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Abstract: 

Mass transfer phenomena in membrane fuel cells are complex and diversified, because of the 

presence of complex transport pathways including porous media of very different pore sizes, 

and possible formation of liquid water. Electrochemical impedance spectroscopy, although 

allowing valuable information on ohmic, charge and mass transfer phenomena, may 

nevertheless appear insufficient below 1 Hz. Use of another variable i.e. back pressure as 

excitation variable for electrochemical pressure impedance spectroscopy is shown here a 

promising tool for investigations and diagnosis of fuel cells. 

 

Keywords: Impedance spectroscopy; Pressure oscillations; Fuel cells; Mass transfer 

phenomena; Liquid water. 

(*) Correspondence: Dr. François Lapicque  francois.lapicque@univ-lorraine.fr 

 

 

  



Page 2 
 

Introduction to transfer phenomena investigations in fuel cells 

Polymer electrolyte membrane fuel cells (PEMFC) in addition to being an attractive system for 

energy conversion, represent a huge research area for electrochemists and engineers, combining 

electrode mechanisms and kinetics to transport or transfer phenomena in the various porous 

media and flow channels of the cell. Progress in the understanding of the physical phenomena 

involved, actually allowed progressive, however huge improvement in fuel cell performance 

and efficiency. The porous materials in PEMFCs comprise the catalyst layer formed by a 

nanostructured carbon material supporting the catalyst clusters, and the gas diffusion layer in 

contact to the bipolar plates, which allow gas distribution in the fuel cell. In most current 

technologies, gas diffusion layers are carbon-based and consist of a macroporous substrate with 

10-30 µm pores with a microporous layer directly in contact with the catalyst layer. 

Modelling of the fuel cell core was initiated in the 1980s through the description of porous 

electrodes, where the catalyst is in the form of a thin film on the surface of the pores, or as 

agglomerates in a parallel-piped porous structure [1, 2]. Numerous works published since then 

could refine the pioneering approaches for more accurate representation of the catalyst layer [3-

5], before more complete theoretical works could integrate physical phenomena occurring in 

the non-reactive gas diffusion layer.  

 

Electrochemical impedance spectroscopy (EIS) for mass transfer phenomena in PEMFC 

EIS featuring the ratio of complex voltage over current fluctuations over a large range of 

frequencies can show the occurrence of ohmic phenomena for frequency on the order of 1 kHz, 

charge transfer at lower frequencies, then mass transfer phenomena for frequencies at the Hz 

level or below. As for other electrochemical systems, EIS spectra of fuel cells in the Nyquist 

plot often consist of two main loops – with possible overlapping -, the first one in the high 

frequency range expressing finite charge transfer rates while the second one is usually believed 

to be related to control by mass transfer phenomena [4], [6-9]. The most simple model for mass 

transfer derives from Fick’s second law, whose complex impedance solution involves a 

resistance, the value of which expressing the significance of mass transfer control, and a time 

constant indicating on the frequency range for this loop. This time constant, which is given as 

the ratio of the square of a characteristic length and the effective diffusivity of the 

electrochemical species, indicates on the frequency range of the mass transfer phenomenon. 



Page 3 
 

The above ideal description of Nyquist EIS spectra does not hold in all cases, because of the 

occurrence of more complex processes as discussed here. 

Mass transfer processes in fuel cells cover various physicochemical phenomena in the different 

cell components, involving gaseous reactants or the water produced, as exemplified below. 

 In the catalyst layer, in addition to the refined modelling approaches of the catalyst layer, 

one can mention use of EIS for evaluation of improved catalyst layer deposition [10], or 

fundamental investigations on the importance of the nature of the pore filling liquid [11] or 

the specific roles of catalyst clusters and carbon support [12]. Moreover, in addition to its 

transport in the catalyst layer pores, the reacting gas dissolves in the thin ionomeric layer 

attached to the catalyst cluster for possible charge transfer, accompanied by H+ transfer: the 

set of process is often viewed by EIS as an overall single phenomenon, with signature in 

the high-frequency loop. The lumped nature of the charge and mass transfer in the catalyst 

layer often results in a single loop in the Nyquist plot, making its interpretation uneasy or 

little accurate. Aside mass transport, adsorption of intermediate species such as hydrogen 

