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Introduction

Amongst the various strategies to mitigate CO2 emissions and global warming, hydrogen-based energy [START_REF] Lapicque | Summary for Policymakers[END_REF][START_REF] Acar | The potential role of hydrogen as a sustainable transportation fuel to combat global warming[END_REF] and proton exchange membrane fuel cells (PEMFC) can be considered as promising routes for many day-to-day applications [START_REF] Olabi | Developments of electric cars and fuel cell hydrogen electric cars[END_REF][START_REF] Daud | PEM fuel cell system control: A review[END_REF]. PEMFCs comprise a membrane electrode assembly (MEA) comprising a polymer electrolyte membrane (PEM) with catalyst layers (CL) and two gas diffusion layers (GDL) on either side of it. The membrane is often of Nafion™ or comparable ionomers, and has either side coated electrodes loaded with platinum catalyst [START_REF] Larminie | Fuel Cell Systems Explained[END_REF][START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF]. GDLs are based upon either carbon cloth or carbon paper. Their main role is to facilitate the distribution of reacting gases to the catalyst layer, to act as a conducting medium for electron transfer from the MEA to the bipolar plates, to provide support and durability to the MEA [START_REF] Lapicque | A critical review on gas diffusion micro and macroporous layers degradations for improved membrane fuel cell durability[END_REF] and to improve water management.

First GDL generations had no hydrophobic treatment, which usually led to poorly efficient water transport in the various parts of the fuel cell : accumulated liquid water resulted in hindered transport of reacting gases and reduced access of the reacting gases to the catalytic sites, decreasing significantly the fuel cell performance. In addition, excessive presence of liquid water was shown to cause irreversible damages to the MEA, such as carbon corrosion, and washing out of the catalyst [START_REF] Kim | A study of water transport as a function of the micro-porous layer arrangement in PEMFCs[END_REF][START_REF] Nam | Microporous layer for water morphology control in PEMFC[END_REF][START_REF] Sorrentino | Concentration-alternating frequency response: A new method for studying polymer electrolyte membrane fuel cell dynamics[END_REF]. To improve gas distribution and avoid flooding in the fuel cell, most GDL microporous substrates (MPS) are now coated with a microporous layer (MPL) consisting of fine carbon-based microparticles and graphitinized resins, and containing polytetrafluoroethylene (PTFE) as a hydrophobic binder. The MPL facing the catalyst layer acts as an intermediary region in the cell and favours uniform distribution of reactant gases [START_REF] Nam | Microporous layer for water morphology control in PEMFC[END_REF][START_REF] Ismail | Effect of polytetrafluoroethylene-treatment and microporous layer-coating on the in-plane permeability of gas diffusion layers used in proton exchange membrane fuel cells[END_REF][START_REF] Jiao | Water transport in polymer electrolyte membrane fuel cells[END_REF][START_REF] Pasaogullari | Two-phase transport and the role of micro-porous layer in polymer electrolyte fuel cells[END_REF]. Moreover, MPLs were shown to enhance the water transport across the membrane from the cathode to the anode [START_REF] Kim | A study of water transport as a function of the micro-porous layer arrangement in PEMFCs[END_REF] and toward the cathode outlet through the bipolar plate, thus reducing occurrence of water flooding. The different surface properties of the MPL in comparison to those of the MPS induce a discontinuity in the liquid water saturation levels, increasing some more water rejection rates [START_REF] Nanadegani | Effects of an MPL on water and thermal management in a PEMFC[END_REF]. Finally, the MPL can diminish the electrical contact resistance between the MPS and the electrode, while boosting the fuel cell performance by lowering kinetic and mass transport losses [START_REF] Kim | A study of water transport as a function of the micro-porous layer arrangement in PEMFCs[END_REF][START_REF] Tseng | Effects of microstructure characteristics of gas diffusion layer and microporous layer on the performance of PEMFC[END_REF][START_REF] Mahnama | Three dimensional investigation of the effect of MPL characteristics on water saturation in PEM fuel cells[END_REF]. Degradation of the GDL affects water management and results in the decrease in the fuel cell performance, which can be diagnosed and characterized using various electrochemical techniques. Amongst them, electrochemical impedance spectroscopy (EIS) establishes a relationship between current and potential fluctuations depending on the frequency varied in a quite broad range. EIS showed its efficiency to characterize charge transport in the cell components and transfer to the electrode surface, for frequency larger than 1 Hz. Mass transport limitations can also be evidenced below a few Hz, however in most cases, the different mass transport processes with comparable time constants [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF][START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF][START_REF] Schmittinger | A review of the main parameters influencing long-term performance and durability of PEM fuel cells[END_REF][START_REF] Sorrentino | Polymer Electrolyte Fuel Cell Degradation Mechanisms and Their Diagnosis by Frequency Response Analysis Methods: A Review[END_REF], cannot be distinguished from one another. It was therefore suggested to use a non-electrical variable in the fluctuation-based technique e.g. concentration as in [START_REF] Sorrentino | Concentration-alternating frequency response: A new method for studying polymer electrolyte membrane fuel cell dynamics[END_REF] or gas pressure [START_REF] Niroumand | Pressure-voltage oscillations as a diagnostic tool for PEFC cathodes[END_REF] coupled with an electrical variable e.g. cell voltage, in order to allow differentiation of the various transport phenomena in the fuel cell. In particular, the phase shift behavior was observed to be linked to the dynamics of water accumulation [START_REF] Niroumand | Pressure-voltage oscillations as a diagnostic tool for PEFC cathodes[END_REF]. Applying this technique to sodium-oxygen batteries, Hartmann et al. [START_REF] Hartmann | Pressure Dynamics in Metal -Oxygen (Metal -Air) Batteries: A Case Study on Sodium Superoxide Cells[END_REF] could successfully highlight water transport phenomena and hydration imbalance conditions, including their effects on oxygen transport. They termed this novel technique as electrochemical pressure impedance spectroscopy (EPIS). The potential of EPIS in investigating electrochemical cells involving the presence of a gas phase was soon confirmed by simulation [START_REF] Grübl | Electrochemical Pressure Impedance Spectroscopy (EPIS) as Diagnostic Method for Electrochemical Cells with Gaseous Reactants: A Model-Based Analysis[END_REF]. EPIS impedance here defined as the ratio of voltage fluctuations over back pressure oscillations ZV/P, was successfully performed on a fuel cell using a loudspeaker to generate pressure oscillations from 1 mHz to 100 Hz [START_REF] Engebretsen | Electrochemical pressure impedance spectroscopy applied to the study of polymer electrolyte fuel cells[END_REF], although the experimental spectra were presumably subject to considerable noise. As reported previously [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF][START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF], inducing cathode back-pressure fluctuations by means of a pressure controller within the frequency range 1 mHz -1 Hz, and observing the associated cell voltage response, can produce clean EPIS spectra with valuable information on transport phenomena, such as gas transport control or sluggish evacuation of liquid water.

