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Abstract 

Load changing performance is significant for the application of proton exchange membrane 

fuel cells (PEMFCs). This paper compares experimental results of the hydrogen-air and 

hydrogen-oxygen PEMFC and analyzes their dynamic performance under various operating 

conditions. We use electrochemical impedance spectroscopy to investigate the intrinsic 

mechanism during load changing. Due to the higher oxygen concentration, the hydrogen-

oxygen PEMFC responds faster (within 1s) and operates more steadily than the hydrogen-air 

PEMFC (2-20s). The experimental results show that the total polarization resistance of the 

hydrogen-air PEMFC and the ohmic resistance of the hydrogen-oxygen PEMFC decrease 

dramatically with the appropriately increased operating temperature. Whereas at over-elevated 

operating temperature, the resistance value increases due to the dehydration of the membrane 

electrode assembly. Load changing performance can be improved by increasing operating 

pressure and relative humidity. Increased stoichiometry is beneficial for the hydrogen-air 

PEMFC, while the opposite trend is observed for the hydrogen-oxygen PEMFC.  

Keywords: Proton exchange membrane fuel cell; Electrochemical impedance 

spectroscopy; Load changing; Resistance 



 

1 Introduction 

As clean and efficient energy conservation devices, the hydrogen-air proton exchange 

membrane fuel cells (PEMFCs), have been widely used in vehicles, forklifts, and power 

generators.1,2 With significantly increased oxygen concentration, the hydrogen-oxygen 

PEMFCs demonstrate different characteristics and performance from the hydrogen-air 

PEMFCs,3 which can be used as power sources for underwater vehicles and unmanned aerial 

vehicles.4-6 The transient response is essential for both the hydrogen-air and hydrogen-oxygen 

PEMFCs, when used as mechanical power sources.7 Unfavorable undershoot could occur 

during the loading process; dynamic voltage drops below the voltage at the steady-state.8 To 

study the dynamic performance of PEMFCs, extensive research has been carried out.9  

The fuel cell transient response to load changes can be significantly affected by the water 

transportation inside PEMFCs. Our previous research found that without full activation, the 

PEMFC cannot be dynamically loaded with 0.8 A·cm-2; a fully activated PEMFC can be loaded 

with 1.5 A·cm-2 within 1s.10 Cho et al. studied the coupling flow of reactant gas and liquid water 

during the loading process utilizing a transparent PEMFC.11 The results showed that the hinder 

of liquid water produced in the membrane electrode assembly (MEA) on the mass transfer of 

reactant gas became the main reason for the undershoot of the response voltage. Moreover, 

when a high step-current density was applied, the load failure stemmed from flooding.12 

Although flooding led to poor dynamic characteristics, protons pass through the proton 

exchange membrane and carry water molecules with them. Pei et al. emphasized the vital 

importance of relative humidity to dynamic performance.9 Wang et al. found that the response 



 

voltage difference among relative humidity is more than 0.6V due to the unfavorable 

dehydration operation condition at the anode.13 

The optimal humidification should balance the contradictory relationship between flooding 

that stemmed from high relative humidity and dehydration resulted from low relative humidity. 

Li et al. obtained the best performance with 80% relative humidity at the cathode.14 The water 

distribution inside the PEMFC is closely related to its structure and operation conditions. Yang 

et al. found that the counter-flow contributes to better water distribution and thus better 

performance stability compared to co-flow.15 Cho et al. also pointed out that PEMFC 

demonstrated better load changing performance with the deeper microporous layer.16,17 Wang 

et al. suggested that the vibration operation condition could enhance the discharge of 

accumulated water during the actual operation of PEMFC, improving the load changing 

performance.18  

Mass transfer of the reactant gas is also an essential factor affecting the dynamic 

performance of PEMFCs. Due to the inadequate supply of the reactant gas, the undershoot of 

the response voltage increased when the loaded step-current increased.19 The lifespan of 

