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Abstract:  

Electrochemical pressure impedance spectroscopy (EPIS) was introduced in view to 

differentiating transport/transfer phenomena of gas and liquid occurring in electrochemical 

cells. This work aimed at measuring EPIS impedance in a 100 cm2 membrane fuel cell upon 

predominant control from gas transport, in conditions where the presence of liquid water is little 

significant. Operating the fuel cell with pure oxygen allowed observation of gas convection: 

EPIS impedance modulus was below 1 µV Pa-1 in the frequency range 1 mHz – 1 Hz, whereas 

the phase shift decrease did not exceed 30° near 200 mHz with an MPL-free gas diffusion layer 

(GDL). Conversely, occurrence of diffusion phenomena with oxygen diluted into nitrogen or 

helium is revealed by the strong increase in the EPIS modulus up to 12-30 µV.Pa-1 near 500 

mHz depending on the nature of the diluting gas, the GDL, and the excess in fed oxygen. 

Corresponding phase shift decreased regularly from nearly 0° at 1 mHz to approx. -200° at 1 

Hz. The presence of liquid water and its poor management by the MPL-free GDL aggravates 

gas transport situation in the porous layers, in particular with more negative phase shifts and 

higher modulus at high frequency. 

 

Keywords: Electrochemical pressure impedance spectroscopy; Proton exchange membrane 

fuel cell; transport phenomena; gas diffusion; gas convection. 
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1- Introduction 

Asides the catalytic properties of the cathode and the high conductivity of the polymeric 

membrane, mass transport phenomena in polymer electrolyte membrane fuel cells (PEMFCs) 

have a strong influence on fuel cell efficiency and energy production rate. Transport phenomena 

of gases in a FC are principally gas convection and oxygen diffusion in the channels of the 

bipolar plate or through the catalytic and gas diffusion layers of the fuel cell. Transport of liquid 

water occurs through the membrane and in the other FC components, depending on its 

significance and the hydrophobicity level of the considered components. Should the transport 

rates of gas or liquid be insufficient, the fuel cell performance is controlled by mass 

transport/transfer phenomena. This very common situation is usually evidenced by the 

levelling-off of the current density upon increasing overpotential in voltammetric curves or by 

the appearance of an additional loop at low frequency in Nyquist plot of electrochemical 

impedance spectra (EIS) [1-4]. The complex impedance calculated by equivalent electric circuit 

models, involves a resistance and a time constant indicating on the frequency range for this 

loop. Because of the possible contribution of Knudsen diffusion, diffusion coefficients of gases 

in the catalytic layer (CL), the microporous layer (MPL) and the macroporous substrate (MPS) 

are to differ from each other [5]. Time constants for gas diffusion often defined as the square 

of the layer thickness divided by the diffusion coefficient, are also to be very different. For 

values of the time constants lower than 100 ms as often in CLs, charge and mass transfer in the 

vicinity of the catalytic site can appear as a single loop in Nyquist plot, making separate 

interpretation delicate. Besides, modelling the mass transfer in a GDL comprising an MPL 

deposited on the MPS, can reveal as inefficient because of the different pore size distributions 

and permeability exhibited by the two layers [6]. An additional difficulty in modelling is caused 

by the appreciable penetration of the MPL into the MPS anisotropic structure, a phenomenon 

rendered more acute for aged GDLs, as exemplified by Figure 1. For the case of liquids for 

which diffusion coefficients are orders of magnitude below those of gases, time constants are 

to be far larger than those for gases. Flooding phenomena could thus be evidenced by an 

inductive loop for frequencies far below 1 Hz [7,8] or by a further larger mass transfer loop [9]. 

Roy and Orazem [10] could more accurately evidence flooding phenomena by further treatment 

of the EIS spectra using a stochastic approach.  
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In most cases, EIS spectra of a fuel cell under operation often exhibit two partly overlapping 

loops attributed to charge and mass transfers. Two main problems can be encountered in the 

spectra recorded. First, EIS data for frequency below 10-100 mHz are often scattered because 

of the insufficient accuracy in the impedance calculation from the current and cell voltage 

fluctuations, then making investigations of mHz frequencies nearly impossible. Secondly, the 

single loop covering all mass transfer phenomena is characterized by a single time constant, 

usually in the range 100 ms – 1 s as reported for instance in [5], rendering difficult the separate 

analysis of transfer phenomena.  