In complement to the preliminary results [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF][START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF], the present study aimed to observe and characterize water transport, depending on the hydration state in the cell and its water management capability. In the various designed experiments, hydrogen was always fed dry to the cell. The first three series of experiments were conducted with pure oxygen to avoid interference from O2 diffusion in N2 observed in the range 20 mHz -1 Hz [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF]. The step-by-step approach followed, enabled a better understanding of EPIS spectra, making it possible to evidence water-involving phenomena and related issues in PEMFC. More precisely, first tests were conducted with a fresh MEA in wet conditions (j = 1.0 A cm -2 , RH = 100% with the usual gas flow rate at the cathode), and compared to dry conditions (j = 0.2 A cm -2 and RH = 20%) to evidence the presence of liquid water. These experiments with a fresh MEA provided with a commercial MPL-coated GDL at both electrodes, were identified as a reference case for further comparison. Afterward, an aged MEA with the same specifications, and having been submitted to NEDC cycling operations [START_REF] Arora | Long term study of directly hybridized proton exchange membrane fuel cell and supercapacitors for transport applications with lower hydrogen losses[END_REF], was tested in a second step under EPIS with pure oxygen. Thirdly, a fresh MEA with a commercial MPL-coated GDL at the anode, and a GDL provided with or without an MPL at the cathode side, was used with far lower gas flow rate of O2 in the cathode to investigate more extreme hydration conditions in the cell. Finally, a fourth series of tests was conducted with air to investigate more real operating conditions of a fuel cell with very different hydration states and water management capacities.

Materials and methodology

The laboratory test bench for application and validation of EPIS for a 100 cm 2 UBzM single PEM fuel cell was previously described [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF]. In this work, EPIS has been applied to a single cell 100 cm 2 PEMFC with a 'symmetric' arrangement i.e. with identical GDLs at the cathode and at the anode, as well as in an 'asymmetric' arrangement i.e. with different GDLs in the two FC compartments.