PEMFCs would be reduced tremendously with the shortage of reactant gas which was classified 

by Chen et al. according to the starvation index.20,21 The increased stoichiometry could improve 

the load changing performance by providing sufficient reactant gas.22 However, the consumed 

energy of the air compressor also increased. Chen et al. provided a synthetical evaluation of the 

PEMFCs considering correlations of the dynamic performance, maximum system efficiency, 

and starvation index.23 The distribution of reactant gas inside PEMFC varied with different flow 



 

fields. Kim et al. showed that the single serpentine flow field had a faster exit velocity than the 

triple serpentine flow field, which accelerated the redistribution of the reactant gas and was 

beneficial for the PEMFC load changing performance.24  

The hydrogen-air PEMFC is a promising alternate power source for vehicles; hydrogen-

oxygen PEMFCs can be applied in underwater and unmanned aerial vehicles. The comparison 

of the hydrogen-oxygen and hydrogen-air PEMFCs performance was rarely discussed in 

previously published papers. Due to the differences in oxygen concentration and mass transfer, 

the two types of PEMFCs require different water management strategies. This paper aims to 

comparatively study the load changing the characteristic of the hydrogen-air and hydrogen-

oxygen PEMFCs; to further investigate the intrinsic mechanism during load changing, the 

electrochemical impedance spectroscopy (EIS) technique is used. The research outcomes could 

provide the experimental and theoretical basis for applying the hydrogen-oxygen and hydrogen-

air PEMFCs in different scenarios. 

2 Experimental  

2.1 Fuel cell preparation 

The membrane electrode assembly (MEA) used for the experiment is fabricated adopting 

the catalyst coated membrane (CCM) technique.25 The electrolyte is Nafion 211 membrane 

(Dupont). The electrocatalyst (HispecTM 9100, Johnson Matthey) Pt loadings at the anode and 

cathode are 0.1 mg·cm-2 and 0.3 mg·cm-2, respectively. The gas diffusion layer (GDL) uses 

carbon paper (TGP-060) Polytetrafluoroethylene treated. A microporous layer is applied and 

attached to the catalytic layer for better water management. Inside the bipolar graphite plates it 



 

is the single serpentine flow channels. The current collector is made of copper with low 

resistivity; it can be quickly and safely integrated into the external circuit since it is not brittle 

as the graphite. The fuel cell is assembled by torque wrench (TOHNICHI, 60DB4 Torque 

Wrench) and the torque of each bolt is 50 kg·f·cm, to ensure even stress distribution.26 The 

geometric parameters of the PEMFC are listed in Table 1. 

Table 1 Parameters of the proton exchange membrane fuel cell. 

Parameter Value Units 

Active area 50 cm2 

Depth of flow field  0.1 cm 

Height of flow field  0.2 cm 

Ridge width of flow field 0.2 cm 

GDL thickness  0.025 cm 

Membrane thickness 0.0025 cm 

Catalyst layer thickness  0.001 cm 

2.2 Experimental design 

The data is recorded utilizing an 850e fuel cell test station manufactured by the Hephas 

energy cooperation, and the schematic diagram of the testing system is shown in Figure 1. A 

high-pressure cylinder provides the reactant gas with a purity of 99.99%. The relative humidity 

is controlled by humidification temperature, and the mass flow rate (related to stoichiometric 

ratio) is controlled by the mass flow controller (MFC). The operating pressure can be controlled 

by adjusting the backpressure valve. To improve the experiment accuracy, the pipe connecting 



 

the humidifier's outlet and the fuel cell's inlet is well insulated and has built-in heating wires to 

prevent the humidified reactant gas from flowing out of the humidifier from condensing in the 

pipe.  