As shown in previous works, development of electrochemical techniques involving one non-

electrical variable is to allow complementary information on species transport or transfer 

phenomena. For this purpose, other physical variables have successfully been used e.g. 

pulsation of velocity in electrohydrodynamic impedance [11] or the sine weight fluctuations 

monitored by a quartz balance upon potential modulation [12], or the back-pressure of an 

electrochemical cell as the oscillating excitation variable [13,14]. This last technique, called 

electrochemical pressure impedance spectroscopy (EPIS), was shown to be promising in 

complement to regular EIS [15,16] for better understanding of transport phenomena in 

electrochemical cells involving the presence of gases. A fuel cell test bench was previously 

developed to implement EPIS technique by superimposing outlet pressure fluctuations in the 

range 1 mHz – 1 Hz to the steady outlet pressure and monitoring the induced fluctuations of the 

voltage at a fixed current [17]. The particular impedance ZU-P, defined as the ratio of the voltage 

complex fluctuations over those of the outlet pressure, was observed depending on the operating 

conditions: current density, hydration conditions in the fuel cell and oxygen content in the 

nitrogen-oxygen gas mixture fed. Frequency variations of the ZU-P modulus and the phase shift 

ϕ recorded for suitable operated conditions allowed to evidence separately the occurrence of 

water transport for frequencies below 30-50 mHz, and transport phenomena involving gas over 

30 mHz [17,18].  

In view to complementing the preliminary results previously reported, the present work aimed 

at focusing on gas transport and transfer by diffusion and convection. For this purpose, the 

significance of liquid water in the porous regions of the fuel cell and the channels of the bipolar 

plates was kept as low as possible, to avoid occurrence of two-phase flow in these regions. The 

effect of three operational parameters has been investigated in this work. First, the nature of the 
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GDL was changed, depending on whether a microporous layer (MPL) is attached on the 

macroporous substrate or not – which is also to affect gas convection in the GDL. Secondly, 

the air oxygen stoichiometry was varied to change gas convection rates in the channels and in 

the gas diffusion layers (GDL). Finally, the nature of the oxygen diluting gas was also changed, 

by replacing nitrogen in air or other (N2-O2) gas mixtures by helium. Because of its diffusivity 

four times lower than that of nitrogen, diffusion phenomena are to be less rate controlling in 

fuel cells with (He-O2) mixtures, as investigated formerly by voltammetry [19–21] or EIS [22]. 

 

2- Experimental section 

2.1. Fuel cell and test bench 

Experimental work has been carried out in a test bench previously described [5, 23]. The fuel 

cell was a single 100 cm2 cell (UbzM, Ulm, Germany). The flow pattern of the two bipolar 

plates consisted of 23 parallel channels (0.5 x 0.4 mm2) covering the plate surface in a multiple 

serpentine (3 passes) profile without gas collecting manifolds. The overall length of one channel 

was near 35 cm. The membrane electrode assembly (MEA) consisted in 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 either of 34 BA grade, 

i.e. without MPL, or of 29 BC (more recent) grade comprising an MPL. Characteristic 

parameters and properties of the two GDLs are given in Table 1. The GDL inserted in the anodic 

chamber was of 29 BC grade in all cases. The cell was installed into the flow rig provided with 

gas humidifiers for the two gas streams fed, and at the cell outlet condensers at 5°C for the 

recovery of water present in the exhaust gases and to protect the release valves [17]. Off gases 

were driven to the fume hood. 