In all cases, the MEA comprised a 20 µm thick Gore membrane and two gas diffusion electrodes (GDE) with a Pt loading at 0.4 mg cm -2 at the cathode and 0.1 mg cm -2 at the anode. GDLs (Sigracet, Germany) were of either 29 BC gradea recent grade comprising an MPL, or 34 BA without MPL but whose microporous substrate was rendered more hydrophobic upon PTFE treatment, or 29 AA, an MPL-free GDL but whose microporous layer was not PTFE-treated. The last GDL is to exhibit problematic water management. A Sigracet 29 BC grade GDL was placed at the anode at all tests, irrespective of the experimental conditions. Table 1 shows the different GDLs used during experimentations and their transport properties.

In the following text, MEA denotes the above membrane electrode assembly sandwiched between two GDLs. The MEA could be a freshly matured assembly or aged after 1000 hours NEDC cycling operation [27] emulating FC operation in urban and suburban drive. It was formerly shown by EIS measurements [START_REF] Shirsath | Experimental development of the electrochemical pressure impedance spectroscopy for characterization of transport phenomena in membrane fuel cells[END_REF] that such ageing substantially degraded the mass transfer properties of the GDL, in particular its capability in water management.

The experimental bench was designed to supply pure oxygen or air to the cathode, depending on the planned operating conditions. During operation, hydrogen was always fed dry to the fuel cell anode, whereas the cathode inlet gas was humidified at controlled relative humidity (RHc) fixed either at 20 or 100%. To favour high hydration with possible water flooding, the cathode inlet RHc and the current density were increased. It was previously observed that the fuel cell is prone to accumulate excessive liquid water at high current density which explains that both the current density and RHc were changed for these two cases. The amounts of water collected from the condensers at 5°C at the cell outlets gave access to the fraction of liquid water in the gases at the cell outlet.

Four series of experiments were carried out. The gas flow rates were fixed to allow excess in the molar amounts of reacting gases: stoichiometry factor 𝜆 𝐻 2 was fixed at 1.2, and unless specified, 𝜆 𝑂 2 varied from 4 to 11.91 for pure oxygen and 𝜆 𝑂 2 = 2.5 was for air. The flow rate of oxygen at 𝜆 𝑂 2 = 11.91 was the same as the one with air at 𝜆 𝑂 2 = 2.5 considering 21% O2-containing air. The current density was in the range 0.2 -1 A cm -2 . The conditions for the four experiment series presented here are reported in Table 2.

Pressure sensors (Keller instruments) monitored the inlet and outlet pressures of both cell compartments. For EPIS measurements, pressures at both cathode and anode outlets were first fixed at a steady level 𝑃 ̅ 𝑜𝑢𝑡 = 150 mbars using Brooks Instruments pressure controllers installed at each gas stream outlet. Then, while keeping the anode back-pressure constant at 𝑃 ̅ 𝑜𝑢𝑡 , sinusoidal pressure fluctuations of the cathode back-pressure were applied with amplitude Δ𝑃 𝑜𝑢𝑡 and frequency f, resulting in fluctuations of the cell voltage to be continuously monitored at constant current density. The frequency-domain considered for the study was 1 mHz to 1 Hz. In addition, for each frequency, the pressure amplitude was selected to allow a linear relationship between pressure and voltage fluctuations, condition required for use of Laplace transform and impedance spectroscopy, and to allow response voltage amplitude larger or equal to 1 mV. A defined set of periods at a given frequency was recorded; this set was termed as acquisition. Usually, 10 periods per acquisition were recorded at 10 mHz and above, and only three for lower frequencies [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF]: this procedure enabled to generate a comparable mean period per acquisition for each recorded signal, and to reduce the noise level on the voltage signal before Fourier analysis.

Results and discussion

The three first sets of experiments were carried out with pure oxygen to avoid contribution of diffusion phenomenon and allow evidence of water transport control. Based on the reported time constants for liquid water transport in the GDL and in the PEM at 3 min and 25 s respectively [START_REF] Shirsath | Experimental development of the electrochemical pressure impedance spectroscopy for characterization of transport phenomena in membrane fuel cells[END_REF], it was hypothesized that the water transport could be evidenced in the low-frequency domain of the spectra (f < 50 mHz), because of the far larger diffusivity and viscosity of liquid water rendering its transport far slower than those for gases. Further, to observe more complex conditions, experiments with air in the presence of liquid water in excess have been carried out and reported.

