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Abstract

:

The impact of micro porous layer (MPL) with various thicknesses of polymer electrolyte membrane (PEM) on heat and mass transfer characteristics, as well as power generation performance of Polymer Electrolyte Fuel Cell (PEFC), is investigated. The in-plane temperature distribution on cathode separator back is also measured by thermocamera. It has been found that the power generation performance is improved by the addition of MPL, especially at higher current density condition irrespective of initial temperature of cell (Tini) and relative humidity condition. However, the improvement is not obvious when the thin PEM (Nafion NRE-211; thickness of 25 μm) is used. The increase in temperature from inlet to outlet without MPL is large compared to that with MPL when using thick PEM, while the difference between without MPL and with MPL is small when using thin PEM. It has been confirmed that the addition of MPL is effective for the improvement of power generation performance of single PEFC operated at higher temperatures than normal. However, the in-plane temperature distribution with MPL is not even.
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1. Introduction


We can know from the NEDO roadmap 2017 in Japan [1] that polymer electrolyte fuel cell (PEFC) is required to be operated at around 90 °C for stationary applications. However, the PEFC having Nafion membrane is operated at the temperature ranging from 60 °C to 80 °C commonly [2,3]. If PEFC is operated at higher temperature than normal, the following advantages can be obtained: (1) enhancement in electrochemical kinetics in catalyst layer at anode and cathode; (2) reduction of the cooling equipment for vehicle use; (3) progress in the durability of CO which can provide the usage of lower quality reformed H2 [4]. However, we are afraid of some problems e.g., (1) degradation of polymer electrolyte membrane (PEM); (2) catalyst elution; (3) non-uniform distributions of gas flow, pressure, temperature, voltage and current in PEFC. We should have this resolved before the PEFC operated at higher temperature is commercialized [5]. Consequently, we should clarify the heat and mass transfer mechanisms in the PEFC to enhance the power generation performance and stability.



The present study pays attention to the analysis of in-plane temperature distribution in single PEFC. The performance of PEFC is strongly influenced by the operating temperature because the operational temperature has a powerful effect on electrochemical reaction kinetics. PEM can be damaged and destroyed by a local hot spot and thermal stress, respectively, when the temperature distribution is non-uniform [6,7]. Additionally, the temperature distribution causes problems such as water flooding, dehydration of PEM and breakdown of the cell due to overheating [8]. Consequently, the heat transfer in PEFC should be managed at a relatively higher than normal temperature.



Thermocouples are widely used to measure temperature. However, it is known that it influences power generation characteristics and temperature measurement accuracy significantly due to gas leak [9,10]. Since temperature and mass distribution is not disturbed due to a non-contact and in-situ procedure, it is known that a thermocamera can measure the temperature more accurately even in differing operation conditions. According to the previous reports [7,11,12], the temperature distribution was measured by thermocamera below 60 °C under dry gas supply condition. There is no report to reveal the temperature distribution in PEFC at a temperature over 80 °C, excluding the studies investigated by authors [13,14,15].



Moreover, according to previous studies [14,15], the effect of PEM thickness on heat and mass transfer characteristics, as well as power generation performance at relatively higher operating temperature, e.g., 90 °C, was reported. The thinner PEM can provide lower ohmic resistance, higher H+ flux ratio and back diffusion [16,17]. Consequently, it is expected that a decrease in the thickness of PEM provides the promotion of heat and mass transfer mechanism, as well as the power generation performance.



In this study, the target operation temperature is set to be 90 °C according to the NEDO roadmap 2017 [1]. This study selects the popular and commercial PEM and GDL for the operation at 90 °C, which is a higher than usual operation temperature. The new material membranes have been developing for HT-PEMFC [18,19,20]. However, the new material membranes have not been developed for commercial usage yet. If the popular and commercial PEM and GDL can be used at high temperatures, the authors think the stationary application of PEFC system will become popular easily. The authors have selected the thinnest thickness of PEM and GDL, including larger types, which are commercialized, in this study. Therefore, the target temperature of this study is set to be 90 °C. According to the previous study [21], Nafion performs good H+ conductivity in fully hydration state at the temperature which is lower than 80 °C. However, it was reported that this Nafion struggles with some drawbacks, including poor H+ conductivity at temperatures over 80 °C and low humidity, high fuel crossover (specially at high temperature) and high cost of production. Therefore, it is thought that the impact of increase in the operation temperature on heat and mass transfer characteristics is important, even in an increase of 10 °C.