 

2.2. Fuel cell operation  

The cell was operated at 55°C and 150 mbar above the atmospheric level at both anode and 

cathode outlets. To avoid too significant formation and accumulation of liquid water in the fuel 

cell, the current density was restricted to 0.2 A cm-2. Dry hydrogen was fed with a stoichiometric 

factor H2 fixed at 1.2. Air was humidified at a relative humidity (RH) of 20% only, with a 

stoichiometric factor O2 varying from 1.5 to 4, O2 = 2.5 being the “nominal” stoichiometric 
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factor. In some experiments, air was replaced by pure oxygen or by (N2-O2) or (He-O2) mixtures 

of various O2 contents. For O2 contents different from the regular content in air (21%), the 

oxygen stoichiometry was changed, so that the volume flow rate of gas fed to the cathode be 

the same as that with regular air. Thus, the velocity of the gas in the channels and its residence 

time in the cathodic chamber were kept constant. Hence, O2 = 11.9 with pure oxygen is to allow 

the same flow conditions in the cell as O2 = 2.5 with air. Besides, from the amounts of water 

collected from the condensers and the inlet relative humidity, water mass balances allowed the 

fraction of water actually in liquid form at the outlet of the cathode chamber to be determined 

together with the amount of water transferred from the cathode side to the anode side. 

 

 2.3. Operation with outlet pressure fluctuations 

Outlet pressure of the anode compartment was kept to 150 mbar above the ambient level, 

whereas at the cathode side, pressure fluctuations were superimposed to the steady relative 

150 mbar by the dSPACE control system implemented on the bench PC. In addition to the 

above fluctuations of the outlet pressure, this control system was used to control the cell 

operation at fixed current and to monitor operating variables, in particular pressure and voltage 

fluctuations. Data acquisition was filtered to avoid electrical noise from harmonics following a 

procedure developed beforehand: two filters at 1 and 20 mHz were used for all measurements, 

and for frequency below 100 mHz, the signals were further submitted to a dynamic filter. Data 

were recorded for 4 to 200 periods depending on the frequency for the sake of reduced electrical 

noise: in-house MATLAB-Simulink programs were used for this purpose. As previously 

detailed [17], care was taken in the selection of the amplitude of outlet pressure sine fluctuations 

so that the voltage response followed sine fluctuations at the same frequency, with minimal 

signal distortion while allowing voltage amplitude larger than 1 mV, i.e. at least one decade 

larger than the signal noise. The excitation amplitude to be used was found to strongly depend 

on the frequency, being far larger for low frequencies (at a few mHz) than over 100 mHz. 

Amplitude and phase shift of the first harmonic signal – corresponding to EPIS impedance – 

were obtained by fitting the filtered data to the theoretical harmonics. Uncertainty in ZU-P 

modulus was estimated by simulation to be in the order of 5% at low frequency and up to 8-

10% for frequencies larger than 100 mHz. With regards to its phase shift, the uncertainty was 

estimated to be in the order of 2°. Most spectra were replicated at least once. 
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3- Results and discussion 

The EPIS response of the membrane electrode assembly with its GDLs was shown to be 

dependent on its state of health, since fuel cells naturally undergo degradation of their 

components, and recording a whole spectrum required on average 6 hours. Therefore, for 

investigation of the effect of one operating parameter or condition, all tests have been carried 

out in a time period, for which the fuel cell had a comparable state of health. The state of health 

related to the FC performance, was checked at regular intervals by electrochemical voltage 

measurements at fixed current density and EIS at various current densities [24]. However, the 

EPIS response for the “reference case” with air at =2.5 could vary with the operating 

conditions investigated, because of different states of health of the cell. In case of insufficient 

performance of the fuel cell, the MEA was replaced, so the reference case had to be further 

recorded after maturation of the MEA. 

 

3.1. Effect of the microporous layer in the GDL 

The presence of MPL at the cathode deposited on the microporous substrate is to improve water 

management in the fuel cell, acting as a barrier to water thus avoiding liquid penetration due to 

the higher capillary pressure in the MPL than in the MPS. Presence of an MPL is also to change 

the thermal resistance of the MEA, modifying the local temperature at the GDL/CL boundary 

thus the amount of liquid water in the MEA. The fuel cell can thus tolerate higher gas hydration 

and higher water production when subjected to large currents. Another expected effect of this 

operational parameter is the nature of transport phenomena as explained as follows. The two 

GDLs exhibit very different permeability values; through plane transport in 34 BA being nearly 

2 orders larger than that in 29 BC [25] due to the presence of the MPL. Therefore, it may be 

considered that whereas convection phenomena are of appreciable importance in the 34 BA 

GDL far from the electrode surface, diffusion becomes predominant in the 34 BA-electrode 

interface. On the contrary, gas transfer in the 29 BC MPL is to occur nearly exclusively by 

diffusion. 