 

Figure 1. The testing system of the hydrogen-air and hydrogen-oxygen PEMFC 

The dynamic response of hydrogen-air PEMFC and hydrogen-oxygen PEMFC 

corresponding to the step current change have been studied. The operating point is chosen for 

50% peak power output; thus, the testing step-current is 200 mA·cm-2 for the hydrogen-air 

PEMFC; and it is 600 mA·cm-2 for the hydrogen-oxygen PEMFC, respectively. For 

investigating the impact of the stoichiometric ratio on the transient response of the hydrogen-

air PEMFC, the response voltage with low step-current (200 mA·cm-2) is small, step-current is 

adjusted to 400 mA·cm-2. Each loading process is completed within 1s, and data has been 

recorded every 0.5s.19 

Using the electrochemical impedance spectroscopy (EIS) technique, the impedance values 

of the PEMFC under different perturbation frequencies have been measured for exploring the 



 

intrinsic mechanism that occurred in the fuel cell.27 The EIS was measured using the 

electrochemical workstation 885-HS (Hephas energy cooperation), and its experimental 

conditions were listed as following:1) Scanning frequency:10000Hz-0.1Hz; 2) Scanning points: 

10 points per decade; 3) Perturbation current: 5% of the applied operating current density; 4) 

Experimental steps and operating parameters: the EIS tests were conducted after the dynamic 

loading was completed, the operating parameters were consistent with that of dynamic testing. 

To interpret the experiment results, the first intercept of the scanning point with the real 

axis represents the high-frequency resistance (HFR), which is the sum of the ohmic resistance 

of current collectors, bipolar plates, MEA, and GDL and the contact resistance among all 

components.28 The difference between the first and second intercept of the scanning point with 

the real axis is the low-frequency resistance (LFR), mainly the polarization resistance and mass 

transfer resistance.29  

3 Results and discussion 

The effects of variations in operating temperatures, operating pressures, relative humidity, 

air/oxygen stoichiometric ratio, and the steady-state and dynamic operation of the hydrogen-air 

and hydrogen-oxygen PEMFC have been investigated. We analyze both the responses of the 

two PEMFCs at start-up and their load changing performances. The polarization curves, ohmic 

resistance and polarization resistance, and transient I-V response corresponding to variations 

operating conditions and load changes are measured and presented.  

Figure 2 (a) presents the V-I curves of the hydrogen-air and hydrogen-oxygen PEMFCs 

under different operating temperatures (30, 50, 60, 70, and 80℃). At different operating 



 

temperatures, the maximum current density of hydrogen-air PEMFC varies between 100 and 

600 mA·cm-2. The maximum value of hydrogen-oxygen PEMFC varies between 1000 and 1300 

mA·cm-2. At the steady-state condition, the hydrogen-oxygen PEMFC performs better than the 

hydrogen-air PEMFC. For example, at the 50% peak power operation point, the temperature of 

60℃, the hydrogen-oxygen PEMFC power output is about two times the power output of the 

hydrogen-air PEMFC. Figure 2 (b) presents V-I curves of hydrogen-air and hydrogen-oxygen 

PEMFCs under different operating pressures (1.0, 1.5, 2.0, and 2.5atm). When operating 

pressure was increased from 1.0 atm to 1.5 atm, about 14.1 % and 8.4 % of performance 

increment of hydrogen-air and hydrogen-oxygen PEMFCs can be observed. Generally, 

increasing the operation pressure can lead to the following two aspects: one is that the oxygen 

partial pressure and concentration is enhanced, which is benefit for the performance 

improvement according to the Nerst Equation30; the other is that liquid water generate more 

easily due to the increased partial water vapor pressure at an elevated operation pressure, which 

will result in water flooding and lead to the degradation of PEMFC. However, the generated 

liquid water can be easily removed out of the PEMFC by the high-speed air flow in a hydrogen-

air PEMFC with open cathode, whereas it is not removed in time in a hydrogen-oxygen PEMFC 

with dead-ended cathode. Therefore, the performance improvement rate is less in a hydrogen-

oxygen PEMFC at an elevated operation pressure. However, with the operating pressure 

continuously increasing from 2atm to 2.5atm, there is only 7.8% and 3.9% of performance 

improvement. The benefits of increasing operating pressure may not be enough to make up for 

the costs.31 



 

 

 



 

 

 