In addition, a micro porous layer (MPL) can enhance the through-plane thermal conductivity of GDL [22] and the gas diffusion performance due to enhancement of discharging water in GDL [23]. Chen et al. [22] studied the impact of MPL on the power generation performance at the cell temperature of 40, 60 and 80 °C under both high and low relative humidity conditions. They reported that the improvement in power generation performance due to the effect of MPL was significant at a low cell temperature i.e., 40 °C, 60 °C, irrespective of relative humidity condition, while it was less at the cell temperature of 80 °C. According to the previous study of numerical simulation using 3D single-phase model [24], the in-plane temperature distribution in PEM is more uniform with MPL at the cell temperature of 180 °C since the MPL decreases the local temperature and helps to obtain a more even temperature distribution. Liu and Chang [25] investigated the impact of polytetrafluorethylene (PTFE) content and carbon loading of MPL on the power generation performance at the cell temperature of 180 °C experimentally. They revealed the optimum PTFE content and carbon loading. However, the impact of addition of MPL on not only heat and mass transfer characteristics, but also power generation performance operated at higher temperature e.g., 90 °Chas not been experimentally well investigated.



In this study, the aim is to analyze the impact of MPL on not only heat and mass transfer characteristics, but also power generation performance with various thicknesses of PEM. The flow rate and relative humidity of the supply gas are varied at higher temperature condition such as 90 °C. We have measured the in-plane temperature distributions on cathode separator back by thermocamera with different PEFC power generation conditions and relative humidity of inflow gases. The voltage, local current, ohmic resistance and activation and mass transfer resistance have been measured to evaluate the performance of PEFC.




2. Experimental PEFC System


2.1. Experimental Set-Up and Procedure


The single PEFC (MC-25-SC-NH; manufacture: Reactive Innovations) was used. Nafion 115 and Nafion NRE-211 (manufacture: DuPont Corp.), having a thickness of 127 μm and 25 μm under dry condition [26,27], respectively, were applied as target PEM. The GDL used was TGP-H-060 (manufacture: Toray Corp.), whose thickness was 190 μm [28]. Table 1 lists the characteristics of cell parts. Figure 1 illustrates the experimental method to measure temperature [13,14,15]. Additionally, Figure 1 also shows the cell structures to measure temperature [13,14,15]. The hole to measure temperature had a size of 50 mm × 50 mm, which is the same as the electrode. Hot water passage plate also had a hole whose size was 40 mm × 50 mm. The water to heat the single cell didn’t flow in the plate exactly.



We measure in-plane temperature distributions on cathode separator back through the observation hole with thermocamera (Thermotracer TH9100WL; manufacture: NIPPON AVONICS Co. Ltd., Tokyo, Japan). In Figure 1, the space resolution means the length guaranteeing the accuracy of measured temperature. The temperature resolution means the temperature difference guaranteeing the accuracy of measured temperature. Since it is thought that in-plane temperature distributions on cathode separator back is influenced due to the transfer of water generated by electrochemical reaction in the cathode catalyst layer, this study focused on the in-plane temperature distributions on separator back at the cathode. Additionally, we analyzed temperature data using the dedicated software (TH91-702; manufacture: NIPPON AVIONICS Co., Ltd.). A black body tape (HB-250; manufacture: OPTIX) having thickness of 0.1 mm is attached on the separator back in order to prevent measurement inaccuracy, which is caused by roughness and emissivity distribution of separator surface. According to the manufacture catalog, the thermal conductivity of the black body tape is 7.2 W/(m K). This study estimates the temperature on observation surface with and without black body tape under the condition that the current is 20 A, the voltage is 0.5 V, the temperature of interface between GDL and separator is 90 °C, resulting that the difference between the temperature on observation surface with and without black body tape is 0.055 °C. Therefore, it is believed that the impact of black body tape on the temperature distribution on the separator back is small. We measured the emissivity of black body tape pre-experimentally. As pre-experimental conditions, the initial temperature of single cell was maintained at 70 °C and the relative humidity (RH) of both inflow gases were maintained at 80%RH with and without observation hole [13,14]. It has been confirmed from the pre-experiment that the impact of the observation window on power generation performance can be ignored. The voltage reduces due to the observation window at current (load) density of 0.80 A/cm2 under anode and cathode observation conditions have been only 4% and 7%, respectively. Consequently, we can ignore the impact of the observation window on the power generation performance. In addition, we estimated the in-plane temperature distribution on the interface between PEM and cathode catalyst layer using the temperature data measured by thermograph and the proposed heat transfer model, and compared with the temperature distribution calculated by 3D numerical simulation considering the electrochemical reaction, fluid dynamics, heat transfer and gas diffusion [29]. As a result, the maximum and the minimum temperature difference between these studies was 0.7 °C and 0.1 °C respectively for anode 80% RH and cathode 80% RH at Tini = 90 °C. Additionally, the tendency of in-plane temperature distribution was almost similar, e.g., the temperature rise and drop were observed at the same points, respectively, among these studies. Therefore, it is thought that we can discuss the tendency of in-plane temperature distribution measured by thermograph in this study.