 

Tests with pure oxygen 
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First, tests were carried out with pure oxygen to avoid diffusion of oxygen in a different gas. 

Although diffusion phenomena induced by local change in pressure can also occur with pure 

oxygen, working without O2 diluting gases in the cathode chamber should allow clearer 

observation of convection phenomena by pressure-induced impedance spectroscopy. To limit 

the significance of liquid water in the cell, the oxygen stoichiometric factor was set at 11.9. As 

a matter of fact, it was estimated from mass balances that approx. 22% of the water leaving the 

cathode chamber was in the liquid form whatever the GDL tested. As shown in Figure 2a, the 

modulus of the voltage-over-pressure impedance with 34 BA was approx. 20% larger below 80 

mHz than with 29 BC whereas the comparison was inverted for larger frequencies. At low 

frequency, the observed comparison can be the fact of more troublesome transport of liquid 

water in the fuel cell, in spite its moderate significance. The indirect negative effect of liquid 

water on gas transfer rates was also observed using EIS by Owejan et al. [26]. For larger 

frequencies, the easier convection phenomena with MPL-free 34 BA are to result in lower 

impedance moduli, as observed by experiments (Figure 2a). Nevertheless, the differences in 

impedance are moderate and so is its modulus, below 0.6 µV Pa-1 with either of the GDLs 

tested. With regards to the phase shift, the absence of diffusion phenomena of oxygen in 

nitrogen causes moderate variations of the phase shift as observed previously [17], being in the 

range +5 / -15° with 29 BC GDL (Figure 2b). By using 34 BA GDL, the phase shift peaking at 

-30° at 100 mHz, might be related to uneven gas distribution in the coarser structure of this 

GDL. From this series of experiments, convection phenomena can be observed by EPIS moduli 

at frequencies larger than 80 mHz. Characteristic time for gas convection, conv, in the channel 

can be defined as its residence time: from the dimensions of the flow pattern given in Section 

2.1, conv was shown to be near 0.12 s at 0.2 A cm-2. In the GDL, the characteristic time can be 

defined as the ratio of the thickness over the velocity of the reacting gas passing from the 

channels through the GDL, in the order of 1 mm/s at 0.2 A/cm2 [25], thus found in the order of 

0.2 s. Both time estimates are consistent with the above frequency domain for gas convection. 

However, EPIS signals corresponding to occurrence of convection, seem to be of a moderate 

significance, with restricted changes in the impedance modulus and little effect on its phase 

shift.  

 

  Tests with air 
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As observed previously with air, or low O2 containing gas mixtures [5,6], ZU-P modulus remains 

lower than 1 µV Pa-1 at frequencies below 10 mHz (Figure 3). Beyond this frequency, a strong 

increase in ZU-P modulus is observed with the presence of a flat maximum near 400 mHz. In 

both cases, larger modulus was measured with the MPL-free GDL than with 29 BC grade. At 

low frequency, this fact of a moderate significance could be caused by the better water 

management allowed by the presence of the MPL which facilitates transport of liquid water in 

the porous layers. The difference in behavior exhibited by the two GDL becomes more visible 

beyond 10 mHz: whereas the maximum impedance modulus with 29 BC attained 6 µV Pa-1
, the 

modulus with MPL-free 34 BA was measured at 14 µV Pa-1. Moreover, this observation is 

consistent with the lower mass transfer resistance of MEA provided with an MPL as reported 

in [6]. The situation could be aggravated by the presence of liquid water at the cathode - 

although with a fraction only near 22% at the cell outlet- with the two GDLs, but whose 

management is far worse with the MPL-free 34 BA. It is possible that with 34 BA GDL the 

macroporous layer in the vicinity of the electrode be partly obstructed by water droplets, forcing 

the gas to be transported through narrower paths, which is to result in larger ZU-P modulus. The 

phase shift measured with both GDLs was found to decrease nearly linearly with the log of the 

frequency (Figure 3), attaining -210° at 1 Hz, as observed previously for other EPIS 

measurements with air fed to the cathode [17]. 