peroxide or platinum oxides on the electrode surface [9, 13], is known to result in an 

inductive small loop below 1Hz 

 Whereas gas transport in the channels of the distribution (bipolar plates) is often a fast 

process, it is often believed to be rate-controlling in the gas diffusion layer structure. Linked 

to the gas permeability and the pore size, gas transport rates in the MPL – often reported as 

helping in the water management in the cell [14-16] are to differ strongly from those in the 

macroporous substrate. Modeling the overall transfer rates for a microporous layer-coated 

substrate by a single time constant approach can reveal as inefficient, because of very 

different pore size distributions and permeability exhibited by the two layers [17]. 

 Whereas drying conditions have to be avoided, presence of liquid water (flooding) can be 

problematic as hindering gas transport, and even hazardous for fuel cell operation and 

durability. EIS has been proven an efficient diagnosis for occurrence of both undesired 

situations. In essence, drying is observed by increased impedance in the whole frequency 

range, whereas only the low frequency loop in the Nyquist plot is enlarged by occurrence 

of flooding [18-20]. Besides, liquid flow in the cell is per se discontinuous, as slug flow in 

the channels and being an “eruptive” transport in the carbon layers [21, 22]. Because of the 

little deterministic nature of liquid transport, Roy and Orazem [23] developed a stochastic 

approach in EIS, flooding being revealed by far larger EIS data scattering at a fixed 

frequency. 
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EIS is usually not conducted alone to characterise the operation or the state of health of fuel 

cells: other electrochemical techniques e.g. voltage measurement at fixed current density (cd), 

cyclic or sweep voltammetry are routinely employed in complement to EIS, as well as –more 

recently - estimation of the limiting cd [10, 24]. Mechanical, analytical, spectroscopic and 

microscopic techniques can help in establishing reliable diagnosis on a fuel cell [25, 26]. In 

particular, the significant issue of liquid water in the cell structure can benefit from 

spectroscopic techniques e.g. NMR [27], neutron imaging and synchrotron X-ray. Synchrotron 

X-ray can provide local saturation in liquid water with image resolution below 10 µm in gas 

diffusion layer and electrode structures [20], [28-30], in particular revealing far higher 

saturations over the ribs than over the channel [31]. 

EIS although powerful may appear insufficient to explore mass transfer phenomena because of 

the often limited information drawn from spectra in the low frequency domain. Besides, in some 

cases, an inductive loop below a few Hz often corresponds to adsorption processes, which can 

interfere with the signature of mass transfer phenomena.  

Impedance spectroscopy in electrochemistry is not restricted to correlation of current and 

potential: other physical variables have successfully used such as pulsation of velocity in 

electrohydrodynamic impedance [32], or the sine weight fluctuations monitored by a quartz 

balance upon potential modulation [33]. Moreover, it has recently been suggested to extend 

dynamic diagnostics in cells with gaseous reactants or products to the pressure at the cell outlet. 

This led to the concept of electrochemical pressure impedance (or pressure-induced 

electrochemical) spectroscopy (EPIS) introduced by Hartmann et al. [34]. Development of this 

promising technique for investigations of low frequency phenomena occurring in a fuel cell is 

introduced below. 

 

Pressure-induced impedance spectroscopy for fuel cell behaviour in the low frequency 

range 

Gas pressure is known to be an asset to performance of fuel cells: increase in the pressure has 

a positive effect on the zero-current cell voltage, exchange current density and mass transfer 

rates [35, 36]. The dynamics relationship between pressure and the cell voltage was shown in 

[37, 38] for the case of sodium-air batteries, with various impedances defined between two 

variables amongst voltage, current and pressure, the third one being kept constant. The potential 

of EPIS was soon confirmed by simulation [38], before EPIS – here defined as the ratio of 
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voltage fluctuations over back pressure oscillations, ZV/p - was successfully performed on a fuel 

cell using a loudspeaker to generate pressure oscillations below 100 Hz [39], although the 

experimental spectra were presumably subject to considerable noise. 

EPIS: the techniques used 

Because of the above limitations of EIS for frequencies below 1 Hz for distinct analysis of mass 

transfer phenomena, EPIS has been investigated through experiments and simulations in view 

to evaluating its potential as accurate diagnosis tool with distinct analysis of rate-controlling 

mass transfer processes below 1 Hz.  