All sides of the cell excluding observation window side and opposite side are covered by the adiabatic material. We measure in-plane temperature distribution by thermocamera at the current density of 0.80 A/cm2. We keep the temperature of single cell over the initial temperature with no heating by the electric heater [13,14,15]. According to the manufacture’s descriptions, the thermal conductivities of PEM, GDL and separator are 0.195, 1.7, 25 W/(m K), respectively, while those of the hot water passage plate, current collector and end block are 25, 380 and 220 W/(m K), respectively. Since the thermal conductivities of the latter—which are located outside of separator—are higher than those of former, the heat transfer among the latter is dominant in the whole cell compared to that among the former [13,14,15]. In other words, the parts located outside the separator are not dominant for heat transfer compared to those located inside the separator, resulting that the impact of observation window boring end block, current collector and hot water passage plate on the in-plane temperature distribution on the separator back is a small. The gas leakage was confirmed when hot water passage plate was not installed. Consequently, this study used a hot water passage plate in order to avoid the gas leak.



Table 2 and Figure 2 show the experimental operating conditions, including parameters and the experimental set-up [13,14,15], respectively. The temperatures of inflow gases are controlled in order to maintain the same temperatures as initial temperature of cell (Tini). The relative humidity of inflow gases is controlled by humidifiers and dew point meters (MHT337FC; manufacture: VAISALA). We keep the flow rates of inflow gases at the stoichiometric ratios of 1.5, 2.0 and 3.0, where we use high purity H2 and high purity O2 for the anode and cathode gases as fuel and oxidant. We control the flow rates of inflow gases by the mass flow controller (5850E; manufacture: BROOKS INSTRUMENT). The stoichiometric ratio of 1.0 for the flow rate of inflow gas can be defined by Equation (1).


CH2 = I/nF



(1)




where CH2 is the molar flow rate of consumed H2 [mol/s], I is the loaded current [A], n is the valence ion (=2) [-], F is Faraday constant (=) [C/mol]. CH2 is the molar flow rate corresponding to the stoichiometric ratio of 1.0. The CO2 is the molar flow rate of consumed O2 [mol/s], which is a half of CH2 (can be defined by Equation (2)).


H2 + 1/2O2 = H2O



(2)







The loaded current of PEFC is controlled by the equipment to measure the polarization curve and Nyqyuist plot of EIS (electrochemical impedance spectroscopy) spectra (PLZ603W; manufacture: KIKUSUI ELECTRONICS CORP.). In this study, the polarization curve is obtained using an electric load connected to a single cell of PEFC. The loaded current increases from 0 A to 20 A by 1 A and decreases from 20 A to 0 A by 1 A controlling the electric load, resulting in the voltage corresponding to each load current being acquired by a recorder. When each voltage is acquired, the loaded current is kept for 60 s to attain the steady state. We confirmed the constant voltage under the steady state. Two polarization curves are obtained from these measurements. The polarization curves shown in this study are obtained by averaging the above mentioned two curves. Nyquist plot of EIS spectra is also obtained to evaluate ohmic resistance, activation and mass transfer resistance.



We heat the cell using electric heaters (Silicon rubber heater MG; manufacture: OM Heater) installed around the end block for start-up. We also heat H2 and O2 to Tini before providing into the cell. After reaching Tini, the PEFC power generation starts to be loaded. We have confirmed that the flow rates of inflow gases and temperature distribution are kept in a steady state over 30 min with constant loaded current. The steady state is defined to keep the in-plane temperature distribution and the voltage corresponding to the loaded current a constant, respectively, in this study.