EIS spectra recorded at 0.2 A cm-2 were affected by the nature of the GDL (Figure 4). The 

poorer water management with 34 BA GDL is shown at high frequency, with larger ohmic and 

charge transfer resistances, likely caused by the uneven distribution of liquid water. Moreover, 

a larger low frequency-loop was also obtained with the MPL-free GDL. Interpretation of the 

spectra using an equivalent circuit model with an overall Warburg element covering finite 

diffusion in the GDL and the catalyst layer (CL), led to a diffusion resistance 65% larger with 

the 34 BA GDL than with the other GDL. 

 

3.2. Effect of air oxygen stoichiometry 

The flow rates of air fed to the cell was varied so that O2 could vary from 1.5 to 4. The cathode 

compartment was provided with a 29 BC GDL. Mass balances in the fuel cell for oxygen and 

water showed that the O2 fraction in the cathode outlet gas varies from 7.0% for O2 = 1.5 to 
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14.6% for O2 = 4. In the meanwhile, liquid water is not present for the highest O2 value but 

was shown to represent 45% of the overall water leaving the cathodic chamber for O2 = 1.5. 

Therefore, increasing the air stoichiometry does not only modify the gas velocity in the channels 

but also through-plane or in-plane flow in the GDL. It is also to affect oxygen concentration 

profiles – thus the rate of diffusion phenomena. 

The EPIS spectra in Bode plots are shown in Figure 5. As observed above with air, ZU-P modulus 

remains in the order of 1 µV Pa-1 at 4 mHz or below, then increases steadily from 10 mHz to 

attain a very flat maximum near 500 mHz (Figure 5a). However, the increase in modulus with 

increasing frequency depends strongly on the air stoichiometric factor: the maximum of the 

impedance modulus being only at 2.5 µV Pa-1 for the largest O2 excess, passed to nearly 

10 µV Pa-1 for O2 = 2.5, and to 27 µV Pa-1 for O2 = 1.5. In the meanwhile, depending on O2, 

the phase shift followed nearly parallel decreasing variations with the frequency (Figure 5b) 

down to values in the order of -200°. Reducing the oxygen excess in the fuel cell is accompanied 

by a shift of the decreasing variation to more negative phase shifts. Conversely, with the highest 

O2 value, the phase remains nearly nil up at 4 mHz, then departs to negative values from this 

frequency. 

Both very high impedance moduli and strongly negative phase shifts were attributed to 

diffusion phenomena from EPIS tests carried out with (N2-O2) mixtures with different O2 

contents and with 29 BC GDL [17]. Such explanation also holds for this series of experiments 

since more rate-controlling diffusion phenomena are to occur when oxygen is highly depleted 

from the gas phase in the fuel cell as for low O2. However, and in spite of its moderate 

significance in this GDL, this might also be the fact of more troublesome convection for low 

stoichiometric factors. An additional factor to be accounted for here, is the appreciable fraction 

of liquid water in the fuel cell for the lowest stoichiometric factor. In such conditions, the porous 

layers and the bipolar plate channels might be partly obstructed by water droplets or puddles, 

forcing the gas to be transported through narrower paths, then making both convection and 

diffusion phenomena more problematic. Combination of the two gas transport phenomena to 

their hindrance by liquid water would cause such high impedance values.  

 

3.3. Effect of the nature of the oxygen diluting gas 
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A 29 BC GDL was mounted in the cathodic compartment. Oxygen content was either at 21% 

or 50% in nitrogen or in helium. For reasons expressed above, the stoichiometric factor for 

oxygen was not at the same levels to maintain the same flow rate of gas for the two dilution 

factors. For both oxygen contents, the divergence between the variations plotted for two diluting 

gases is clearly visible from 100 mHz (Figure 6). Besides, as observed previously with N2-O2 

mixtures [5], ZU-P strongly decreases with the increase in the oxygen molar fraction in helium 

for frequencies larger than 100 mHz (Figure 6).  