Figure 2. Polarization V-I curves of PEMFCs under different (a) operating temperatures 

(humidification temperature: 30℃; stoichiometric ratio of cathode and anode for hydrogen-air 

and hydrogen-oxygen fuel cells: 3 and 1.5, 2 and 1.5; operating pressure: 1atm); (b) operating 

pressures (operating temperature: 30℃; humidification temperature: 30℃; stoichiometric ratio 

of cathode and anode for hydrogen-air and hydrogen-oxygen fuel cells: 3 and 1.5, 2 and 1.5); 

(c) relative humidity (operating temperature: 80℃; stoichiometric ratio of cathode and anode 



 

for hydrogen-air and hydrogen-oxygen fuel cells: 3 and 1.5, 2 and 1.5; operating pressure: 1atm); 

(d) air/oxygen stoichiometric ratio (operating temperature: 60℃; humidification temperature: 

30℃; operating pressure: 1atm). 

Figure 2 (c) presents the V-I curves of the two types of PEMFCs when the relative humidity 

(RH) of the reactant gas increases from 10% to 30%, 80%, and 100%. Both the hydrogen-air 

PEMFC and hydrogen-oxygen PEMFC are operated at 80 ℃. For the hydrogen-air PEMFC, 

performed at 80℃, it cannot be loaded normally. Its performance is far below the hydrogen-air 

PEMFC at 30℃, even when the relative humidity increases from 10% to 30%. Different from 

the hydrogen-air PEMFC, the performance of the hydrogen-oxygen PEMFC with 10% RH 

improves gradually during the operation and finally catches up with the performance at 30℃. 

This demonstrates even at a low humidity level, the hydrogen-oxygen is capable of self-

humidification when enough amount of water is produced. Figure 2 (d) displays the polarization 

V-I curves of PEMFCs under different air/oxygen stoichiometric ratios. The performance of the 

hydrogen-air PEMFC is more affected by the cathode (air) stoichiometric ratio at a high current 

density. The performance improvement is observed when the stoichiometric ratio increases 

from 2.0 to 5.0. The performance starts to decrease when the stoichiometric ratio is further 

increased from 5.0 to 7.15. Unlike the hydrogen-air PEMFC, increasing the cathode (oxygen) 

stoichiometric ratio harms the hydrogen-oxygen PEMFC performance.  

3.1 Dynamic performance at start-up 

3.1.1 Effects of operating temperature 

Figure 3 shows the transient response of PEMFCs at the start-up. Three different operating 



 

temperatures, which are 30℃, 50℃, and 60℃, have been tested. The operating point is chosen 

for 50% peak power output. The hydrogen-oxygen PEMFC responds instantly (within 1s) to 

the load changes at the start-up; the hydrogen-air PEMFC takes about 4s to react at the operating 

temperature of 30 and 50℃, the response time dramatically increases to 20s when operating 

temperature increases to 60℃. When the operating temperature exceeded 60℃, the transient 

response becomes unsteady, and load failures appear.  

  

Figure 3. Transient response of fuel cell under different operating temperatures - 30℃, 50℃, 

and 60℃ at start-up (a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

(Humidification temperature: 30℃; stoichiometry of cathode and anode for hydrogen-air 

and hydrogen-oxygen fuel cell:3 and 1.5, 2 and 1.5; operating pressure: 1atm) 

In Figure 3, for the hydrogen-air PEMFC, when the operating temperature increases from 

30℃  to 50℃ , the response voltage increases 0.023 V. When the operating temperature 

continuously increases to 60℃, the response voltage decreases 0.087 V. For the hydrogen-

oxygen PEMFC, when the operating temperature increases from 30℃ to 50℃, the response 

voltage increases 0.035 V. When the operating temperature continuously increases to 60℃, the 

response voltage increased continuously by 0.005 V. Using the EIS technique, the Nyquist 



 

diagrams of the two types of PEMFCs are measured and presented in Figure 4. The resistance 

values shown in Figure 4 have been summarized in Table 2. These resistance values are used 

for the analysis of the intrinsic mechanism of the fuel cell. 