2.2. Method of Temperature Image/Thermocamera Evaluation


Figure 3 shows the 10 mm × 10 mm observation/measurement area. It has been divided into 20 sections whose names are A to T along the gas flow [13,14,15]. The mean temperature is calculated for each section by use of the temperature image. The temperatures of the sections named A and T are averaged by ridding the data in the area, where the adiabatic material covering the gas pipe disrupts measuring by thermocamera. In this study, the data in 145 pixels × 117 pixels correspond to the temperature distribution in the area of 50 mm × 40 mm, and the systematic and the random errors were 0.1 °C.



The temperature difference Ti − Tave [°C] is used as an objective evaluation way of in-plane temperature distribution, where Ti is the mean temperature in respective section, e.g., A. On the other hand, Tave is the mean temperature among all sections. Therefore, Tave can be defined by the following equation:




    T  a v e       ∑   i = A  T   T i   20    



(3)







3. Results and Discussion


3.1. Impact of MPL on Power Generation Performance


Figure 4, Figure 5, Figure 6 and Figure 7 show the polarization curves with and without MPL in the case of Nafion 115 at Tini = 80 °C and 90 °C changing relative humidity, respectively. In these figures, the data at lower relative humidity, i.e., anode 40%RH and cathode 40%RH are not shown because the power generation is not conducted since H+ conductivity would be decreased and the ionomer in catalyst layer is dehydrated due to low humidity conditions [30], reducing H+ activity [31]. However, the previous study reported that MPL improves PEM hydration mainly due to the added mass transfer resistance to avoid water loss to the gas channel when the vapor pressure is much lower than its saturation pressure, which is a dry condition [22]. Therefore, the power generation was carried out for anode 40%RH and cathode 40%RH at Tini = 90 °C with MPL, whose data are shown in Figure 7. However, the power generation was not conducted under the same relative humidity and Tini condition without MPL since the water transfer for humidifying PEM would not be conducted well.



We can see from Figure 4, Figure 5, Figure 6 and Figure 7 that the power generation performance is enhanced by MPL irrespective of Tini and relative humidity condition. This improvement can be observed in ohmic and concentration resistance regions, and the difference between the polarization curves with MPL and that without MPL is larger at high current density under high relative humidity condition. It is easy for flooding to occur under this condition due to the promotion of generated water [22]. The water transfer by the function of MPL helps to prevent flooding. In addition, the water transfer, such as back diffusion and/or discharging water from cathode catalyst layer to GDL, might be promoted by MPL. As a result, the ohmic loss is reduced by PEM hydration [22,32]. Consequently, the power generation performance with MPL is better than without MPL.



Figure 8, Figure 9, Figure 10 and Figure 11 show the polarization curves with and without MPL using Nafion NRE-211 at Tini = 80 °C and 90 °C changing relative humidity, respectively. According to Figure 8, Figure 9, Figure 10 and Figure 11, the effect of MPL on power generation performance is not significant. Thinner PEM provides lower ohmic resistance, higher H+ flux ratio and back diffusion [16,17]. In general, the power generation performance is enhanced with MPL because the flooding in the catalyst layer is prevented with the aid of capillary pressure of pores in MPL [22]. The water can be removed from the cathode catalyst layer and moved to GDL at the cathode under high relative humidity conditions due to the function of MPL. On the other hand, MPL provides the water transfer from the catalyst layer at the cathode to the anode through PEM under low relative humidity conditions, e.g., at high current density [31]. When the thickness of PEM is thinner, the water transfer resistance of PEM is smaller. Therefore, the humidification of thin PEM is well even no MPL. Consequently, it is thought that the impact of MPL is influenced by the thickness of PEM.



It is observed from Figure 8 and Figure 10 that the step-like increase of voltage is occurred at the current density of approximately 0.3 A/cm2 for anode 40%RH and cathode 40%RH. It might be due to humidifying PEM by generated water as the loaded current increases. It is thought that this humidifying PEM is temporal since anode 40% and cathode 40% is a relatively dry condition in this study. Therefore, this step-like increase might be observed locally.



Table 3 lists ohmic resistance, activation and mass transfer resistance with and without MPL using Nafion 115 and Nafion NRE-211 at Tini = 80 °C and 90 °C changing relative humidity. These data were obtained at the current density of 0.80 A/cm2. It is seen from Table 3 that ohmic resistance, activation and mass transfer resistance using Nafion 115 are higher than those using Nafion NRE-211 irrespective of relative humidity condition and addition of MPL. In addition, it is known that ohmic resistance, activation and mass transfer resistance with MPL are approximately smaller than those with MPL irrespective of Tini and relative humidity condition. Consequently, it is revealed that thin PEM and MPL are effective to promote the gas and water transfer in the cell.




