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Abstract

In this study, an impedance model of a polymer electrolyte fuel cell (PEFC) is considered to 

simulate inductive loops at low frequencies from electrochemical impedance spectroscopy 

(EIS) measurements carried out in an open-cathode PEFC stack. The new impedance model 

proposed in this study is derived from the hypothesis that water vapour transport in the cathode 

catalyst layer (CCL) yields the formation of inductive loops at low frequencies. The impedance 

model of the PEFC considers the impedance model of the CCL reported in a previous study 

and considers an analytical expression for the impedance of water vapour diffusion in the CCL. 

The developed PEFC impedance model is validated with EIS measurements featuring inductive 

loops at low frequencies and carried out in the individual cells comprising an open-cathode 

PEFC stack at two current densities. The parameters related to the impedance of water vapour 

diffusion simulate the inductive loops at low frequencies and simulate a change of the size of 

the impedance spectrum of the PEFC. Therefore, the formation of inductive loops at low 

frequencies can be attributed to not only water vapour transport, but also ionomer 

swelling/shrinking (hydration/dehydration) in the CCL. The impedance model can provide an 

insight into the relation between the trend of the inductive loops at low frequency and the 

change in the phase angle in the EIS measurements which can indicate the hydrated state in the 

membrane-electrode assembly of the individual cells of the open-cathode PEFC stack. 

Keywords: EIS; PEFC; inductive loop; impedance model; water vapour diffusion. 



1.  Introduction.

Polymer electrolyte fuel cells (PEFCs) convert the chemical energy of hydrogen fuel into 

electrical energy through a re-dox electrochemical reaction. The PEFC comprises anode and 

cathode electrodes separated by a polymer electrolyte membrane (PEM). Water is the product 

resulting from the oxygen reduction reaction (ORR) taking part in the cathode. Water 

management plays an important role during the performance of the PEFC as it diffuses in 

vapour and liquid forms from cathode to anode through a difference in concentration between 

the electrodes and transported from anode to cathode through electroosmotic drag (EOD) 

effect. An incorrect water balance could yield dehydration or flooding in the electrodes and a 

decrease in performance in the PEFC. Several operational methods [1,2,3,4] have been carried 

out to study and maintain water balance in the PEFC. Electrochemical impedance spectroscopy 

(EIS) is an in-situ experimental technique to characterise diffusion and electrochemical 

processes in a PEFC. During EIS tests a small oscillating perturbation at different frequencies 

is superimposed on the current-voltage response of the PEFC at steady-state condition and the 

oscillating output response is measured. EIS has been applied to PEFCs to diagnose failures or 

performance deterioration attributed to flooding or drying effects during PEFC operation 

[5,6,7,8]. EIS measurements with positive imaginary components at low frequencies are coined 

inductive loops. Physics-based impedance models [9,10,11,12] and equivalent electrical 

circuits (EECs) [13,14,15,16] have been applied with EIS measurements in PEFCs to relate the 

inductive loops with different processes of the PEFC. The inductive loops in EIS measurements 

have been related to intermediate species during the ORR and water management effects during 

PEFC performance. Schiefer et al. [17] reported EIS measurements in a H2-O2 PEFC operated 

with different relative humidity (RH) and keeping the same humidity level in both inlet gas 

reactants. The size of the inductive loops was reduced with increasing RH. The authors related 

the inductive loops to platinum oxide formation and intermediates formed in the ORR. 

Kosakian et. al. [10] related inductive loops to the water absorption/desorption kinetics in the 

electrolyte of the catalyst layers using a single-phase 2D PEFC impedance model. The authors 

demonstrated that a faster interfacial transport of water yields a lower water content in the 

electrolyte and stronger capacitive behaviour in the catalyst layer. Theoretically, the analysis 

of inductive loops at low frequencies from PEFC-EIS measurements using an impedance 

model should be carried out at a very low frequency e.g. 0.01 mHz to validate the low frequency 

resistive value of the EIS measurements with the DC polarisation resistance estimated from the 

polarisation curve. Nevertheless, it may not be feasible to carry out EIS measurements at very 



low frequencies (the EIS test may take too long) to assess the performance of a PEFC stack 

operated in a real-world application. Even though the inductive loop from PEFC-EIS 

measurements may not be measured at very low frequency e.g. < 0.1 Hz its magnitude could 

still provide relevant information during the assessment of the performance of the individual 

cells in a PEFC stack using EIS.  Niya et al. [18] developed an impedance model of the PEFC 

to understand electrochemical phenomena that yield the formation of the inductive loops in 

EIS measurements at low frequencies and concluded that the magnitude of the inductive loop 

is inversely proportional to the water transport coefficient in the GDL. When the water 

concentration increases in the GDL, there is a reduction in the magnitude of the inductive loop 

at low frequencies with respect to the low frequency loop measured at nominal conditions.

In this study, EIS measurements have been carried out in an open-cathode PEFC stack. The 

open-cathode stack comprises 5 cells with an active area of 65 cm2. Simultaneous impedance 

spectra have been measured in the individual cells comprising the open-cathode PEFC stack. 

Simultaneous EIS measurements allow the assessment in performance of the individual cells 

comprising a PEFC stack [19]. The EIS measurements were carried out at two different current 

densities. Inductive loops at low frequencies were apparent in the EIS measurements and the 

impedance spectrum with the lowest ohmic resistance presents an inductive loop of low size. 

