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Abstract: High–temperature proton exchange membrane fuel cells (HT–PEMFCs) are widely recognized as a feasible sustainable energy technology for usage in automotive and stationary applications. It has high CO tolerance, fast reaction kinetics, a high amount of reusable heat energy, and no humidification requirement due to the operating temperature higher than 100˚C, thus the water at the inlet and the chemical reaction’s products become the vapor phase, leading to simple water and thermal management. However, various factors influence the performance of high–temperature membrane electrode assemblies (MEAs) with phosphoric acid–doped PBI membrane, therefore determining the optimal operating parameters is one of the challenges for an HT–PEMFC. This study investigated the performance of HT–PEMFCs at various temperatures (140˚C, 160˚C, and 180˚C), air cathode stoichiometric ratio (2, 2.5, and 3), acid doping levels (360% and 460%), and gas diffusion layers (GDL340, GDS with 5% and 20% PTFE). The catalyst layer was composed of Pt/C (46.7 wt.%), PVDF binder, and DMAc as a solvent. The Pt loading on the electrode was approximately set as 0.5 and 1 mg Pt·cm–2 for the anode and the cathode, respectively. The commercial PBI membrane was utilized in this study. The results indicated that increasing the operating temperature can enhance the performance of an HT–PEMFC. However, the cell performance also increased with increasing the air stoichiometric ratio at the cathode side and the acid doping level. Moreover, the MEA with GDS310 reached the maximum power density up to 0.410 and 0.396 W·cm–2, which can be enhanced by approximately 31% and 27% under 5 and 20% PTFE, respectively.
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Introduction
[bookmark: _Hlk169094735]Nowadays, the rising consumption of electrical power leads to increased combustion of fossil fuels, which is a major contributor to environmental degradation due to carbon monoxide emissions and the depletion of energy resources. Alternative and renewable energy sources are vital for a sustainable energy cycle [1]. In recent years, fuel cells have attracted a lot of attention from researchers as an environmentally friendly, clean energy, zero emissions, and high-quality power scalability [2, 3], which is an electrochemical device that directly converts chemical energy from fuel into electrical energy. Moreover, HT–PEMFCs offer significant advantages over LT–PEMFCs, including improved gas impurities [4], faster kinetics reaction [5], and simplified water and heat management [6-8], making them highly promising for automotive, stationary, and portable applications [9]. Over the last decade, further studies have focused on HT–PEMFCs using phosphoric acid–doped Polybenzimidazole (PBI) membrane and investigated the operating parameters effect to enhance the performance and durability of fuel cells. Acid doping level (ADL) in the PBI membrane can improve the ionic transfer, leading to enhanced cell performance, while it can reduce the mechanical properties of the membrane, affecting the cell's durability [10]. Ohmic loss is the major factor that can affect the performance, which can be reduced by increasing temperature [11, 12]. In addition, various operating conditions must be considered to affect the performance, including the gases stoichiometric [12], the thickness of the gas diffusion layer [13], the effect of binder on the electrode and gas diffusion layer [13-16], the gases impurity [17]. Additionally, other researchers have investigated the bipolar plate and flow field development of HT–PEMFCs by numerical studies to find an optimal design structure and the optimal operating conditions [18, 19]. However, various factors influence the performance of high–temperature membrane electrode assemblies (MEAs) with phosphoric acid–doped PBI membrane, therefore determining the optimal operating parameters is one of the challenges for HT–PEMFCs. Thus, this study investigates the performance of HT–PEMFCs under various operating parameters, including the effect of operating temperatures (140˚C, 160˚C, and 180˚C), air cathode stoichiometric ratio (2, 2.5, and 3), acid doping levels (360% and 460%), and gas diffusion layers (GDL340, GDS with 5% and 20% PTFE).
Experimental methods
Membrane electrode assemblies (MEAs) preparation
In this study, the catalyst inks consisted of a commercial catalyst with 46.6 wt.% Pt/C (Tanaka Kikinzoku Kogyo K.K., Japan), Polyvinylidene fluoride; PVDF binder, and Dimethylacetamide; DMAc as solvent. All contents were mixed using an ultrasonic bath and planetary. The catalyst inks were sprayed onto GDL 340 and GDS 310 (CeTech Co., Ltd., Taiwan) using the ultrasonic spray coating technique. A commercial PBI membrane (hiPower Green Technology Co., Ltd., Taiwan) with an active area of 5×5 cm2 was immersed in 85 wt.% H3PO4 at 30˚C until ADL reaches the desired level. 
Fuel cell test
In a single stack fuel cell, the MEAs were assembled by sandwiching the PA–doped membrane between two GDEs. In all conditions, the Pt loading on the electrode was 0.5 and 1 mg Pt·cm–2 for the anode and the cathode side. The single–stack fuel cell consisted of the endplate, current collector, gasket, bipolar plate, and MEAs. Moreover, the fuel cell test station was carried out by HEPHAS Energy Co., Ltd. The fuel cell was activated under a constant voltage of 0.6 V at the temperature of 180˚C until the current became stable. Then, the steady–state polarization curves were obtained by measuring the voltage after 2 minutes at each current point. The experimental conditions were classified as shown in Table 1 to investigate the effect of operating temperatures, air cathode stoichiometric ratio, doping levels, and gas diffusion layers on the HT–PEMFCs performance.
[bookmark: _Ref467509391]Table 1. Experimental study conditions
	[bookmark: _Hlk169096193]Configurations
	GDE
	Cell Temp
	Stoi. ratio
	ADL

	
	Anode
	Cathode
	
	
	