3.2. Impact of MPL on In-Plane Temperature Distribution


Figure 12 shows in-plane temperature distributions with and without MPL in the case of Nafion 115 at Tini = 80 °C changing relative humidity, respectively. As shown in these figures, as well as the other figures on in-plane temperature distributions, the temperature difference among several conditions is not extend beyond approximately 0.5 °C. As explained in Figure 1, the temperature resolution, which means the temperature difference guaranteeing the accuracy of measured temperature, is 0.1 °C. When measuring the temperature distribution by thermocamera, we confirmed the steady state of temperature distribution over 30 min. The local temperature was kept the same value under the steady state. Therefore, this temperature difference of approximately 0.5 °C is meaningful to discuss the heat and mass transfer characteristics in this study. It is obvious from Figure 12 that the temperature increases from inlet to outlet without MPL larger than that with MPL for anode 80%RH and cathode 80%RH as well as anode 80%RH and cathode 40%RH. The generated water is thought to be accumulated along the gas flow, causing the PEM to have been humidified well. Therefore, the temperature is increased by the heat generated in power generation since the ohmic loss would be decreased by humidifying PEM [15]. In the case of the other study simulating in-plane distribution of temperature, current density and water saturation in MEA considering serpentine gas flow field [33], it was reported that the temperature and water saturation increased along the gas flow from the inlet region to the outlet region, while the current density distribution was almost even. This numerical simulation was carried out at 70 °C. According to the other study simulating in-plane distribution of temperature, current density, water saturation in catalyst layer and GDL at the anode and the cathode by 2D model with two phase flow [34], it was reported that the water saturation increased in both electrodes as the current density increased. The water saturation was relatively high near the outlets in both electrodes. Additionally, the temperature increased along the gas flow at the cathode and decreased from the cathode to the anode through the membrane. This numerical simulation was carried out at 70 °C. It was afraid that the current density drops at the outlet by the concentration loss due to flooding in the case of high relative humidity condition, causing the decrease in temperature at the outlet. In this case, MPL might be effective since the water movement such as back diffusion and/or discharging water from the cathode catalyst layer to GDL is promoted by the function of MPL [22,32]. However, it is though that the liquid water would not be generated well near the outlet since we investigated under relatively high temperature condition. As a result, the effect of humidifying PEM is obtained mainly, causing the increase in temperature due to the decrease in the ohmic loss.



However, it is found in Figure 12 that the temperature increases from inlet to outlet with MPL larger than that without MPL for anode 40%RH and cathode 80%RH. For the anode low humidity condition, i.e., anode 40%RH and cathode 80%RH, the cell performance is influenced by the ohmic loss significantly, which is known to be closely associated with water content in the membrane [35]. Though it is thought that the back diffusion from the cathode to the anode might occur by the function of MPL [22,32] when the relative humidity at the cathode is higher compared to that at the anode [35], the back diffusion would not occur well in case of thick PEM. This is because the water transfer resistance of the thick PEM is large. The water in the cathode catalyst layer would transfer toward GDL by the function of MPL [22,32], which causes the dehydration of PEM and catalyst layer. Therefore, the temperature increase near the outlet is smaller since the ohmic loss becomes large. Consequently, it is thought that the in-plane temperature distribution with MPL is more uniform compared to without MPL.



In addition, it is seen from Figure 12 that the temperature decreases at the positions D, H, L and P. Since the positions H, L and P are at the corner of serpentine channel of separator, the liquid waters would have remained there [36,37,38]. Moreover, the accumulation of liquid water in GDL and the gas channel would have occurred [15]. Since the gas diffusion inhibition could be caused by retention of the liquid water at these positions, the PEFC power generation may decrease [13]. According to Ref [39], the cross flow of water in GDL might occur under the rib area. As a result, the power generation performance is promoted around the area due to the accumulation of liquid water [14]. As to the position D, it was comparable to the inlet of gas flow at the opposite side through the cell. Since its temperature is colder than the actual cell temperature, the temperature decreases [13].