Based on the qualitative assessment and relation between the ohmic resistance and inductive 

loop in the EIS measurements, it is proposed that water transport plays an important role in the 

formation of the inductive loops at low frequencies. An analytical expression to simulate the 

inductive loops in EIS measurements is derived from a water vapour transport analysis in the 

cathode catalyst layer (CCL). The analytical expression representing the diffusion impedance 

for water vapour is based on the Fick’s second law and considers the water concentration in 

the PEM-CCL interface. In addition, it is assumed that water is transformed from liquid to 

vapour and diffused from the PEM-CCL interface to the CCL-gas diffusion layer (GDL) 

interface. The analytical impedance expression for water vapour transport is coupled with the 

impedance model of the CCL reported in a previous study [20]. The PEFC model is fitted to 

the impedance spectra from the cells of the stack. The PEFC impedance model allows the 

simulation of the inductive loops at low frequencies in the EIS measurements from the cells 

comprising the open-cathode PEFC stack. The objective of this study is to assess the formation 

of inductive loops in EIS measurements carried out in an open-cathode PEFC stack through an 

impedance model of a PEFC considering the impedance of diffusion of water vapour in the 



CCL. This study does not aim to demonstrate the best testing practice for measuring 

homogenous EIS in individual cells of an open-cathode PEFC stack. 

2. Experimental

A 5-cell open-cathode PEFC stack with active area of 65 cm2 was operated at a temperature of 

50 °C and hydrogen back-pressure of 0.4 bar.g at two different current densities. The stack was 

operated in a through-flow mode on the hydrogen side. The hydrogen flow rate was 17 × 10 ―3

 at 0.31 A/cm2 and  at 0.47 A/cm2. The inlet and outlet of hydrogen was 𝐿/𝑠 23 × 10 ―3𝐿/𝑠

located at the top of the stack as shown in Fig. 1. For this configuration, cell 1 is located at the 

top and cell 5 at the bottom of the stack configuration. A fan operated with a 24 V supply 

provided air flow as oxidant during the ORR, cooling and water removal. The reference 

temperature was measured through a thermocouple located at the centre of the stack and the 

velocity of the fan was controlled to maintain 50 °C.  

Figure 1. Open-cathode PEFC stack. 

Simultaneous EIS measurements in the cells comprising the PEFC stack were carried out using 

a multi-channel frequency response analyser (FRA). The multichannel FRA (Z#106 

WonATech Co) consisted of five channels and was operated with a programmable load unit 

(Dynaload RBL488) in galvanostatic mode as shown in Fig. 2. The amplitude of the signal 

perturbation during EIS measurements was kept to 5 % of the DC current [21,22] to comply 

with the linearity property of EIS analysis and comply with Kramers-Kronig properties. The 

EIS measurements were carried out with a frequency range from 10 kHz to 0.1 Hz.



Figure 2. Multi-channel frequency response analyser for EIS measurements in the PEFC stack.

The sensing cables from the FRA were directly connected to the flow field plates (FFPs) of the 

individual cells to reduce inductive effects (measurements with positive imaginary 

components) of the measurement hardware at high frequencies [23].

2.1 EIS measurements in open-cathode PEFC stack

Fig. 3 shows the EIS measurements at a current density of 0.31 A/cm2. Cells 2, 3, and 4 present 

the same features and bigger impedance spectra compared to cells 1 and 5. The difference 

between the impedance spectra in the cells could be a consequence of different water, 

temperature and air distribution across the stack [24]. The total ohmic resistance in the PEFC 

has been related to the EIS measurement with imaginary component Z’’= 0 equal to zero at 

high frequencies [21,25] or to the EIS measurement at the highest frequency if inductive effects 

(EIS measurements with positive imaginary components at high frequencies) of the 

measurement hardware are not present in the impedance spectrum [21]. The ohmic resistance 

for cell 5 is lower (lower real component Z’) than the rest of the cells, as shown in Fig. 3. Meyer 

et al. [26] reported a methodology based on the low frequency intercept of EIS measurements 

with the real axis of the Nyquist plot (where the measurements with negative imaginary 

components Z’’ intercept the real component Z’ in the Nyquist plot) for the optimisation during 

operation of an open-cathode PEFC stack, but no EIS measurements in the individual cells of 

the stack were carried out. The EIS measurements featured inductive loops at low frequencies, 

but these were not considered in the analysis. Meyer et al. [26] reported that if the low 

frequency intercept point (negative imaginary component equal to zero Z’’= 0) increases 

significantly more than the purely ohmic resistance at high frequency in the Nyquist plot, then 

it could be attributed to severe dehydration in the catalyst layers which reduces active area 



during the ORR. Meyer et al. [26] also considered that high stoichiometry of air could yield 

fuel starvation and increase in the resistive value related to the low frequency intercept point 

Z’’= 0 of EIS measurements. The increase in impedance spectra shown in Fig. 3 for cells 2, 3 

and 4 could be attributed to a reduction in water content in the CCL which increases the 

resistance for charge transfer during the ORR. 