	1
	GDL340
	GDL340
	140˚C
	1.2/2
	360%

	2
	GDL340
	GDL340
	160˚C
	1.2/2
	360%

	3
	GDL340
	GDL340
	180˚C
	1.2/2
	360%

	4
	GDL340
	GDL340
	160˚C
	1.2/2.5
	360%

	5
	GDL340
	GDL340
	160˚C
	1.2/3
	360%

	6
	GDL340
	GDL340
	160˚C
	1.2/2
	460%

	7
	GDL340
	GDS310
(5% PTFE)
	160˚C
	1.2/2
	360%

	8
	GDL340
	GDS310
(20% PTFE)
	160˚C
	1.2/2
	360%


Results and discussion
The effect of the operation temperature
The performance curve under various operating temperatures (140˚C, 160˚C, and 180˚C) was illustrated in Fig. 1(a). The result showed that the cell performance tended to increase with increasing the operation temperature. When the cell voltage reached 0.6 V, the current density was 0.212, 0.256, and 0.300 A·cm–2 under the cell temperature of 140, 160, and 180˚C, respectively. Moreover, the decreasing rate of the voltage in the ohmic losses region under low temperatures was significantly higher than at high temperatures due to the ohmic resistance tends to decrease with increasing cell temperature, leading to high performance under high operation temperatures. Furthermore, the maximum power density was 0.278, 0.312, and 0.345 W·cm–2 under the cell temperature of 140, 160, and 180˚C, respectively.
[image: ]
[bookmark: _Ref144079069][bookmark: _Hlk144078905]Fig. 1 Polarization curves under various (a) cell temperature 
and (b) air stoichiometric ratio
The effect of air stoichiometric ratio
The performance curves under different air cathode stoichiometric ratios (2, 2.5, and 3) were observed in Fig. 1(b). In this study, the cell was operated at 160˚C, and commercial GDL340 was employed as GDEs on both anode and cathode sides. Fig. 1(b) also showed that the cell performance tended to increase with increasing the air stoichiometric ratio, due to a high air stoichiometric ratio causing the high flowrate at the cathode side leading to the high chemical reaction inside the HT–PEMFCs when compared with the lower air stoichiometric. Moreover, when the cell voltage was observed at 0.6 V, the current densities were almost similar among these conditions, which were 0.256, 0.280, and 0.288 A·cm–2, respectively. Meanwhile, at the cell voltage of 0.4 V, the current density significantly increased with increasing air stoichiometric ratio, which was 0.766, 0.832, and 0.876 A·cm–2, respectively. Furthermore, the peak power density (PPD) was 0.312, 0.337, and 0.354 W·cm–2 under the air stoichiometric ratio of 2, 2.5, and 3, respectively.
The effect of the acid doping level
Fig. 2(a) showed the polarization curve under different acid doping levels – 360 and 460% on the MEAs, which were assembled by sandwiching the doped membrane between the GDL340 on both sides. These results also showed that at the low current density region (lower than 0.4 A·cm–2), the cell voltage under various acid doping levels was almost similar due to the effect of the chemical reaction in these study didn’t significant difference. On the contrary, at current densities higher than 0.4 A·cm–2, the cell voltage at high ADL was significantly higher than the MEAs with lower ADL. Due to the ADL increases with decreasing the ohmic resistance, leading to high performance under high acid doping levels. According to the figure, when the cell voltage reached 0.4 V, the current density was 0.776 and 0.936 A·cm–2 under the acid doping level of 360 and 460%, respectively. Moreover, the maximum power density was 0.312 and 0.378 W·cm–2 under the acid doping level of 360 and 460%, respectively.
[image: ]
[bookmark: _Ref144127373]Fig. 2 Polarization curves under various (a) acid doping levels (ADL) 
and (b) Gas diffusion electrode (GDE)
The effect of the gas diffusion layer with different PTFE content
The polarization curves under various compositions of cathode gas diffusion electrode (GDE) – GDL340, GDS310 (5% PTFE), and GDS310 (20% PTFE) were observed in Fig. 2(b). In the study, the GDL340 was used as GDE at the anode side for all case studies, and the H2 and air were supplied at the stoichiometric ratio of 1.2 and 2, respectively. The results found that when the GDS310 was used as GDE on the cathode side, the cell performance was significantly higher than GDL340. Because the MPL on GDS310 was composed of PTFE, which had a hydrophobic property and high gas permeability, resulting in the case of GDS310 with PTFE had higher performance than GDL340. Moreover, the cell performance tended to decrease with increasing the content of PTFE. When the cell voltage reached 0.4 V, the current density was 0.766, 0.960, and 0.948 A·cm–2 under three cases. Furthermore, the maximum power density under three cases was 0.312, 0.410, and 0.396 W·cm–2, respectively. Meanwhile, when compared with GDL340, the performance in the case of GDS310 can be enhanced by approximately 31% and 27% under 5 and 20% PTFE, respectively.
Conclusion
In this study, the HT–PEMFCs performance under various operation temperatures, the air stoichiometric ratios, the gas diffusion layer with different PTFE contents, and the acid doping levels were investigated by polarization curves. As a result, the cell performance can be enhanced by increasing the operating temperature and the acid doping level (ADL) because of decreasing the ohmic resistance and, consequently high performance. However, the cell performance of HT–PEMFCs also increased with increasing the air stoichiometric ratio. Due to higher chemical reactions inside the cell, leading to higher performance. In addition, the MEA with GDS310 reached the maximum power density up to 0.410 and 0.396 W·cm–2, which can be enhanced by approximately 31% and 27% under 5 and 20% PTFE, respectively.
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