Figure 13 shows the in-plane temperature distributions with and without MPL in the case of Nafion 115 at Tini = 90 °C changing relative humidity. As we can see in Figure 13, the temperature increases from inlet to outlet without MPL, larger than that with MPL for anode 80%RH and cathode 80%RH, as well as anode 80%RH and cathode 40%RH. The reason for these tendencies is thought to be the same as discussed in the case of Tini = 80 °C. However, it is known that the in-plane temperature distribution with MPL is almost the same as that without MPL for anode 40%RH and cathode 80%RH at Tini = 80 °C, while the temperature increases from inlet to outlet with MPL larger than that without MPL. For the low humidity condition, i.e., anode 40%RH and cathode 80%RH, the cell performance is mainly influenced by the ohmic loss, relating the water content in the membrane closely [35]. It can be believed that the back diffusion from the cathode to the anode would occur due to higher relative humidity at the cathode compared to the anode [35].



Figure 14 shows the in-plane temperature distributions with and without MPL in the case of Nafion NRE-211 at Tini = 80 °C changing relative humidity. It is revealed from Figure 14 that the temperature increases from inlet to outlet almost equally with and without MPL. Since Nafion NRE-211 is thin PEM, the power generation performance is promoted due to lower ohmic resistance, higher H+ flux ratio and back diffusion [16,17]. The generated water is thought to be accumulated along the gas flow, causing the PEM to have been humidified well. Therefore, the temperature increases since the power generation performance would be improved by humidifying PEM [15] even without MPL. However, it is found that the increase in temperature around the outlet i.e., the positions R, S without MPL, is larger than that with MPL irrespective of relative humidity condition. The generated water would be accumulated along the gas flow channel to the outlet more without MPL, compared to that with MPL. In addition, MPL can remove the excess water. Consequently, it is believed that the increase in temperature around the outlet i.e., the positions R, S without MPL is larger than that with MPL.



Figure 15 shows the in-plane temperature distributions with and without MPL in the case of Nafion NRE-211 at Tini = 90 °C changing relative humidity. Figure 15 shows that the temperature increases from inlet to outlet almost equally with and without MPL, which is similar to the tendency shown in Figure 14. It is clear that the thin PEM has more uniform in-plane temperature distribution compared to the thick PEM irrespective of Tini. Additionally, it can be revealed that the temperature around the outlet i.e., the positions R, S without MPL increases larger than that with MPL for anode 40%RH and cathode 80%RH. As described above, it is believed that the anode 40%RH and cathode 80%RH condition causes the back diffusion from the cathode to the anode easily. It is seen that there is little difference between the in-plane temperature distribution with MPL and that without MPL at Tini = 90 °C. Since thin PEM provides a good water transfer, the power generation performance is promoted due to humidifying PEM even no MPL. As a result, the similar in-plane temperature distribution is obtained for both conditions with MPL and without MPL.




3.3. Relationship between MPL and Temperature Distribution


According to the above discussions, the relationship between MPL and temperature distribution can be classified as follows: (1) When using thick PEM i.e., Nafion 115, the temperature distribution without MPL is larger than that with MPL for anode 80%RH and cathode 80%RH as well as anode 80%RH and cathode 40%RH, while the temperature distribution with MPL is larger than that without MPL for anode 40%RH and cathode 80%RH. It is thought that the water transfer between anode and cathode is not good, resulting that the function of MPL, which is enhancement of water transfer, might influence the temperature distributions under the anode or the cathode low relative humidity conditions.; (2) When using thin PEM i.e., Nafion NRE-211, the temperature distribution with MPL is similar to that with MPL. This is because thin PEM provides good water transfer, resulting that the power generation can be promoted even no MPL.



Table 4 lists the temperature gap between the maximum and average temperature of in-plane temperature distribution with and without MPL. It is seen in Table 4 that the temperature gap between the maximum and average temperature of in-plane temperature distribution with MPL is smaller than without MPL, irrespective of Tini and relative humidity condition. Though we can see the tendency that the temperature increases from inlet to outlet according to Figure 12, Figure 13, Figure 14 and Figure 15, it is revealed from Table 4 that the in-plane temperature distribution with MPL is narrower than that without MPL due to the function of MPL [22,32]. In addition, this effect of MPL on the in-plane temperature distribution is larger when using thick PEM. Since the water transfer resistance of thick PEM is large, the function of MPL [22,32] which causes the dehydration of PEM and catalyst layer is more effective.