The proton resistance in the CCL is commonly represented through a 45-degree straight-line 

at high frequencies [27] and represents the opposition to flow of protons (proton resistance) in 

the electrolyte of the CCL. Reshetenko and Kulikovsky [28] investigated the origin of the high 

frequency featured in the PEFC impedance spectrum and concluded that a variation in angle of 

the straight-line in the Nyquist plot at high frequencies can be attributed to an external 

capacitance due to the electric double layer at the carbon/Nafion and carbon/water interface in 

the CCL. This study is only focused on the analysis of inductive loops at low frequencies, 

therefore any variation in angle of the straight-line feature in the high frequency region of the 

impedance spectrum is neglected. A recent study reported by Kosakian and Secanell [29] 

demonstrated that the 45-degree line at high frequencies in the impedance spectrum disappears 

in catalyst layers with high electron and proton conductivities. Fig. 3 shows that the 45-degree 

line at high frequencies and ohmic resistance are shifted towards the left of real axis Z’ for cell 

5 compared to the rest of the cells. This shift in the impedance spectra of cell 5 can be related 

to a higher water content in the membrane-electrode assembly (MEA).

Figure 3. EIS measurements at 0.31 A/cm2 



EIS measurements at 0.47 A/cm2 are shown in Fig. 4. A reduction in the size of the impedance 

spectra at 0.47 A/cm2 compared to the spectra at 0.31 A/cm2 can be observed. This reduction 

in the size of the impedance spectra at 0.47 A/cm2 can be related to an increase in the driving 

force for the ORR process with increasing current density which reduces the charge transfer 

resistance. Figs. 3 and 4 shows that the contribution of an overlapped second semicircle at low 

frequencies (EIS measurements with negative imaginary components) increases with 

increasing current density. The increase in the overlapped second semicircle at low frequencies 

at 0.47 A/cm2 (e.g. impedance spectrum of cell 3 from 4 Hz to 0.3 Hz as shown in Fig. 4) can 

be attributed to an increase in oxygen transport limitation in the CCL-GDL interface which 

hinders the transport of oxygen towards the active sites in the CCL. The size of the impedance 

spectrum of cell 5 was similar to the one from cell 1 as shown in Figs. 3 and 4. This similitude 

can also be related to the EIS measurement at the minimum imaginary component -Z’’ (the 

highest point of the impedance spectrum of cell 1 and 5) shown in Figs. 3 and 4. The similitude 

in minimum imaginary component Z’’ or semicircles at high frequencies of the impedance 

spectra for cells 1 and 5 is related to a similar value in charge transfer resistance. Figs. 3 and 4 

show that the impedance spectrum of cell 5 is shifted towards the left of the real axis Z’ in the 

Nyquist plot and presents the smallest inductive loop. This can be related to a higher water 

concentration in the MEA of cell 5. From Figs. 3 and 4 it can be assumed that the inductive 

loops can be related to water concentration in the CCL and the size of the inductive loops is 

inversely proportional to the water concentration present in the CCL. The value of the ohmic 

resistance is inversely proportional to water concentration in the PEM.

Figure 4. EIS measurements at 0.47 A/cm2 



Kramers-Kronig (K-K) evaluation was carried out in the EIS measurements using the software 

ZMAN (WonATech Co., Ltd.). Fig. 5 shows that the EIS measurements for cell 5 at 0.47 A/cm2 

have consistency with transformed data from K-K. The transformed K-K data simulate a 

straight-line at high frequencies. The EIS data show a flattened feature at the highest frequency 

of the impedance spectrum, as shown in Fig. 5. Inductance of the cables connected to the 

individual cells as shown in Fig. 2 may have contributed to the flattened feature at the highest 

frequency of the impedance spectra shown in Figs. 3 and 4.

Figure 5. Kramers-Kronig transformation in cell 5 at 0.47 A/cm2

From Figs. 3 and 4, it can be observed that the impedance spectra of cells 2, 3, and 4 present 

the same features but their size were higher than the impedance spectra for cells 1 and 5. It is 

possible to propose different hypotheses for the difference in impedance spectra of the cells 

comprising the open-cathode PEFC stack. The increase in the impedance spectra for cells 2, 3 

and 4 can be attributed to a reduction in water content with increasing air flow rate [30,31]. 

The temperature of the stack was measured at a single point (middle cell), but a gradient in 

temperature across the stack is expected. The temperature improves the kinetics of the ORR, 

improves proton conduction in the PEM and yields a reduction in the size of the impedance 

spectrum [32]. Nevertheless, a severe increase in the heat generated during PEFC operation 

could dehydrate the PEM and increase proton resistance [33]. In addition, the diffusion of water 

vapour increases with temperature [34], and water vapour swells the CCL electrolyte and 

increases proton conductivity in the CCL and PEM [35]. The impedance spectrum of cell 5 



was similar to the impedance spectrum of cell 1, but the impedance spectrum of cell 5 is shifted 

towards the left in the real axis Z’ of the Nyquist plot (low ohmic resistance) and presents a 

lower size of the inductive loop. Hydrogen flows from cell 1 to cell 5 and carries water vapour 

and liquid water produced during the ORR and may have increased the water concentration in 

cell 5. Gravity’s effect on water can also change the performance of PEFC stacks [36,37]. Silva 

et al. [38] carried out an in-situ evaluation of degradation in an eight-cell open-cathode PEFC 

stack and reported greater water accumulation in the last cells (bottom of the stack). 