For the hydrogen-air PEMFC, ohmic resistance 𝑅Ω  decreases 0.62 mOhm when the 

operating temperature increases from 30℃ to 50℃, and it increases 1.12 mOhm when the 

operating temperature further increases from 50℃ to 60℃. 𝑅Ω  could be reduced with the 

properly increased operating temperature, while the opposite effect was induced by the decrease 

in water content in the MEA through water transportation at over-elevated operating 

temperature.32 When the temperature continues to increase, dehydration of the MEA causes an 

increase in ohmic resistance. This is because the saturated water vapor pressure increases with 

the increase of operating temperature.33 The water flowed out of PEMFCs with the reactant gas 

increases, which causes dehydration.30,34 The water transportation affects the reactant gas 

humidity level, the MEA water content, membrane conductivity, etc. In Table 2, the sum of the 

polarization resistance Rp and mass transfer resistance Rm first decreases 0.65 mOhm and then 

increases 1.24 mOhm. This is because the elevating operating temperature impacts both water 

transportation and reactant gas mass transfer.29, 35 When the operating temperature increases, Rp 

increases due to the depressed proton activity with a less humidified membrane.36 Meanwhile, 

the mass transfer resistance Rm decreases due to the enhanced reactant gas mass transfer.  



 

 

Figure 4. Nyquist diagrams under different operating temperatures - 30℃, 50℃ and 60℃ (a) 

hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

The hydrogen-air PEMFC’s performance increases at first and then decreases due to the 

combined impact of water transportation and reactant gas mass transfer at the elevated operating 

temperature. When the operating temperature increases, reactant gas mass transfer increases, 

which enhances the fuel cell performance; when temperature increases, increased water 

transportation causes dehydration of the fuel cell and then the degradation. With appropriately 

increased operating temperature, the ohmic resistance of the hydrogen-oxygen PEMFC 

decreases, the cell’s performance is improved. The oxygen concentration (reactants’ partial 

pressure) of the hydrogen-oxygen PEMFC is about five times that of the hydrogen-air, with 

much lower mass transfer resistance Rm. It is more resilient to temperature changes.  

Table 2 Δ𝑅Ω and Δ(Rm+ Rp), temperature changes from 30℃ to 50℃ and 50℃ to 60℃  

 ΔRΩ, 50℃-30℃ Δ(Rm + Rp) , 50℃-30℃ ΔRΩ, 60℃-50℃ Δ(Rm + Rp) , 60℃-50℃ 

H2/air  0.62 mOhm  0.65 mOhm  1.12 mOhm  1.24 mOhm 

H2/O2  0.59 mOhm  0.05 mOhm  0.17 mOhm  0.03 mOhm 

3.1.2 Effects of operating pressure 



 

Figure 5 shows the transient response of PEMFCs at the start-up at three different operating 

pressure 1.0atm, 1.5atm, and 2.0atm. The hydrogen-oxygen PEMFC responds instantly (within 

1s) to the load change at the start-up; the hydrogen-air PEMFC takes about 2s to 3s to react at 

different operating pressures, the responding time would vary much when operating pressure 

changes. When the operating pressure increases from 1.0atm to 2.0atm, the response voltage of 

hydrogen-air and hydrogen-oxygen PEMFCs increases by 0.085V and 0.042V, respectively. A 

higher amplitude of change has been observed in the response voltage of the hydrogen-air 

PEMFC. The oxygen concentration (reactant partial pressure), which impacts the dynamic 

performance of the hydrogen-air PEMFC, could be improved by increasing the operating 

pressure.37 

  

Figure 5. Transient response of fuel cell under different operating pressures - 1.0 atm, 1.5 atm 

and 2.0 atm at start-up (a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

(Operating temperature: 30℃; humidification temperature: 30℃; stoichiometry of cathode 

and anode for hydrogen-air and hydrogen-oxygen fuel cell: 3 and 1.5 and 2 and 1.5) 