Experimental EPIS spectra were recorded in a 100 cm2 single FC (UBzM) installed in a fully 

equipped test bench, for operation at controlled back pressure, with sustained fluctuations of 

the cathode outlet and at constant current [40]. Air was humidified at various levels in 

thermostated double-walled vessel. Stoichiometry factors for H2 and air O2 at 1.2 and 2.5 

respectively, and the cell was operated at 55°C with a steady pressure at 1.15 bar. The whole 

system was controlled a D-space card with Matlab-Simulink environment. Fluctuating response 

of the potential was recorded. Back pressure amplitude was carefully selected depending on the 

frequency in the range 1 mHz – 1 Hz to allow linear behaviour of the system through low 

distorted voltage signal, and appreciable voltage amplitude [40]. In complement, an EPIS model 

based on the in-house code DENIS [38, 41] with a (1D+1D) model has been developed, with 

Navier-Stokes equation for gas transport in the channels and diffusion-convection equation in 

the gas diffusion layers [41, 42]. The electrode is considered as flat at the membrane interface, 

and water transport in the membrane covers electroosmotic drag and back-diffusion. 

Preliminary results and conclusions 

Comparison of EIS and EPIS is shown on an example in Figure 1 in both Bode and Nyquist 

plot. The modulus of ZV/p exhibits a sigmoidal variation with the frequency, being at a fraction 

of µV/Pa at a few mHz and attaining 5 µV/Pa at 1 Hz. In agreement with data in [37], the phase 

shift angle decreased regularly from nearly 0° at 1 mHz to approx. 190° at a Hz. On the contrary, 

corresponding EIS spectra ZV/I exhibit conventional profiles (Fig. 1c and d), in particular 

showing very little changes below 1Hz. 

Water management investigations in the test bench showed that for low air humidification 

(RH=20%), no liquid water is formed in the cell, whereas for fully hydrated air, the production 

rate of liquid formed is nearly proportional to the cd. At low cd, EPIS modulus increases with 

the excitation frequency, with little effect of the hydration level (Fig. 2a). On the contrary, at 
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high cd (1 A/cm2), the presence of liquid water is visible in EPIS spectra below 50 mHz, 

whereas the impedance is far less affected by the relative humidity for higher frequencies (Fig. 

2b). In all cases, the phase shift angle followed similar variations in all hydration and cd 

conditions. 

The pressure dynamics within the cell can be influenced by other system components. We have 

therefore investigated the dynamic ratio of fuel cell inlet over fuel cell outlet pressure, 

𝑍 ( )/ ( ). In the model we have included a 0-D humidifier upstream of the cell. Boundary 

conditions were constant mass flow into the humidifier and oscillating back pressure at fuel cell 

outlet. Figure 3 shows a comparison of experimental and simulated 𝑍 /  spectra. The data show 

a drop in modulus at around 0.1 Hz, associated with a drop in phase angle from 0° to –90°. By 

varying the humidifier volume in the model, we could show that this response is dominated by 

the humidifier. We conclude that the pressure response of balance-of-plant components need to 

be included into the EPIS interpretation. 

These preliminary data show the potential of EPIS for transport/transfer investigation in fuel 

cells in the low frequency domain, which can be a complementary technique with a technology 

based on simple mechanical devices (loudspeakers or pressure valves), far cheaper than 

spectroscopic equipments. 
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Figure 1. Comparison of EPIS measurements at 0.4 A/cm2, air humidified at 55%; T(fuel 
cell) = 55°C; (a) Bode plot (b) Nyquist plot, with EIS measurements (c) Bode plot (d) 
Nyquist plot. The solid lines in Nyquist plots b) and d) are only for illustrative purpose, 
not related to modelling 

 
Figure 2. Modulus of the voltage-over-pressure impedance at two cd levels, depending on 
the relative humidity (RH) of the air injected; (a), top, 0.2 A/cm2; (b), bottom 1 A/cm2   
 
Figure 3. Comparison of experimental and simulated dynamic pressure response 
𝑍 ( )/ ( ) of the fuel cell test bench including the humidifier. Values for the gas phase 

volume are given in liter in the figure. 
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