Water management in the PEFC is a complicated process to quantify as different transport 

mechanisms such as water vapour condensation, liquid water evaporation, membrane/ionomer 

absorption and desorption, water transport through the PEM via EOD, back diffusion and 

hydraulic permeation [35] are simultaneously occurring during PEFC operation. Uniform 

current density in stacks can be achieved at a high stoichiometry of gases, but for open-cathode 

systems with dry inlet gases, this can be a challenge. The objective of this study is not to 

demonstrate the best testing practice for measuring homogenous EIS in individual cells of an 

open-cathode stack, but it is to assess the formation of inductive loops in EIS measurements 

carried out in an open-cathode PEFC stack through an impedance model of a PEFC considering 

the impedance of diffusion of water vapour in the CCL. A different study is required to assess 

the difference in impedance spectra (EIS measurements with negative imaginary components 

-Z’’) of the individual cells of the PEFC stack and considering a theoretical analysis for 

temperature gradient, hydrogen distribution, air distribution and vapour-liquid water 

distribution in PEM, GDL, and FFPs, but this is not in the scope of this study. The change of 

the EIS measurements with negative imaginary components -Z’’ or the decrease/increase of 

the size of the overall impedance spectra of the individual cells of the PEFC stack can be 

analysed with EIS measurements carried out in the PEFC stack operated at different 

temperatures. However an improved impedance model that considers electro-diffusion 

phenomena across the different layers comprising the PEFC is needed which is the aim of 

future work.     

Inductive loops of PEFC-EIS measurements should converge with the value of the DC 

polarisation resistance from the slope of the polarisation curve as the frequency is approaching 

zero. The formation of inductive loops in PEFC-EIS measurements can be related to different 

phenomena. In a previous study [39], it was proposed that the formation of inductive loops at 

the lowest frequencies in EIS measurements carried out in an open-cathode PEFC stack was 



attributed to platinum oxidation during the ORR. The same study proposed that the formation 

of the inductive loop was also attributed to hydrogen peroxide formation during the ORR which 

was overlapped with the platinum oxidation process. The platinum oxide process was related 

to EIS measurements lower than 0.1 Hz. In this study, the formation of the inductive loop is 

associated to the impedance of water vapour in the CCL. The inductive loop simulated by the 

impedance model from this study will not be extrapolated to lower frequencies e.g. 1 µHz to 

validate the inductive loop with the DC polarisation resistance from the polarisation curve. The 

reason is due to the inductive loops from the EIS measurements shown in Fig. 3 and 4 at 

frequencies lower than 0.1 Hz may be associated with a different process (e.g. platinum 

oxidation) which is not considered in the developed model from this study. Nevertheless, the 

developed impedance model will be able to provide an insight into the relation between the 

trend of the inductive loops and the phase angle of the EIS measurements which can be 

associated with the hydrated state in the MEA of the individual cells of the open-cathode PEFC 

stack.

 3. Impedance model of the PEFC

EIS measurements are obscured because multi-processes with different time constants can be 

overlapped in the Nyquist plot [40]. By fitting an EEC with EIS measurements, it is possible 

to relate the resistive and capacitive elements of the EEC with different processes of the PEFC. 

However, the increase in number of fitted parameters may yield uncertainties to relate the 

physical processes that are occurring during PEFC performance at different operating 

conditions. The parameters of an impedance model can be estimated from other experimental 

measurements and data from the literature without fitting the parameters with EIS 

measurements [10,41]. If the number of parameters in an impedance model are reduced and 

fitted to EIS measurements, it will be possible to confidently assess the change in impedance 

spectra across the different cells of a PEFC stack. In this study, a PEFC impedance model 

considering the impedance model of the CCL reported in the authors’ previous study [20] and 

considering an analytical expression for the impedance related to water vapour diffusion in the 

CCL is applied to the EIS measurements of the open-cathode PEFC stack to simulate the 

inductive loops in the different cells.

In this study, the EIS analysis is based on the consideration that diffusion of water vapour in 

the CCL yields the formation of the inductive loop at low frequencies. The hypothesis that 



water management in the electrodes yield the formation of inductive loops during EIS 

measurements has been reported in the literature [10,11,16]. An impedance model of the PEFC 

will be applied to the EIS measurements carried out in the open-cathode stack to simulate the 

inductive loops at low frequencies. The following assumptions are considered in the theoretical 

impedance model:

 The mathematical treatment is not focused on the water transport through the whole 

MEA. It is considered that water is transformed from liquid to vapour in the CCL and 

diffused from the PEM-CCL interface to the CCL-GDL interface [42]. Therefore, only 

water generated by the ORR and also transported by EOD to the CCL is considered. 

Back diffusion of water to the anode through the PEM is not considered, but the 

hydrated state in the PEM can be related to the value of the high-frequency resistance 

of the EIS measurements. Therefore, a correlation between the size of the inductive 

loop (water in the CCL) and the value of the high-frequency resistance of the EIS 

measurements (water in the PEM) is expected.

 EIS measurements represent bulk parameters. The diffusive path of water vapour 

through the CCL considers the whole multi-phase network of the CCL (ionomer 

surrounding agglomerates, porous media, etc) and is considered to be higher than the 

CCL thickness. Although this is an oversimplification of the diffusive distance, this will 

allow the simulation of the inductive loops at low frequencies.

 The electrolyte in the CCL is swelled with increasing amount of water vapour [35], and 

this effect could compromise the CCL porosity (mass transport effect) for reactant 

transport into the active sites for ORR. 

 Liquid water transport (capillary effect) in the CCL is neglected [43].