3.4. Performance Evaluation on MPL at Higher Temperature Operation


In summary, the present study reveals that MPL is effective for the improvement of power generation performance of single PEFC operated at a high temperature such as 90 °C. The power generation performance is promoted with MPL significantly when using thick PEM. However, it is found that the in-plane temperature distribution with MPL is not even irrespective of thickness of PEM. According to the previous study by the authors [15], thin GDL was effective to unify in-plane temperature distribution operated at high temperature though MPL was not applied to GDL. Consequently, further study will investigate the impact of combination of thinner PEM and thinner GDL with MPL operated at high temperature on not only high power generation performance but also uniform in-plane temperature distribution in the near future. If the authors select the thinner PEM and GDL than the investigated types in this study, it would be thought that the better power generation performance and more uniform in-plane temperature distribution can be obtained due to lower ohmic resistance, higher H+ flux and back diffusion as well as better gas and water transfer [15,16].





4. Conclusions


The impact of MPL with various thicknesses of PEM on not only heat and mass transfer characteristics, but also power generation performance of the single PEFC in a high temperature range around 90 °C is herein investigated. Conclusions, as a result, are drawn as follows:




	(1)

	
When the thick PEM, i.e., Nafion 115 was used, the power generation performance with MPL was better than without MPL, irrespective of Tini and relative humidity condition. This improvement can be observed in ohmic and concentration resistance regions, and the difference between the polarization curves with MPL and that without MPL is larger at high current density under a high relative humidity condition.




	(2)

	
When the thin PEM, i.e., Nafion NRE-211 was used, the effect of MPL on power generation performance was not significant. It is believed due to good humidification of thin PEM.




	(3)

	
When using thick PEM i.e., Nafion 115, the temperature distribution without MPL was larger than with MPL for anode 80%RH and cathode 80%RH, as well as anode 80%RH and cathode 40%RH, while the temperature distribution with MPL is larger than that without MPL for anode 40%RH and cathode 80%RH.




	(4)

	
When using thin PEM i.e., Nafion NRE-211, the temperature distribution with MPL was similar to that with MPL.




	(5)

	
This study finds that MPL is effective for the improvement in power generation performance of single PEFC operated at a high temperature, such as 90 °C. However, the in-plane temperature distribution with MPL is not uniform, irrespective of thickness of PEM.
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Figure 1. Polymer Electrolyte Fuel Cell (PEFC) structure to measure temperature using thermocamera. 
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Figure 2. Schematic diagram of experimental set-up. 
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Figure 3. Illustration to divide the temperature image. 
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Figure 4. Comparison of polarization curves without MPL in the case of Nafion 115 at Tini = 80 °C changing relative humidity. 
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Figure 5. Comparison of polarization curves with MPL in the case of Nafion 115 at Tini = 80 °C changing relative humidity. 
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Figure 6. Comparison of polarization curves without MPL in the case of Nafion 115 at Tini = 90 °C changing relative humidity. 
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Figure 7. Comparison of polarization curves with MPL in the case of Nafion 115 at Tini = 90 °C changing relative humidity. 
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Figure 8. Comparison of polarization curves without MPL in the case of Nafion NRE-211 at Tini = 80 °C changing relative humidity. 
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Figure 9. Comparison of polarization curves with MPL in the case of Nafion NRE-211 at Tini = 80 °C changing relative humidity. 
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Figure 10. Comparison of polarization curves without MPL in the case of Nafion NRE-211 at Tini = 90 °C changing relative humidity. 
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Figure 11. Comparison of polarization curves with MPL in the case of Nafion NRE-211 at Tini = 90 °C changing relative humidity. 
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Figure 12. In-plane temperature distribution with and without MPL in the case of Nafion 115 at Tini = 80 °C changing relative humidity. 
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Figure 13. In-plane temperature distribution with and without MPL in the case of Nafion 115 at Tini = 90 °C changing relative humidity. 
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Figure 14. In-plane temperature distribution with and without MPL in the case of Nafion NRE-211 at Tini = 80 °C changing relative humidity. 
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Figure 15. In-plane temperature distribution with and without MPL in the case of Nafion NRE-211 at Tini = 90 °C changing relative humidity. 
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Table 1. Specification of PEFC parts.
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	Parts
	Size
	Characteristics





	Polymer electrolyte membrane (PEM)
	50.0 mm × 50.0 mm, thickness: 0.127, 0.025 mm
	Nafion 115, Nafion NRE-211 (manufacture: DuPont Corp.)