For low frequencies, the profiles of the EPIS modulus are little affected by the nature of the 

diluting gas. However, for yO2 = 0.50, measured moduli below 100 mHz were somewhat larger 

with helium than with nitrogen (Figure 6b), being near 0.6 and 0.4 µV Pa-1 at 1 mHz 

respectively. In spite of the small amount of liquid water formed (in the order of 22% at the cell 

outlet), the above observation could be explained by former works on water droplet detachment 

from the GDL surface depending on whether that ambient gas was nitrogen or helium [27]. 

Because of helium’s restricted density, the forces exerted on the droplet resulting to its 

deformation and its more rapid detachment, are less significant than those with comparable O2-

N2 flow in the channel. Thus, nitrogen-based mixtures would appear more efficient than helium-

based mixtures in the evacuation of liquid droplets emerging from the GDL which may result 

in lower ZU-P moduli at low frequency. 

Higher ZU-P moduli were observed for frequencies larger than 100 mHz with nitrogen, with a 

difference in the order of 20%. This difference could be related to the compared oxygen 

diffusion coefficient in the two diluting gases, as well as the GDL permeability in these gases. 

The effective diffusivity of oxygen in He or N2 at the fuel cell temperature and pressure was 

evaluated in the MPS and MPS of the GDL, as well as in the catalytic layer (CL) (Appendix). 

The values obtained reported in Table 2 illustrate the advantages allowed by helium, with O2 

equivalent diffusivity approx. 4 times larger than in nitrogen. Besides, the permeability values 

of the GDL in through plane transport, Kv, for the two pure diluting gases were taken from [25]: 

permeability of the GDL for the gas mixtures was estimated as the weighted average of Kv 

values for oxygen (assumed to be equal to that of nitrogen) and that with the diluting gas. 

Permeability Kv of 29 BC gas diffusion layer was thus constant at 1.97 10-13 m2 in N2-O2 

mixtures whatever the O2 content, and was found at 4.43 and 3.53 10-13 m2 in He-O2 mixtures 

with 21% and 50% O2 respectively. 
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The above positive action of helium in comparison to nitrogen for frequencies larger than 

100 mHz, can be related to former observations made with electrochemical techniques. The 

experimental variations of the voltage with the current density of a small PEM fuel cell [22] for 

various partial pressures of oxygen, were interpreted considering a Koutecky-derived law, 

involving a kinetically controlled current density together with a limiting current density. 

Assuming the same Tafel law for the kinetic term for the two diluting gases, fitting of the data 

yielded limiting current density at 3.62 and 5.75 A cm-2 bar-1 O2 with nitrogen and helium 

respectively. Besides, EIS spectra of the cell fed with fully humidified air or heliox (21% O2 in 

He) were interpreted using the above equivalent circuit model, with a single loop for mass 

transfer phenomena in the various layers. The diffusion resistance involved in the Warburg 

expression for O2 transfer was found near 77 m cm² with helium and 180 m cm² with 

nitrogen. EIS spectra recorded with our fuel cell system reported in Figure 7 also show a larger 

loop at frequencies below 20 Hz for air than for heliox. Interpretation of these spectra yielded 

diffusion resistances respectively at 150 and 269 m cm², in qualitative agreement with the 

spectra recorded by Cruz-Manzo and Greenwood [22]. Moreover, characteristic time  was 

found from Figure 7 to be near 0.148 s with helium and 0.169 s with nitrogen.  

Aside characteristic convection times estimated in Section 3.1 at 0.04 and 0.25 s in the channel 

and through the GDL, the estimates for the diffusion coefficient taking into account Knudsen 

diffusion and reported in Table 2, led to characteristic time for diffusion, diff, using relation 

(A5) equal to 1.8, 17 and 211 ms respectively in the CL, MPL and MPS for nitrogen. With 

helium as the diluting gas, these estimates are approx. three times lower (Table 2). However, 

these estimates for O2 diffusivity in the order of 10-6 m2 s-1, are likely overestimated because of 

the complex morphology of these three layers and of their interface with the possible presence 

of liquid water. From EIS measurements, Kulikovski et al. [28] estimated an overall diffusion 

coefficient in the order of 10-8 ms-1 in the CL, far below the above estimations. The overall 

characteristic time  calculated from Figure 7 is likely the resultant of the combined effects of 

gas transport together with diffusion of oxygen within the ionomeric layer near the catalyst site, 

in accordance with the equivalent diffusion coefficient reported in [28]. The two diluting gases 

tested exhibit nevertheless comparable behaviors, even though the mass transfer resistance in 

EIS is two times larger with air than with Heliox. This stronger difference could also be linked 
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to the difference in GDL permeability to the diluting gases, near 25 % for the case of air and 

heliox in addition to the difference in diffusion coefficient. 