3.1 Impedance model of PEFC (no simulation of inductive loop)

In a previous study [20], the impedance model of the PEFC was reported as such:

                                                                                                     (1)ZPEFC = ROhm +
Rpcoth (𝛾x)

 𝛾



with

                                                                                                     (2)𝛾 = Rp[ 1
RC + ZO2

+ Y(jω)P]

and considering the finite-length Warburg (FLW) component [44,45] as:

                                                                                                               (3)      ZO2 = RO2

tanh ( jωτO2)
jωτO2

            

with oxygen diffusion resistance in the CCL

                                                                                                                              (4)RO2 =
RTδ

z2F2c ∗
O D

where  is the bulk oxygen concentration in the CCL-GDL interface,  is the diffusive c ∗
O δ

distance of oxygen through the CCL, and D is the effective oxygen diffusion coefficient in the 

multi-phase network of the CCL.

The oxygen diffusion time constant in the CCL is given by

        

                                                                                                                                      (5)      τO2 =
δ2

DO2

                                                             

Eq. 1 cannot simulate the inductive loop in the impedance spectrum of the PEFC. Eq. 1 has 

also been considered in further studies [27,46] for analysis of the CCL using EIS measurements 

in PEFCs.  is the Ohmic resistance in the PEFC and accounts for the opposition to the ROhm

flow of protons and electrons in the PEM, GDL, and FFP.  is the charge transfer during the RC

ORR, Y and P are parameters related to constant phase element (CPE) and accounts for the 

capacitance effect in the Nafion/Pt/carbon interface.  is the proton resistance in the Rp

electrolyte of the CCL, j is the imaginary component of a complex number, ω is the angular 

frequency, and x represents the nondimensional thickness of the CCL and for analysis of EIS 

measurements (lumped parameters) is equal to 1. Pure hydrogen was supplied to the anode in 

the open-cathode PEFC stack, therefore the effect of contaminants e.g. CO on EIS 

measurements is neglected [47] and losses related to the hydrogen oxidation reaction (HOR) 



are expected to be minimum. In addition, the anode contribution is neglected in the EIS 

measurements carried out in the open-cathode stack as losses in the anode are expected during 

long-term PEFC operation (e.g. after 250 hours) [48] and during start-up and shut-down events 

[49]. Fig. 6 shows the EEC to represent the impedance equation of the PEFC (Eq. 1). The 

impedance of the CCL can be represented through a transmission line model (TLM) 

considering FLW components as shown in Fig. 6. Touhami et al. [27] considered the TLM 

containing FLW components to characterise oxygen transport limitations in the CCL from EIS 

measurements of PEFCs. The total ohmic resistance  represented in Eq. 1 can be ROhm

represented through multiple resistors connected in series to account for the opposition of 

proton and electron conduction in the PEM, GDL and FFP as such ROhm = RPEM + RGDL + RFFP

. EIS measurements represent lumped parameters in the PEFC and represents a total oxygen 

diffusion resistance in the PEFC. The effect of oxygen diffusion on GDL and FFP influences 

the bulk oxygen concentration  in the CCL-GDL interface represented in Eq. 4). This c ∗
O RO2 (

study is only focused on the analysis of inductive loops at low frequencies associated with 

water vapour diffusion in the CCL. It is possible to include the impedance for oxygen diffusion 

in the GDL [50] and impedance for oxygen diffusion in the FFP [51] into the PEFC impedance 

model represented in Eq. 1. Nevertheless, the increase in the number of parameters in the PEFC 

impedance model could increase the uncertainty whether or not the estimated parameters of the 

impedance model are related to the electrochemical processes occurring during PEFC 

operation.  

Figure 6. Equivalent electrical circuit for EIS analysis. This circuit cannot simulate inductive 

loops at low frequencies in EIS measurements of PEFCs. 



3.2 Impedance for water vapour diffusion in the CCL

An analytical expression for the impedance of water vapour diffusion in the CCL will be 

developed and implemented in the PEFC impedance equation (Eq. 1) previously presented. 

The equation for the water diffusion impedance considers water vapour diffusion across the 

CCL. The maximum current generated in the CCL during the ORR is in the PEM-CCL 

interface [40]. The mathematical treatment for the water diffusion impedance considers the 

transport of water vapour across the variable y and starting from the PEM-CCL interface. This 

variable y represents the diffusion distance for water vapour transport across the multi-phase 

network structure in the CCL as shown in Fig. 7.

Figure 7. Water vapour transport in the CCL.

Fig. 7 shows that water vapour in the CCL is diffused from the PEM-CCL interface to the 

CCL-GDL interface. The analysis does not consider water transport in the whole MEA, 

therefore water back diffusion to the anode through the PEM is not considered. The hydrated 

state in the PEM resulting from water back diffusion can be related to the value of the high-

frequency resistance of the EIS measurements. The transport of water vapour in the CCL 

considering Fick’s second law can be expressed as [52]:

                                                                                                           (6)
∂cH2O(𝑦,𝑡)

∂t = DH2O
∂2cH2O(𝑦,𝑡)

∂y2 +
∂JH2O(𝑦,𝑡)

∂y



where  is the flux of water through the CCL and can be defined as:JH2O

                                                                                                 (7)
∂cH2O(𝑦,𝑡)

∂t = DH2O
∂2cH2O(𝑦,𝑡)

∂y2 +
∂i(𝑦,𝑡)

∂y [ 1
zF +

ϵ
F]

where  is the number of water molecules that are dragged from anode to cathode per ∈

hydrogen ion, F is the Faraday constant and z is the number of electrons consumed for water 

production and i is the current density. The first term inside the brackets of Eq. 7 multiplied by 

the current density represents the water produced during the ORR and the second term inside 

the brackets multiplied by the current density represents the water transported by EOD to the 

CCL.