Evidence of water transport in the GDL (Experiments nr. 1)

The fuel cell was operated with pure oxygen and using a gresh 29 BC GDL at the cathode, under "dry" or "wet" conditions: "dry" corresponds to operation at 0.2 A cm -2 with RHc fixed at 20%, and "wet" it for operation at 1 A cm -2 with fully humidified oxygen (RHc=100%). In "dry" conditions, the fraction of liquid water leaving the cathode compartment at the fuel cell temperature was found at 22% whereas it attained 56% under "wet" conditions. Figure 1a shows a comparison between the impedance modulus obtained for "dry" and "wet" conditions. The modulus of EPIS impedance in "wet" conditions was measured to be on average 40% larger than that in "dry" conditions in the whole frequency range investigated (Figure 1a), in all cases at a moderate significance i.e. below 1 µV Pa -1 . The change in EPIS modulus for low frequencies was attributed to liquid water transport in the porous FC structures as previously evidenced in nearly flooding conditions [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF]. For frequencies beyond 10 mHz, the EPIS modulus was shown to slightly decrease (Figure 1a). It has been previously observed that EPIS impedance in this frequency domain was not directly caused by water transport but was the hindering consequence of its presence on gas transport in the FC porous layers.

The phase shift had very little positive values at 1 mHz and followed a slightly decreasing trend until reaching a minimum at intermediate frequencies. However, in "wet" conditions, the phase shift at 1 mHz is higher (6°) than in "dry" conditions (3°): the moderate difference is observed up to 10 mHz. Moreover, in the higher frequency domain (100 mHz to 1 Hz), the phase shift for "dry" conditions is more negative (-15°) than in "wet" conditions (-7.5°). Further investigations would be needed to understand better the role of phase shift in the characterization of excess water accumulation or water transport.

These results show that EPIS is sensitive towards water transport control in the fuel cell. In spite of the good aptitude of 29 BC GDL in water management, the increased amount of liquid water at high current density and humidification conditions render water transport phenomena more troublesome.

Evidence of water transport control for an aged MEA (Experiments nr. 2)

Experiments with an MEA (including the GDLs) aged by cycling operations were conducted to investigate the flooding conditions since such an MEA was shown to exhibit far poorer water management capability, and thus is significantly prone to flooding. The MEA was taken from a 3cell stack submitted to NEDC cycling protocol with a cumulative operation time around 1000 h [START_REF] Arora | Long term study of directly hybridized proton exchange membrane fuel cell and supercapacitors for transport applications with lower hydrogen losses[END_REF][START_REF] Arora | Effect of supercapacitors directly hybridized with PEMFC on the component contribution and the performance of the system[END_REF]. The difference of the two MEA performances is clearly shown in Figure 2a with fully humidified oxygen; in particular, voltage could not be measured beyond 0.6 A cm -2 with the aged MEA, whereas the freshly matured MEA allowed a voltage near 0.5 V at 1 A cm -2 . Therefore, EIS and EPIS spectra were recorded at 0.4 A cm -2 only to avoid total collapse of the aged MEA. The ohmic resistance estimated at high frequencies, was 70% larger with the aged MEA (Figure 2b), likely due to the appreciable delamination of the various FC layers under cycling conditions [START_REF] Arora | Long term study of directly hybridized proton exchange membrane fuel cell and supercapacitors for transport applications with lower hydrogen losses[END_REF][START_REF] Arora | Effect of supercapacitors directly hybridized with PEMFC on the component contribution and the performance of the system[END_REF]. Whereas the spectrum of the fresh MEA consisted of two loops for charge and mass transfer of a restricted importance, the spectrum recorded with the aged MEA exhibits a single huge loop with an overall impedance nearly four times larger than for the fresh MEA (Figure 2b). EIS Bode plots (Figure 2c) exhibited comparable profiles for the two MEAs at high frequencies, and monotonous increases in modulus and phase below 10Hz. In spite of the very different impedances under 10 mHz shown by EIS, the two Bode plots do not indicate precisely on the nature of mass transfer control in the fuel cell.