In spite of the above interpretation based on different diffusion coefficient and GDL 

permeability values with the two gases, it has to be recognized that convection and diffusion 

phenomena could not be clearly distinguished from each other from this series of experiments.  

 

4- Conclusion 

Gas transport and transfer phenomena in a PEM fuel cell have been investigated using 

electrochemical pressure impedance spectroscopy for low hydration conditions. Customized 

experiments have been designed and carried out to distinguish EPIS signals from the occurrence 

of convection and diffusion. Convection could be separately tackled by operating the cell with 

pure oxygen: EPIS signals were shown to be of a little intensity in the frequency domain 

10 mHz – 1 Hz, both in their intensity (modulus) and phase shift. Occurrence of diffusion with 

air feed is far more visible by EPIS for frequencies over 10 mHz, as shown by the steady 

decrease of the gas shift from nearly 0° at 1 mHz, to approx. -200° at 1 Hz and by a broad 

modulus peak near 500 mHz. In addition, the level of the modulus maximum is increased by 

higher rate-controlling diffusion, as with low O2 contents in the gas fed to the cathode, or with 

lower stoichiometric factor of air oxygen. Replacing nitrogen by helium of a higher molecular 

diffusivity facilitates oxygen transfer toward the catalytic sites as revealed by the lower EPIS 

impedance modulus at high frequencies, in agreement with EIS spectra. Finally, the signals 

generated by the occurrence of the two gas transfer phenomena (convection and diffusion) 

could be amplified in situation where the (restricted) amount of liquid water in the fuel cell 

hinders gas transport in the porous layers, as observed when using GDL with poor water 

management capacities as with MPL-free gas diffusion layers.  
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Appendix: Estimation of diffusion coefficients of oxygen in the porous media 

The diffusion coefficient of oxygen was calculated in the gas diffusion layer (in both 

microporous substrates, MPS, and MPL) and in the catalytic layer (CL), in addition to 

permeability values of the GDL percolated by the gas mixtures. For this purpose, the binary 

diffusion coefficient DO2,j was calculated using the well-known relationship [29]: 

 𝐷𝑂2,𝑗 =
𝑎

𝑃
[

𝑇

√𝑇𝑐,𝑂2𝑇𝑐,𝑗
]
𝑏
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𝑇𝑐,𝑂2

𝑇𝑐,𝑗
)

5
12⁄

(
𝑃𝑐,𝑂2

𝑃𝑐,𝑗
)

1
3⁄

√
1

𝑀𝑂2
+

1

𝑀𝑗
  (A1) 

with a = 2.75×10-8 m2 s-1, b = 1.823 for non-polar gases, T the temperature in K, P the pressure 

in atm, Mj is the molecular weight for species j in g mol-1, Tc,j and Pc,j are the critical temperature 

and pressure for species j (in atm). Critical temperatures are 154.4 K, 126.06 K and 5.04 K for 

O2, N2 and He respectively. Critical pressures are 49.7 atm, 33.62 atm and 2.26 atm respectively 

for these three gases. The effective diffusivity of oxygen diluted in the gas in a porous medium 

was estimated from the binary diffusion coefficient DO2,j considering the porosity of the 

medium,  (after a Bruggeman’s relationship) and its tortuosity PM: 

  𝐷𝑂2,𝑗,𝑒𝑓𝑓 =
𝜖𝑃𝑀.𝐷𝑂2,𝑗
1.5

𝜏𝑃𝑀
        (A2) 

where PM and PM are respectively the porosity and the tortuosity of the porous medium 

considered. Porosity, tortuosity, and pore diameter dp were respectively taken at 0.60, 2 and 10 

nm for the CL; corresponding values for the GDL components are reported in Table 2. 