The Laplace transform s of Eq. 7 can be represented with an initial condition at  t = 0 cH2O(y,0)

 as:= c ∗
H2O

 

                                                                          (8)DH2O
∂2cH2O(y,s)

∂y2 ― scH2O(y,s) = ―
∂i(y,s)

∂y Ψ ― c ∗
H2O

with                                                                                                    Ψ = [1 + z ∈
zF ]

and  is the bulk of water vapour concentration present at the CCL-PEM interface. The bar c ∗
H2O

located over a letter represents the Laplace transform of a variable. For instance,  is cH2O(y,s)

the water vapour concentration in Laplace domain s.

Eq. 8 can be solved using the method of undetermined coefficients for a constant coefficient 

nonhomogeneous linear differential equation as shown in Appendix A:

                                                          (9)𝑐H2O(y,s) = Aexp (λ1y) +Bexp ( ―λ1y) + I + 𝑐 ∗
H2O

with            and         and   I =
1
s

∂i(y,s)
∂y Ψ λ1 = s/DH2O 𝑐 ∗

H2O = c ∗
H2O/𝑠



Water vapour is diffused from high to low concentration. The highest water vapour 

concentration is presented at the CCL-PEM interface as the maximum current distribution in 

the CCL is generated at this interface [40,53]. Evaluating boundary conditions in Eq. 9 for 

water concentration at the CCL-PEM interface at   and water y = 0 𝑐H2O(0,s) = 𝑐 ∗
H2O

concentration at the GDL-CCL interface at    yields:y = 𝛿𝑤 𝑐H2O(δw,s) = 𝑐′
H2O

                                           (10,11)A =
𝑐 ∗

H2O ― 𝑐′
H2O + I[1 ― exp( ― λ1δ𝑤)]

exp( ― λ1δ𝑤) ― exp(λ1δ𝑤) B =
𝑐′

H2O ― 𝑐 ∗
H2O ― I[1 ― exp(λ1δ𝑤)]

exp( ― λ1δ𝑤) ― exp(λ1δ𝑤)

The evaluation of the boundary conditions in Eq. 9 resulted in Eqs. 10 and 11. During the 

evaluation of the boundary conditions in Eq. 9, the parameter  is considered as an independent I

variable to simplify the mathematical treatment. Thereafter, in the derivative of Eq. 9 

considering Eqs. 10 and 11 as represented in Eq. 14, the parameter  is a function of the variable I

y.  Another route for the mathematical treatment would be to consider Fick’s First Law as a 

boundary condition for Eq. 9 as EIS measurements are carried out in PEFCs operated at steady-

state. At steady-state, it is possible to combine Faraday’s Law with Fick’s First Law as such:

                                                                                                                  (12)
i

zF = ― DH2O
∂𝑐H2O

∂y

Eq. 12 can be solved with boundary conditions  and  . Note cH2O(0,s) = c ∗
H2O cH2O(δw,s) = c′

H2O

that these boundary conditions are the same for the solution of Eq. 9:

                                                                                                               (13)
i

zF =
DH2O[c ∗

H2O ― c′
H2O]

δw

The derivative of Eq. 9 with respect to y is:

             (14)
∂cH2O(y,s)

∂y =
∂A
∂yexp (λ1𝑦) + Aλ1exp (λ1y) +

∂B
∂yexp ( ― λ1y) ― Bλ1exp ( ― λ1y) +

∂I
∂y

Substituting Eqs. 10 and 11 with their respective derivatives into Eq. 14 and considering 

hyperbolic trigonometric identities yields:



                (15)
∂cH2O(y,s)

∂y 𝑦 = δw
= λ1I[ 1

sinh (λ1δw) ― coth (λ1δw)] ― λ1coth (λ1δw)[c ∗
H2O ― c′

H2O]

Substituting Eq. 12 and 13 into Eq. 15 yields:

                                                                             (16)
_
i[λ1coth (λ1δw)δw ― 1

zFDH2O ] = λ1I[1 ― cosh (λ1δw)
sinh (λ1δw) ]

Substituting the term,  defined in Eq. 9 into Eq. 16 yields:I =
1
s

∂i(y,s)
∂y Ψ

                                                                  (17)
_
i[λ1coth (λ1δw)δw ― 1

zFDH2O ] = λ1
1
s

∂i

∂yΨ[1 ― cosh (λ1δw)
sinh (λ1δw) ]

The current distribution in the CCL is considered a function of the variable y (distance across 

the multi-phase network structure) shown in Fig. 7 and a function of a Faradaic resistance and 

capacitance.  Considering boundary conditions at the CCL-PEM interface (proton conduction 

in the PEM)  at  and no current (no proton transport in the GDL) at the CCL-GDL 
_
i =

_
i𝑚 𝑦 = 0

interface  at  as such:   
_
i = 0 𝑦 = 𝛿𝑤

                

                                                                                                                 (18)
∂

_
i

∂y = ―
1

δw[ 1
ZFw

+ sCW] _
V

  in Eq. 18 accounts for the capacitance for accumulation of water vapour in the multi-phase CW

network interface (Pt/Nafion, carbon/Nafion, Pt/water, carbon/water and Nafion/pore 

interface) of the CCL. Noting that the parameter Y in Eq. 1 is related to a CPE and accounts 

for the nonhomogeneous accumulation of charge in the Nafion/Pt/carbon interface in the CCL, 

without taking into account the water vapour adsorption in the multiphase interface in the CCL. 

 will be coined “water-vapour capacitance” for simplicity.  is the Faradaic impedance CW ZFw

associated to the binary oxygen-water vapour transport in the CCL during the ORR.