Figure 3a shows the spectra of EPIS impedance modulus for the aged and the fresh MEA. A two times increase in the impedance modulus for frequencies lower than 100 mHz can be observed with the the aged MEA, attaining a maximum near 1 μV Pa -1 at 10 mHz. The significant increase in the impedance values in the lower frequency domain expresses the stronger control from water transport due to troublesome water evacuation away from the catalytic sites, causing excessive water buildup in the GDL structure. Comparison with the EPIS profiles under reference "dry" and "wet" conditions shown in Figure 1 and reported in dotted line in Figure 3, illustrates the specific effect of poorer water management of the aged MEA, in particular on EPIS modulus: at low frequencies, water transport is more problematic, and at higher frequencies, gas transporthere mainly by convection -is more hindered by the liquid water present. The increment in impedance modulus for frequencies greater than 100 mHz might express more troublesome gas transport due to droplet formation limiting the cross-sectional area available to gases together with less even gas distribution.

However, the phase shift was found to exhibit very comparable variations for the two cases (Figure 3b), This fact could be not interpreted up to now since the phase shift behavior might be linked to the dynamics of water accumulation [START_REF] Niroumand | Pressure-voltage oscillations as a diagnostic tool for PEFC cathodes[END_REF]. The slightly larger phase shift values for f < 10 mHz with the aged MEA might be attributed to water transport limitations, but this effect is here of a minor significance.

The degradation in aged GDL known to favour flooding conditions to occur in the cell structure, was found to concern mainly its MPL. The MPL was shown by SEM observation to be locally torn off from the microporous substrate, as clearly evidenced on the photograph (Figure 4). Thus the degraded GDL is more prone to retain liquid water in the MPL-deprived areas of a far lower hydrophobicity. The puddles formed in the MPS likely reduce the path cross section for gas transport in the GDL porous structure to access the catalytic sites. Furthermore, gas is to flow predominantly through the GDL region deprived of the MPL: both phenomena result in far lower FC performance. SEM analysis is consistent with the above EIS and EPIS spectra and confirms the hypothesis of more problematic mass transfer of liquid water and its accumulation in the fuel cell structure.

To investigate further the effect of absence of the MPL layer and hydrophobic treatment, experiments with different types of GDLs were carried out.

Effect of the GDL type on water management (Experiments nr. 3)

Following the studies mentioned in the introduction, GDLs coated with an MPL e.g. 29 BC, allow significant flooding conditions in the fuel cell to be avoided. On the contrary, extreme flooding conditions should be visualised by EPIS with GDLs with compromised water management capacity and operated at reduced stoichiometry in wet conditions. The three GDLs described in Table 1 were then tested in the fuel cell cathode fed by pure oxygen at 𝜆 𝑂 2 = 4, with RH = 100% and j = 1 A cm -2 . This set of operating conditions is to allow highly pronounced flooding conditions: as a matter of fact, the fraction of liquid water at the cell outlet over the water present was found equal to 82%. Although the residence times of gas and liquid water are likely different in the fuel cell, the high fraction value expresses qualitatively the significance of liquid water in the cell. Lower stoichiometric factors could not successfully be tested at this current density with the two MPLfree GDLs placed at the cathode.

For EPIS impedance modulus (Figure 5a), a clear trend can be seen all over the spectra with 29 AA exhibiting the highest impedance modulus followed by 34 BA and 29 BC: EPIS modulus is nearly two times larger for 29 AA than with 29 BC for frequencies below 80 mHz. The difference although of a lower significance, is in the range 45-70% in the higher frequency domain. As in the previous sub-section, EPIS spectra for reference "wet" conditions (Figure 1) are given in Figure 5 in dotted lines for comparison. The higher liquid fraction in the cell with 𝜆 𝑂 2 = 4 with 29 BC causes a visible increase in the EPIS modulus from the reference case 𝜆 𝑂 2 = 11.9 in the whole frequency domain, revealing the effect of oxygen stoichiometry on liquid water transport at lower frequencies, and more strongly hindered gas transport in the GDL at higher frequencies. Besides, EPIS modulus with 34 BA was 10-15% larger than that with the MPL-provided GDL: the 34 BA GDL exhibits an intermediate behaviour between more recent MPL-coated 29 BC layer and 29 AA, deprived of water repellent materials. Through careful examination, it appears that the impedance modulus with 29 BC remains nearly constant in the 1 -100 mHz range whereas with 34 BA and 29 AA, there is an increase in the impedance modulus at low frequencies. This trend might be attributed to the accumulation of excessive liquid water or near-flooding conditions in the lower frequency region.