Moreover, the Knudsen diffusion coefficient DKn has been estimated in nitrogen and helium 

considering the pore size of the layer considered, dp: 

  𝐷𝐾𝑛 =
𝑑𝑝

3
√
8𝑅𝑇

𝜋𝑀
        (A3) 

where R is the perfect gas constant and M is in kg/mol. The equivalent diffusion of oxygen in 

the diluting gas, DO2,eq, and in the porous medium considered was calculated using 

Bossanquet’s equation [30]: 

  
1

𝐷𝑂2,𝑒𝑞
=

1

𝐷𝑂2,𝑒𝑓𝑓
+

1

𝐷𝐾𝑛
        (A4) 

The equivalent diffusivity of O2 in the two diluting and in the three porous media are reported 

Table 2. In the three porous media considered, O2 equivalent diffusivities is approximately 4 

times larger in helium than in nitrogen. Diffusion characteristic time  in the porous medium 

was calculated after: 

  𝜏𝑑𝑖𝑓𝑓 =
(𝑑𝑝𝜏𝑃𝑀)

2

𝐷𝑂2,𝑒𝑞
         (A5) 
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Porous medium Thickness 

(µm) 

Pore size 

(µm) 

Porosity 

 

Tortuosity 

p (**) 

Permeability 

 (***) (m2)  

34 BA 270 30 0.83 2 3.5 10-11 

 

29 

BC 

Macroporous 

layer  

190 

 

30 

 

0.83  

2 

 

2.7 10-13 

Microporous 

layer 

40 0.06 (*) 0.60 

 

Table 1: Properties of the Sigracet GDLs used. (*) value recommended in [31]; (**) 

Postulated values. (***) Through-plane permeability of the GDL for nitrogen at 20°C 

[25]). 

 

 

Layer Nitrogen Helium  L (µm) diff N2 

(ms) 

diff He 

(ms) 
O2 equivalent diffusivity (m2 s-1) 

MPS 1.67 10-06 6.85 10-06 0.83 190 211 87 

MPL 9.46 10-07 3.69 10-06 0.60 40 17 6.8 

CL 6.42 10-07 2.17 10-06 0.60 10 1.8 0.6 

 

Table 2: Estimated values for the equivalent diffusivities of O2 in the FC conditions of 

temperature and pressure in the different porous media and for the two diluting gases. 

The calculation procedure is reported in the Appendix. 

 

.  
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Figure  

 

Figure 1: Schematic view of the layered structure of one FC compartment, with emphasis on 

MPL and MPS for the case of an aged GDL. 

 

 

Figure 2: Modulus (a) and phase shift (b) of the voltage-pressure impedance of the fuel cell 

operated under pure oxygen (O2 = 11.9) at 0.2 A cm-2, 55°C, with RH = 20 %. 
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Figure 3: Modulus and phase shift of the voltage-pressure impedance of the fuel cell operated 

under air (O2 = 2.5) at 0.2 A cm-2, 55°C, with RH = 20%. Comparison of the two GDLs 

inserted in the cathodic chamber. 

 

 

Figure 4: EIS spectra of the 100 cm2 UBzM FC fed by air and operated at 0.2 A cm-2, 

RH = 20%, O2 = 2.5. Comparison of the two GDLs inserted in the cathodic chamber. 
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Figure 5: Modulus (a) and phase shift (b) of the voltage-pressure impedance of the fuel cell 

operated at 0.2 A cm-2, 55°C, with RH = 20%, with various stoichiometric factors of air 

oxygen.  

 

Figure 6: Modulus of the voltage-pressure impedance of the fuel cell operated at 0.2 A cm-2, 

55°C, with RH = 20%, by changing the O2 content of gas mixture: yO2 = 0.21 in N2 and in 

He (a), and yO2 = 0.50 in N2 and in He (b).  
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Figure 7: EIS spectra of the 100 cm2 UBzM FC fed by air or heliox; 0.2 A cm-2, RH = 20%, 

O2 = 2.5. yO2 = 0.21.  

 

 

 

 

 

 

 

 

 

 

 

 

 


