 M and the same ADL, and the best one was achieved with CP_MPL_T, due to an increase of the methanol crossover rate that lead to an increase of the cathode activation resistance due to methanol crossover (RCrossover).



From the plots presented in Figure 5 and the data shown in Table 3, it can be concluded that when CP was used as ADL, the best performance, 2.82 mW/cm2, was achieved using the CP with MPL, a higher thickness, CP_MPL_T, and a methanol concentration of 5 M.




3.4. Economic Evaluation


To reach its commercialization and massive use, the pDMFCs must be cost competitive and have an overall cost, which include material, manufacturing, operating, and maintenance costs, similar to the technologies that they will replace, i.e., batteries. Among these costs, the material ones are responsible for the major fraction on these systems’ total costs. Regarding them, it is known that the catalysts presented in the catalyst layers are the major components responsible for its higher value. Additionally, as the pDMFCs efficiency is limited by the electrochemical reaction rates occurring at both anode and cathode sides, which are very slow, to achieve the power outputs needed for real applications, the catalyst loadings recommended for these systems are approximately 4 mg/cm2 at the anode and 4 mg/cm2 at the cathode of Pt and Pt-based catalyst that are costly. However, for some specific applications, where the power requirements are not so demanding, a sustainable solution towards the reduction of the system costs is to use lower amounts of the noble metals, such as Pt and Pt/Ru. Having this approach in mind, one of the goals of this work was to optimize the performance of a pDMFC by testing different carbon-based materials as ADL, with different properties and costs, and using a 3-layer membrane with lower loadings on both catalyst layers.



The costs of the different ADLs tested are presented in Table 4. These costs were used to estimate the costs of two different 5-layer MEAs, for each ADL and using CC as cathode DL. One of them (5-layer MEA) has the state-of-the-art catalyst loadings (4 mg/cm2 Pt/Ru and 4 mg/cm2 Pt) and the other (5-layer low-cost MEA) lower loadings (3 mg/cm2 Pt/Ru and 1.3 mg/cm2 Pt). These values can be also found in Table 4.



As shown in Table 4, concerning the costs of the most commonly materials used as ADL, CP has a higher price/cm2 than CC. However, as shown in Table 4, these materials with a dual-layer structure have similar prices, with the exception of CC_MPL_E that has a higher cost. Additionally, as higher performances were obtained using an ADL with a dual-layer structure for the two carbon-based materials tested, CC and CP (Figure 4 and Figure 5, Table 2 and Table 3), due to enhanced reaction rates and lower methanol crossover rates, towards an optimal balance between the cell performance and costs, these materials should be preferred.



Comparing the two 5-layer MEAs, it can be seen that the one proposed in this work allowed a cost reduction of 12%. However, as already mentioned, this MEA can only be used in some particular applications, where the power requirements are not very demanding.





4. Conclusions


A major challenge on the development of pDMFC systems towards its implementation in the market is to use cost-effective materials with attractive performances. Therefore, it is mandatory to use lower catalyst loadings, since the noble metals used as catalysts in these systems have higher costs, and operate de cell with higher methanol concentrations without significant losses of methanol to the cathode side. Having this in mind, the goal of this work was to test different carbon-based materials, carbon cloth and carbon paper, with different properties/structures as ADL in a pDMFC, using a MEA with lower catalyst loadings, towards its optimization in terms of performance and costs. The cell behavior was analyzed by polarization and EIS measurements, which permitted the assessment of each loss that affect the pDMFC behavior. Towards a quantification of these losses an innovative EEC proposed in this work was fitted to the EIS data, showing a good agreement with the experimental results and therefore, reproducing with accurateness the pDMFC under study.



The results revealed that better performances were achieved using ADLs with a dual-layer structure mainly due to an improvement of the methanol transport and methanol oxidation reaction rate on the anode side, oxygen reduction on the cathode side and a reduction of the contact resistance between the BL and the catalyst layer and on the methanol crossover rate. Additionally, the use of CCs with a dual-layer structure showed slightly higher performances that the CP ones.