On the other hand, a trend seems to emerge in the whole frequency domain with 29 AA showing more significantpositive or negative -phase shifts than with the other two GDLs (Figure 5b).

Together with EPIS modulus, more positive phase shifts below 10 mHz might express nearly flooding conditions in the fuel cell with the PTFE-free 29 AA layer. For frequencies larger than 40 mHz, more negative phase shifts with this basic GDL may indicate on more difficult flow of oxygen in the fuel cell structure, with a minimum near -18° at 200 mHz, in comparison to the minima near -12° exhibited by the two other GDLs. Moreover, the dotted line for 29 BC with 𝜆 𝑂 2 = 11.9 illustrates the effect of aggravated water management upon reduction in the oxygen stoichiometry with the same GDL, in particular for gas transport hindrance for frequencies larger than 30 mHz.

Operating with air and excess water accumulation (Experiments nr. 4)

In practice, fuel cell cathodes are usually fed with air, for which gas diffusion and convection occur simultaneously: these more realistic conditions have been investigated in this section. The FC was thus operated with air either at j = 1 A cm -2 and RHc = 100% (for wet conditions), or at 0.2 A cm -2 and RHc = 20% for dry conditions. The fuel cell was equipped with an MEA with 29 BC grade GDL at the anode and a 34 BA grade GDL at the cathode. Experiments with 29 AA GDL could not be carried out for these operating conditions because of the rapidly decaying cell voltage in preliminary tests. For comparison purpose, the reference "wet" test with 29 BC GDL was also carried out, here with air (𝜆 𝑂 2 = 2.5 ). As expected, the performance of the fuel cell with 34 BA GDL is visibly affected by air relative humidity, with voltage difference being near 60 mV at 0.2 A cm -2 but attaining 300 mV at 1 A cm -2 (Figure 6a), expressing the poor water management of the 34-BA GDL. This large difference in fuel cell performance was confirmed by EIS spectra of the three MEA operated under the above defined conditions (Figure 6b), with two well-defined loops with 29 BC and only one huge loop covering charge and mass transfers with the 34 BA GDL operated in wet conditions. For 34 BA operated in dry condition, the charge transfer loop is far larger than that in the spectrum with 29 BC because of the very lower current density. Besides, the mass transfer loops of the two MEAs are comparable importance owing to sort of compensation effect of different current density and different capability in water management.

Figure 7a shows compared variations of EPIS impedance modulus in wet and dry conditions of the cell investigated and operated with the two GDL. As seen in the Figure, the impedance modulus exhibits different profiles in the 1 -10 mHz domain, being at 2.4 and 0.75 μV Pa -1 respectively at 1 mHz in wet and dry conditions with 34 BA: this difference is illustrated by the blue area in the Figure . Corresponding modulus was only near 0.5 μV Pa -1 with 29 BC GDL in wet conditions (Figure 7a), confirming the positive effect of the MPL. For frequencies larger than 50 mHz, the occurrence of oxygen diffusion in nitrogen is clearly expressed by large peaks in EPIS modulus with a maximum in the range 200 -500 mHz: this is illustrated by the area in red in Figure 7a .

The behaviour of the MEA provided with 34 BA GDL was strongly affected by the hydration state in the cell, with nearly four times larger maximum in EPIS modulus under wet conditions.