The corresponding Nyquist diagrams are presented in Figure 6. The resistance values 

shown in Figure 6 have been summarized in Table 3. In Table 3, for both the hydrogen-air and 



 

hydrogen-oxygen PEMFCs, ohmic resistance 𝑅Ω  slightly decreases when the operating 

pressure increases; the summation of the polarization resistance and mass transfer resistance 

(Rm+ Rp) decreases. The increased oxygen concentration (or reactants’ partial pressure) could 

decrease the mass transfer resistance Rm when the operating pressure increases. This change is 

more evident for the hydrogen-air PEMFC since the hydrogen-oxygen is already with high 

oxygen concentration. The operating pressure impact on the two types of PEMFCs performance 

could be combined effect of enhanced membrane water content and increased reactants’ partial 

pressure.38 Section 3.1.3 and 3.1.4 analyze these two impacting factors independently.  

 

Figure 6. Nyquist diagrams under different operating pressures - 1.0 atm, 1.5 atm and 2.0 atm 

(a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

Table 3 Δ𝑅Ω and Δ(Rm+ Rp), pressure changes from 1.0 to 1.5 and from 1.5 to 2.0 atm  

 ΔRΩ, 1.5atm-1.0atm Δ(Rm + Rp) , 1.5atm-1.0atm ΔRΩ, 2.0atm-1.5atm Δ(Rm + Rp) , 2.0atm-1.5atm 

H2/air  0.02 mOhm  3.67 mOhm  0.09 mOhm  3.09 mOhm 

H2/O2  0.00 mOhm  0.47 mOhm  0.05 mOhm  0.28 mOhm 

3.1.3 Effects of relative humidity 

As shown in Figure 7, compared to the hydrogen-oxygen PEMFC, the relative humidity of 



 

the air has a more significant impact on the transient response of the hydrogen-air PEMFC due 

to its insufficient water management ability. For the hydrogen-air PEMFC, dehydration could 

be significantly relieved when relative humidity increased from 20% to 60%. The response 

voltage of the hydrogen-air PEMFC increases tremendously from 0.556V to 0.659V, the 

response time decreases from about 20s to 3s. When the relative humidity of the reactant gas 

increases, despite the reduced reactant partial pressure, the dehydration of MEA could be 

compensated, which leads to the visible improvement in the fuel cell performance. When the 

operating temperature increases, the deterioration of the performance is mainly caused by 

dehydration. It can be improved by increasing the humidity level.  

There was only 0.014V of increment in the response voltage of the hydrogen-oxygen 

PEMFC even when the relative humidity increased to 100%. This suggested that relative 

humidity had minor effects on its dynamic performance. Even at the low humidity level, the 

hydrogen-oxygen PEMFC instantly responds to the load changes at the start-up. 

  

Figure 7. Transient response of fuel cell under different relative humidity of reactant gas – 

20%, 60% and 100% at start-up (a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 



 

(Operating temperature: 60℃; stoichiometry of cathode and anode for hydrogen-air and 

hydrogen-oxygen fuel cell: 3 and 1.5, 2 and 1.5; operating pressure: 1atm) 

The Nyquist diagrams of hydrogen-air and hydrogen-oxygen PEMFCs at different relative 

humidity are described in Figure 8. The resistance values shown in Figure 8 are summarized in 

Table 4. In Table 4, when the relative humidity increases from 20% to 60%, the reduction of 

the 𝑅Ω and (Rm+ Rp) of the hydrogen-air PEMFC is 0.93 mOhm and 5.56 mOhm, respectively. 

Thus its dynamic performance is improved remarkably. Later, the 𝑅Ω decreases 1.53 mOhm 

continuously while the (Rm+ Rp) increases slightly, which may be aroused by flooding, 

increasing the mass transfer resistance.28 Except for the impact of dehydration or flooding, 

water maldistribution in the fuel cell could also increase resistance unintentionally.39 The 

humidity level has a limited effect on the resistance of the hydrogen-oxygen PEMFC. 