Substituting Eq. 18 into Eq. 17 and re-arranging it and considering that  and λ1 = s/DH2O

considering the transformation between the Laplace space and Fourier space  as such:s = jω

yields:



                                                                                        (19)ZWv =
~
V
~
i

= ― GW
jωτwcoth ( jωτw) ― jωτw

[1 ― cosh ( jωτw)
sinh ( jωτw) ](1 + z ∈ )

with     

                                                                                                                     (20)GW =
ZFw

1 +  ZFwjωCW

and

                                                                                                                                (21)τW =
δW

2

DH2O

Eq. 19 represents the impedance related to water vapour diffusion considering Faradaic 

impedance  and capacitance  under the influence of water vapour in the multi-phase ZFw CW

network interface of the CCL. Eq. 21 is the time constant for water vapour diffusion in the CCL 

where  is the finite diffusion distance (coordinate y in Fig. 7) for water vapour diffusion in 𝛿𝑤

the CCL and  is the water vapour diffusion coefficient. Eq. 19 is coined as the diffusion DH2O

impedance of water vapour in the CCL and simulates the inductive loop of EIS measurements 

at low frequencies.  

3.3 PEFC impedance model with diffusion impedance for water vapour in the CCL

A pore scale model of the CCL was reported by Lange et al. [54]. The reported model 

considered a continuity equation for oxygen diffusion and water vapour transport in the CCL. 

The model also considered continuity equations for proton and electron conduction in the CCL. 

The impedance of the CCL to simulate inductive loops could be derived by considering the 

equations reported by Lange et al. [54] in the frequency domain. Bard and Faulkner [55] 

reported that the electrode reaction can be represented by a series or resistances connected in 

series representing the different reaction steps. For instance, sum of charge transfer resistance, 

mass transport resistance and resistance associated with a preceding reaction. The impedance 

of the water vapour diffusion (Eq. 19) can be added to the charge transfer resistance and oxygen 

diffusion impedance in the equation representing the CCL impedance (Eq. 1) as such:



                                                                                                      (22)ZPEFC = ROhm +
Rpcoth (β)

 β

with

                                                                                                      (23)β = Rp[ 1
RC + ZO2 + ZWv

+ Y(jω)P]

Eq. 22 can simulate EIS measurements with inductive loops at low frequencies. It combines 

Eq. 1 which considers the impedance of the CCL with Eq. 19 related to the impedance of water 

vapour diffusion. The EIS measurements shown in Figs. 3 and 4 do not present positive 

imaginary components at high frequencies (inductance of the measurement system), therefore 

the ohmic resistance  from Eq. 22 can be calculated by considering the real component Z’ ROhm

of the EIS measurement at the highest frequency (10 kHz). The parameter  related to the ∈

number of water molecules dragged by EOD can be taken from the literature [56]. Eq. 22 can 

be represented through the EEC shown in Fig. 8. Eq. 19 can be represented in terms of a 

negative capacitance  and negative Faradaic impedance . Klotz [57] demonstrated that CW ZFw

inductive loops at low frequencies can be reproduced by EECs comprising a negative 

capacitance and a negative resistance. In a previous study [58], the same EEC configuration as 

shown in Fig. 8 was considered to simulate inductive loops in a 4-cell open-cathode PEFC 

stack, but the impedance of a Randles circuit considering negative capacitance and negative 

resistance to account for intermediate-species during the ORR was connected in series with the 

Warburg impedance  and the charge transfer resistance RC instead of the analytical ZO2

expression ZWv for the impedance of water vapour diffusion in the CCL.



Figure 8. Equivalent electrical circuit to simulate inductive loops in EIS measurements of 

PEFCs.

4. Validation and results

The PEFC impedance models represented in Eq. 1 and Eq. 22 were fitted to the EIS 

measurements shown in Fig. 3 and 4. The fitting process between the PEFC impedance model 

with the EIS measurements is carried out in Matlab® software. The quality of the fit can be 

assessed through the real and imaginary relative residuals of the simulated and measured 

impedance data. Eqs. 24 and 25 represent the average of the real and imaginary relative 

residuals of the simulated and measured impedance data. Eqs. 24 and 25 have been adapted 

and considered from the study of Song et al. [59]. 

                                                                                     (24)∆ZR =
1
K∑

k

ZRdata(ωk) ― ZRmodel(ωk)

|Zdata(ωk)|                   

                                                                                                       (25)∆ZI =
1
K∑

k

ZIdata(ωk) ― ZImodel(ωk)

|Zdata(ωk)|

where K is the number of experimental frequencies ω,  is the measured EIS data,  Zdata ZRdata

and  are the real and imaginary components of the measured EIS data and corresponding ZIdata

to the frequency ωk,  and  are the real and the imaginary components from the ZRmodel ZImodel

simulated impedance response and correspond to the frequency ωk.



The fitting process was carried out in two steps. In the first step, the fitting process was carried 

out by fitting Eq. 1 with the EIS measurements. In the second step, the impedance model 

represented through Eq. 22 was fitted to the EIS measurements, but considering values of the 

parameters estimated by Eq. 1.