Although operated with 29 BC in wet conditions, the MEA seems to little far less hindered by mass transfer, in accordance with EIS spectra (Figure 6b). However, contrary to EIS, EPIS showed that water transport at low frequency is little problematic with 29 BC and gas transport rates are moderately affected by the presence of liquid water, with a flat maximum of the modulus at 4.4 µV.Pa-1 at 400 mHz, more than ten times lower than the corresponding peak with 34 BA in the cell presumably running in nearly flooding conditions. In the frequency domain 10 to 100 mHz, the increase in impedance modulus likely corresponds to the superimposition of liquid and gas mass transport phenomena whose spectral significances partly overlap: this region is coloured in green in the Figure .   The phase shift of EPIS impedance (Figure 7b) starts at nearly 0° at 1 mHz with 34 BA in dry conditions and 29 BC (wet), then regularly decreases to -200° or so at 1 Hz, as previously observed in numerous cases [START_REF] Shirsath | Electrochemical pressure impedance spectroscopy for investigation of mass transfer in polymer electrolyte membrane fuel cells[END_REF][START_REF] Shirsath | Electrochemical pressure impedance spectroscopy applied to polymer electrolyte membrane fuel cells for investigation of transport phenomena[END_REF] with 29 BC GDL. However, in wet conditions with 34 BA, the phase shift starts very positive (170°) to end at approx. -250° at 1 mHz (Figure 7b). This dramatic increase in the phase shift in the lower frequency domain confirmed by replicate experiments, would be the fact of flooding conditions due to poor water management of the MPL-deprived GDL. In comparison, the positive phase shift at low frequency observed as little significant with O2 operation (Figure 5), seems to be strongly increased with air. Although nitrogen and oxygen density and viscosity differ by less than 15%, it cannot be excluded that formation of water droplets in the microscopic porous medium could be affected by the nature of the gas. Further fundamental work would be required to confirm or amend this hypothesis, still speculative up to now. Moreover, the decrease in phase shift beyond -200° in the high frequency region might reflect more significant gas transport control due to the presence of excess liquid water, as reported above in Section 3.3.

Conclusion

In this work, an EPIS investigation of a highly hydrated fuel cell was carried out under gas and liquid transport limitations due to the presence of liquid water. Moreover, to better evidence the water transport control, most EPIS measurements were carried out with pure oxygen fed to the cathode to avoid the occurrence of diffusion phenomena, which were previously shown to result in strong changes in the modulus and phase shift of EPIS impedance. Several cases were compared e.g. "dry" or "wet" conditions -with different current density and relative humidity at the cathode EPIS spectra for the reference "wet" and "dry" conditions (Figure 1) 
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Table 1 .

 1 GDLs used during experimentation and their properties

	GDL Thickness Porosity † Permeability *	PTFE	MPL	Water management
				(m 2 )			
	29 BC	250 μm	0.77	2.8 × 10 -13	5%	Yes	Good
	34 BA	280 μm	0.81	3.3 × 10 -11	5%	N.A.	Poor
	29 AA	200 μm	0.84	2.44 × 10 -11	N.A.	N.A.	Very poor
	*measured through-plane values [25], † measured dry porosity [26]	

Table 2 :

 2 Operating conditions used in the four series of experiments

	Experiments	Gas	GDL type	MEA	O2	j	RHc	Hydration state
		cathode				(A.cm -2 )		
	1	O2	29 BC	Fresh	11.9	0.2 / 1	20% /	"Dry" / "Wet"
							100%	
	2	O2	29 BC	Aged	11.9	0.4	100%	Wet
	3	O2	29BC / 34	Fresh	4	1	100%	Extremely wet
			BA/ 29 AA					
	4	Air	34 BA	Fresh	2.5	0.2 / 1	20% /	Extremely wet
							100%	/ flooding
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inlet -or the water management ability of the cathode GDL through its state of health, the presence of a microporous layer or PTFE treatment of its macroporous substrate. Mass transport control from liquid water in the porous structure of the fuel cell was revealed by the increase in EPIS modulus in the 1 -10 mHz frequency domain. Moreover for nearly flooding conditions, the phase shift decreasing trend with the frequency was shown to be positively shifted for frequencies lower than 10 mHz. In addition, gas transport previously evidenced from 20 mHz, exhibits higher EPIS modulus under high hydration of the cell or poorer water management conditions, because of the reduced cross sectional area available for gas flow in the fuel cell structure. Further tests under air operation confirmed the trend, the additional huge signature of gas diffusion in terms of EPIS modulus and phase shift could be observed from 20 mHz: in comparison with "dry conditions", operating in nearly flooding conditions results in five time increase in EPÏS modulus at 200 mHz.

Finally, the frequency domains of rate-controlling transport of gases and liquid, likely overlap in the range 10 -100 mHz. The overall work confirms the interest in EPIS for mass transport investigation in the presence of liquid water, whereas EIS has to be preferred for faster phenomena e.g. charge transport or transfer.

In spite of recent modelling work of EPIS [START_REF] Schiffer | Electrochemical pressure impedance spectroscopy in a polymer electrolyte membrane fuel cell: A combined modeling and experimental analysis[END_REF], the present work focused on nearly flooding conditions, would need further theoretical work to better understand the physical meaning of particular features of EPIS impedance such as very different profiles of impedance modulus from 10 mHz, or highly positive phase shifts for frequency below 20 mHz.
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