	Catalyst layer
	50.0 mm × 50.0 mm (fitted on PEM)
	Carbon with loaded Pt (Pt: 20 wt%.)



	Micro porous layer (MPL)
	50.0 mm × 50.0 mm, thickness: 0.003 mm
	Carbon black + PTFE



	Gas diffusion layer (GDL)
	50.0 mm × 50.0 mm, thickness: 0.19 mm
	TGP-H-060 (manufacture: Toray Corp.)



	Gas separator
	75.4 mm × 75.4 mm, thickness: 2.00 mm (Gas supply area is 50.0 mm × 50.0 mm.)
	Produced by carbon graphite; Serpentine flow



	Hot water passage plate
	75.4 mm × 75.4 mm, thickness: 2.00 mm
	Produced by carbon graphite



	Current collector
	Power generation area: 6937 mm2, thickness: 2.00 mm
	Produced by copper coated with gold



	End block
	110 mm × 110 mm, thickness: 12.7 mm
	Produced by alumina
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Table 2. Experimental conditions.
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Initial temperature of cell (Tini) (°C)

	
80, 90






	
Loaded current (A) (Current density (A/cm2))

	
0–20 (0–0.80)




	
Inflow gases conditions

	

	




	

	
Anode

	
Cathode




	
Characteristics

	
H2 (purity: 99.995 vol%)

	
O2 (purity: 99.995 vol%)




	
Temperature of inflow gas (°C)

	
80, 90

	
80, 90




	
Relative humidity of inflow gas (%RH)

	
40, 80

	
40, 80




	
Pressure of inflow gas (absolute) (MPa)

	
0.4

	
0.4




	
Flow rate of inflow gas (NL/min) (Stoichiometric ratio (-))

	
0.210, 0.280, 0.420 (1.5, 2.0, 3.0)

	
0.105, 0.140, 0.210 (1.5, 2.0, 3.0)
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Table 3. Comparison of ohmic resistance, activation and transfer resistance.
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Ohmic resistance (mΩ)




	
Tini (°C)

	
80

	
90




	
PEM

	
Nafion 115

	
Nafion NRE-211

	
Nafion 115

	
Nafion NRE-211




	
MPL

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O




	
A80%RH, C80%RH

	
4.25

	
8.93

	
3.06

	
2.98

	
4.15

	
8.81

	
3.06

	
3.32




	
A80%RH, C40%RH

	
4.73

	
9.04

	
3.37

	
9.05

	
4.55

	
8.69

	
3.58

	
3.16




	
A40%RH, C80%RH

	
5.33

	
10.93

	
3.61

	
3.13

	
4.58

	
8.80

	
3.72

	
3.46




	
Activation and mass transfer resistance (mΩ)




	
Tini (°C)

	
80

	
90




	
PEM

	
Nafion 115

	
Nafion NRE-211

	
Nafion 115

	
Nafion NRE-211




	
MPL

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O




	
A80%RH, C80%RH

	
4.11

	
5.99

	
4.61

	
11.72

	
4.28

	
6.38

	
5.17

	
12.38




	
A80%RH, C40%RH

	
4.23

	
5.66

	
4.93

	
8.21

	
4.17

	
5.29

	
5.54

	
6.59




	
A40%RH, C80%RH

	
4.17

	
5.48

	
5.39

	
7.45

	
4.37

	
6.20

	
4.94

	
5.16
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Table 4. Comparison of the temperature gap between the maximum and average temperature of in-plane temperature distribution with and without MPL.
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Tini (°C)

	
80

	
90




	
PEM

	
Nafion 115

	
Nafion NRE-211

	
Nafion 115

	
Nafion NRE-211




	
MPL

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O

	
W

	
W/O






	
A80%RH, C80%RH

	
0.7

	
1.2

	
0.9

	
0.9

	
1.0

	
1.5

	
0.5

	
0.7




	
A80%RH, C40%RH

	
1.0

	
1.6

	
0.7

	
0.9

	
0.7

	
1.3

	
0.5

	
0.5




	
A40%RH, C80%RH

	
1.1

	
0.9

	
0.7

	
1.0

	
0.7

	
0.8

	
0.7

	
1.0




	
A40%RH, C40%RH

	
N/A

	
N/A

	
0.7

	
1.1

	
1.0

	
N/A

	
0.5

	
0.5
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