In this work, a maximum power density of 3.00 mW/cm2, was achieved using CC_MPL as anode diffusion layer, a Nafion 117 membrane, an anode catalyst loading of 3 mg/cm2 of Pt/Ru and a cathode catalyst loading of 1.3 mg/cm2 of Pt, and a methanol concentration of 5 M. With this work, a tailored MEA, build-up with the commercially available materials for these systems, was proposed that allowed achieving a lower methanol crossover rate operating the cell with higher methanol concentrations and a cost reduction of 12%.
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Figure 1. “In-house” passive direct methanol fuel cell (DMFC). 
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Figure 2. Overall passive direct methanol fuel cells (pDMFC) spectrum for a methanol concentration of 1 M and different voltages; dots represent electrochemical impedance spectroscopy (EIS) data and lines represent equivalent electric circuit (EEC) fitting. 
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Figure 3. Equivalent electric circuit (EEC). 
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Figure 4. Effect of using carbon cloth with different properties as ADL on the cell performance; methanol concentrations: (a) 1 M, (b) 2 M, (c) 3 M, (d) 5 M, and (e) 7 M. 
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Figure 5. Effect of using carbon paper with different properties as ADL on the cell performance; methanol concentrations: (a) 1 M, (b) 2 M, (c) 3 M, (d) 5 M, and (e) 7 M. 
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Table 1. EIS data estimated from the equivalent electric circuit (EEC) proposed in Figure 3; methanol concentration: 1 M.
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Voltage (V)




	
0.45

	
0.4

	
0.35

	
0.3

	
0.2






	
ROhm (Ω)

	
0.18

	
0.18

	
0.18

	
0.18

	
0.18




	
RA (Ω)

	
0.15

	
0.15

	
0.15

	
0.15

	
0.15




	
RC (Ω)

	
0.47

	
0.47

	
0.47

	
0.32

	
0.17




	
RCrossover (Ω)

	
7.2

	
3.1

	
1.5

	
1.2

	
0.7
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Table 2. Electrochemical impedance spectroscopy (EIS) data estimated from the EEC proposed in Figure 3 for different carbon cloths as anode diffusion layer (ADL) and the maximum power density achieved for each condition.
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DL

	
CMethanol

	
ROhm (Ω)

	
RA (Ω)

	
RC (Ω)

	
RCrossover (Ω)

	
Power Density (mW/cm2)






	
CC

	
1 M

	
0.26

	
0.03

	
0.24

	
0.41

	
1.84




	
2 M

	
0.42

	
0.02

	
0.16

	
0.43

	
1.89




	
3 M

	
0.26

	
0.02

	
0.12

	
0.43

	
1.72




	
CC_T

	
1 M

	
0.46

	
0.01

	
0.05

	
0.81

	
1.53




	
2 M

	
0.64

	
0.02

	
0.04

	
0.65

	
1.70




	
3 M

	
0.37

	
0.01

	
0.03

	
0.61

	
2.12




	
5 M

	
0.48

	
0.01

	
0.03

	
3.25

	
0.27




	
CC_MPL

	
1 M

	
0.47

	
0.03

	
0.39

	
0.63

	
1.34




	
2 M

	
0.46

	
0.02

	
0.30

	
0.47

	
1.43




	
3 M

	
0.42

	
0.03

	
0.28

	
0.30

	
1.66




	
5 M

	
0.41

	
0.02

	
0.13

	
0.24

	
3.00




	
7 M

	
0.57

	
0.03

	
0.12

	
0.38

	
1.87




	
CC_MPL_E

	
1 M

	
0.25

	
0.02

	
0.38

	
0.55

	
1.63




	
2 M

	
0.33

	
0.02

	
0.28

	
0.46

	
1.65




	
3 M

	
0.30

	
0.03

	
0.14

	
0.36

	
1.74




	
5 M

	
0.34

	
0.02

	
0.17

	
0.32

	
2.15




	
7 M

	
0.40

	
0.02

	
0.33

	
3.35

	
0.63
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Table 3. EIS data estimated from the EEC proposed in Figure 3 for different carbon papers as ADL and the maximum power density achieved for each condition.
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DL