 

Figure 8. Nyquist diagrams under different relative humidity of reactant gas – 20%, 60% and 

100% (a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

Table 4 Δ𝑅Ω and Δ(Rm+ Rp), RH changes from 20% to 60% and from 60% to 100% 

 ΔRΩ, 60%-20% Δ(Rm + Rp) , 60%-20% ΔRΩ, 100%-60% Δ(Rm + Rp) , 100%-60% 



 

H2/air  0.93 mOhm  5.56 mOhm  1.53 mOhm  0.08 mOhm 

H2/O2  0.11 mOhm  0.03 mOhm  0.06 mOhm  0. 01 mOhm 

3.1.4 Effects of cathode stoichiometric ratio 

To investigate the stoichiometric ratio’s impact on the transient response, the testing step-

current is 400 mA·cm-2 for the hydrogen-air PEMFC. For the hydrogen-oxygen PEMFC, the 

testing value is 600 mA·cm-2. As shown in Figure 9, when the air stoichiometric ratio increases 

from 2.0 to 3.0, the undershoot of the hydrogen-air PEMFC is decreased by 0.089V as the mass 

transfer could be fastened with a larger stoichiometric ratio. The response time is 3s for different 

air stoichiometric ratios. Unlike the hydrogen-air PEMFC, the best dynamic performance of the 

hydrogen-oxygen is observed at the minimum stoichiometric ratio. There is a limitation for the 

stoichiometric ratio increment required for optimizing the fuel cell dynamic performance.  

  

Figure 9. Transient response of fuel cell under different air/oxygen stoichiometric ratio – at 

start-up (a) hydrogen-air PEMFC, (b) hydrogen-oxygen PEMFC. 

(Operating temperature: 60℃; humidification temperature: 30℃; operating pressure: 1atm) 

The Nyquist diagrams of hydrogen-air and hydrogen-oxygen PEMFCs under different 

stoichiometric ratios are presented in Figure 10. The variation of ohmic resistance 𝑅Ω and a 



 

sum of the polarization resistance Rp and mass transfer resistance Rm are listed in Table 5. For 

the hydrogen-air PEMFC, as shown in Figure 10(a), the 𝑅Ω is 5.48, 6.05, and 7.05 mOhm 

when the (Rm+ Rp) is 25.05, 17.78, and 15.35 mOhm when the cathode (air) stoichiometric ratio 

changes from 2.0 to 5.0. As summarized in Table 5, when the stoichiometric ratio increases, 

𝑅Ω  increases, and (Rm+ Rp) decreases, total polarization resistance decreases. The total 

polarization resistance of the hydrogen-oxygen PEMFC slightly increases. At 600 mA·cm-2, the 

(Rm+ Rp) for the hydrogen-oxygen PEMFC is 3.07 mOhm, which is much smaller than 15.35 

Ohm of the hydrogen-air PEMFC at 400 mA·cm-2. Generally, higher current density would lead 

to higher (Rm+ Rp), which is the opposite of what is observed. This phenomenon could be 

attributed to the enhanced mass transfer and reaction kinetics with much higher oxygen 

concentration in humidified pure oxygen than that in humidified air.40 

 

Figure 10. Nyquist diagrams under different air/oxygen stoichiometric ratio (a) hydrogen-air 

PEMFC, (b) hydrogen-oxygen PEMFC. 

Table 5 Δ𝑅Ω and Δ(Rm+ Rp), cathode stoic. changes from 2.0 to 5.0 or from 1.5 to 4.0 

H2/air ΔRΩ, c3-c2 Δ(Rm + Rp) , c3-c2 ΔRΩ, c5-c3 Δ(Rm + Rp) , c5-c3 



 