	
CMethanol

	
ROhm (Ω)

	
RA (Ω)

	
RC (Ω)

	
RCrossover (Ω)

	
Power Density (mW/cm2)






	
CP

	
1 M

	
0.55

	
0.03

	
0.37

	
0.61

	
0.67




	
2 M

	
0.84

	
0.02

	
0.29

	
0.53

	
1.14




	
3 M

	
0.87

	
0.04

	
0.24

	
0.45

	
1.27




	
5 M

	
0.80

	
0.02

	
0.03

	
0.93

	
1.12




	
CP_T

	
1 M

	
0.85

	
0.01

	
0.12

	
1.35

	
0.72




	
2 M

	
0.69

	
0.02

	
0.27

	
0.58

	
1.14




	
3 M

	
0.66

	
0.08

	
0.27

	
0.54

	
1.32




	
5 M

	
0.66

	
0.08

	
0.18

	
0.44

	
1.56




	
7 M

	
0.44

	
0.02

	
0.24

	
1.20

	
0.50




	
CP_MPL

	
1 M

	
0.37

	
0.02

	
0.39

	
0.62

	
1.19




	
2 M

	
0.50

	
0.03

	
0.20

	
0.56

	
1.16




	
3 M

	
0.66

	
0.02

	
0.20

	
0.52

	
1.58




	
5 M

	
0.49

	
0.02

	
0.16

	
0.31

	
1.96




	
7 M

	
0.36

	
0.03

	
0.21

	
0.30

	
2.28




	
9 M

	
0.42

	
0.03

	
0.20

	
0.55

	
1.75




	
CP_MPL_T

	
1 M

	
0.35

	
0.02

	
0.32

	
0.78

	
1.02




	
2 M

	
0.34

	
0.01

	
0.13

	
0.64

	
1.13




	
3 M

	
0.29

	
0.02

	
0.15

	
0.55

	
1.39




	
5 M

	
0.32

	
0.02

	
0.20

	
0.46

	
2.82




	
7 M

	
0.32

	
0.01

	
0.15

	
0.32

	
2.63
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Table 4. Costs of the carbon-based materials tested as ADL, the 5-layer low-cost membrane electrode assembly (MEA) (3 mg/cm2 Pt/Ru and 1.3 mg/cm2 Pt), the 5-layer MEA (4 mg/cm2 Pt/Ru and 4 mg/cm2 Pt), and cost reduction using the low-cost MEA: active area 25 cm2.






Table 4. Costs of the carbon-based materials tested as ADL, the 5-layer low-cost membrane electrode assembly (MEA) (3 mg/cm2 Pt/Ru and 1.3 mg/cm2 Pt), the 5-layer MEA (4 mg/cm2 Pt/Ru and 4 mg/cm2 Pt), and cost reduction using the low-cost MEA: active area 25 cm2.





	ADL Material
	ADL Cost (€)
	5-Layer Low-Cost MEA (€)
	5-Layer MEA (€)
	Cost Reduction (%)





	CC
	3.00
	138.00
	157.00
	12



	CC_T
	2.65
	137.65
	156.65
	12



	CC_MPL
	2.83
	137.83
	156.83
	12



	CC_MPL_E
	12.00
	147.00
	166.00
	12



	CP
	8.80
	143.80
	162.80
	12



	CP_T
	6.85
	141.85
	160.85
	12



	CP_MPL
	2.83
	137.83
	156.83
	12



	CP_MPL_T
	2.83
	137.83
	156.83
	12











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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