  0.58 mOhm  7.27 mOhm  0.99 mOhm  2.43 mOhm 

H2/O2 ΔRΩ, c2-c1.5 Δ(Rm + Rp) , c2-c1.5 ΔRΩ, c4-c2 Δ(Rm + Rp) , c4-c2 

  0.10 mOhm  0.00 mOhm  0.21 mOhm  0. 05 mOhm 

3.2 Dynamic performance at load changes 

Figure11 displays the designed dynamic operations for investigating the transient 

performance of hydrogen-air and hydrogen-oxygen PEMFCs. Figure 12 shows the transient 

response of the two PEMFCs under the dynamic operations. The load changing performances 

of two PEMFCs deteriorate with the increased loading amplitude. In Figure 12, within 1s, when 

PEMFCs are loaded to 100% rated power at 400s compared to loaded 80% rated power at 300s, 

the undershoot of the response voltage increases by 0.216V and 0.027V for the hydrogen-air 

and hydrogen-oxygen PEMFC, respectively. The hydrogen-oxygen PEMFC presents a much 

smaller undershoot.40  

 

Figure 11. Designed dynamic operation processes. 

(Operating temperature: 30℃; Humidification temperature: 30℃; stoichiometry of cathode 

and anode for hydrogen-air and hydrogen-oxygen fuel cell: 3 and 1.5, 2 and 1.5; operating 



 

pressure: 1atm) 

 

 

Figure 12. Load changing performance of PEMFCs under dynamic operations 

(a) hydrogen-air, (b) hydrogen-oxygen. 

In general, the load changing performance could be improved by reducing the amplitude 

of step-power.19 This can be observed by comparing the undershoot at the 400s and the 800s in 



 

Figure 12(a) for the hydrogen-air PEMFC. Figure 12(b) demonstrates similar results for the 

hydrogen-oxygen PEMFC. For the hydrogen-air PEMFC, a larger undershoot occurs with a 

smaller step-load. Figure 12(a) shows that comparing the undershoot at the 400s and the 1300s 

or 1900s. This abnormal phenomenon could because after few operation cycles, the pore in 

MEA is gradually blocked by the generated water, mass transfer resistance increases, and the 

lack of reactant gas leads to the undershoot. The diffusion coefficient of oxygen in pure oxygen 

was much larger than that of oxygen in the air.41 Thus, the hydrogen-oxygen PEMFC is steadier 

during dynamic operations compared to the hydrogen-air PEMFC. 

4 Conclusion 

This paper comprehensively studied the load changing performance of the hydrogen-air 

and hydrogen-oxygen PEMFC. We used the EIS technique to explore its intrinsic mechanism. 

The hydrogen-oxygen PEMFC responds instantly (within 1s), and the hydrogen-air PEMFC 

takes about 2s-20s at various operating conditions or during load changes. The main 

conclusions are as follows: 

(1) Internal resistance of PEMFCs varied tremendously with different working parameters, 

which affects their membrane conductivity, mass transfer, and reaction kinetics. And it was 

consistent with their load changing performance. 

(2) Lack of reactant gas and MEA dehydration can cause a large undershoot of response 

voltage of hydrogen-air PEMFC. A longer recovery time is required when dehydration occurred. 

Due to higher oxygen concentration and diffusion coefficients, Hydrogen-oxygen PEMFC 

presents a much smaller undershoot, works more steadily. 



 

(3) Even at a low humidity level of 20%, hydrogen-oxygen PEMFCs can self-humidify. 

The hydrogen-air PEMFC is more sensitive to the unfavorable effects of generated water. A 

more advanced water management strategy is required for the hydrogen-air PEMFC. 

Due to different oxygen concentrations, hydrogen-air PEMFCs and hydrogen-oxygen 

PEMFCs demonstrate quite a different load changing characteristics. This paper focuses on 

studying the instantaneous performance of the PEMFCs. The cross-sectional scanning electron 

microscope (SEM) images of membrane electrode assembly have not been presented and 

discussed. Presentations of the cross-sectional SEM images show the changes in the materials 

more. Clearly, it is helpful and insightful to characterize phenomena such as degradation, 

flooding effect, and fuel starvation. We will include this to investigate the long-time degradation 

mechanism of the fuel cell in the future work.  
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