4.1 Results with Eq. 1 (no inductive loop)

The number of fitting parameters in Eq. 1 were six as the value of the ohmic resistance  ROhm

was considered to be the real value of the EIS measurements at the highest frequency 10 kHz.

Fig. 9 shows the resulting impedance spectra from fitting Eq. 1 with the EIS measurements of 

cells 1, 3 and 5 at 0.31 and 0.47 A/cm2. It is not possible to reproduce the inductive loops of 

the EIS measurements with Eq. 1. In a previous study [60], it was demonstrated that inductive 

loops shrink the impedance spectrum where the negative imaginary component -Z’’ intercepts 

the real component Z’ at low frequencies. 



Figure 9. Comparison between simulated (Equation 1) and measured EIS for cells 1, 3 and 5, 

a) 0.31 A/cm2, b) 0.47 A/cm2

Table 1 shows the resulting parameters from fitting Eq. 1 with the EIS measurements of cells 

1, 3 and 5 at 0.31 A/cm2 and 0.47 A/cm2. The charge transfer resistance  during the ORR RC

decreases with increasing current density. The transport resistance for oxygen  to reach the RO2

active sites in the CCL increases with increasing current density. The charge transfer resistance 

 and oxygen transport resistance  are commonly represented with the diameter of the RC RO2

semicircles present at high and low frequencies in EIS measurements with no inductive loops 

[45]. The values of  and  shown in Table 1 represent the diameter of two overlapped RC RO2

semicircles (measurements with negative imaginary components -Z’’) at high and low 

frequencies from the EIS measurements shown in Fig. 9. The order of magnitude  of the 10 ―1

oxygen diffusion time constant  shown in Table 1 has been reported in the literature from τO2

EIS measurements in PEFCs [45,61]. The calculation of the oxygen diffusion coefficient  DO2

in the CCL from EIS measurements is not straightforward because the effective oxygen 

diffusion coefficient represents the diffusion of oxygen in the multi-phase structure of the CCL 

such as gas-diffusion in the electrode-pore, dissolved oxygen diffusion in the liquid water 

surrounding the agglomerate, and dissolved oxygen in the ionomer phase [62]. The diffusion 

time constant  shown in Table 1 suggests that the main transporting phase of oxygen in the τO2

CCL is through the ionomer-Pt/C agglomerate. This is supported by considering the diffusion 

coefficient of oxygen in the ionomer phase as  [45] and considering the 8 × 10 ―10𝑚2/𝑠

thickness of the CCL e.g. 10-20 µm in the oxygen diffusion time constant (Eq. 5).



Table 1. Estimated parameters of Eq. 1 from EIS measurements 

RC

Ω.cm2

Y

sP/ Ω.cm2

P 𝐑𝐎𝟐

Ω.cm2

𝛕𝐎𝟐

s

0.31 A/cm2

Cell 1 0.2983 0.036 0.9091 0.0841 0.1622

Cell 3 0.3403 0.0347 0.8909 0.0831 0.1441

Cell 5 0.3063 0.036 0.9091 0.0721 0.1261

0.47 A/cm2

Cell 1 0.2723 0.0414 0.8909 0.1081 0.1261

Cell 3 0.2973 0.0385 0.8909 0.1161 0.1441

Cell 5 0.2613 0.0419 0.9091 0.1071 0.1261

4.2 Results with Eq. 22 (simulation of inductive loops). 

The number of parameters in Eq. 22 to be fitted with EIS measurements increased with respect 

to the number parameters represented in Eq. 1. Considering more parameters during the fitting 

process could increase the uncertainty of whether or not the estimated parameters of the 

impedance model are related to the electrochemical processes occurring during PEFC 

operation. Pivac et al. [13] fitted an EEC with 11 parameters with EIS measurements of a PEFC 

to simulate impedance spectra presenting inductive loops at low frequencies. Meyer et al. [63] 

considered the same EEC reported by Pivac et al. [13] and fitted the 11 parameters of the EEC 

with EIS measurements of a PEFC to analyse oxygen starvation during carbon corrosion.

The parameters , , , and CW of Eq. 22 were fitted to the EIS measurements and keeping RO2 R𝐶 τw

constant the rest of the parameters shown in Table 1 and considering that  in ZFw = RC + ZO2

Eq. 20.  is the Warburg impedance for oxygen diffusion defined in Eq. 3. This consideration  ZO2

allowed the reduction of fitted parameters in Eq. 22 for the simulation of the EIS measurements. 

A comparison between the fitted impedance spectrum using Eq. 22 and EIS measurements is 

shown in Fig. 10. The PEFC impedance model represented in Eq. 22 can simulate the EIS 

measurements and inductive loops at low frequencies for cells 1, 3, and 5 at 0.31 and 0.47 

A/cm2. The goodness of the fit is evaluated by the average of the real (Eq. 24) and imaginary 

(Eq. 25) relative residuals. The sum of Eqs. 24 and 25 resulted in the values ∆Z = ∆ZR + ∆ZI 



shown in Table 2. A good quality fit is obtained when the real and imaginary relative residuals 

have a minimum value.

Figure 10. Comparison between simulated (Equation 22) and measured EIS for cells 1, 3 and 

5, a) 0.31 A/cm2, b) 0.47 A/cm2

Table 2 shows the values of the estimated parameters by fitting the PEFC impedance model 

(Eq. 22) with the EIS measurements of cells 1, 3 and 5 at 0.31 A/cm2 and 0.47 A/cm2. The 

values of  shown in Table 2 (estimated from Eq. 22) were lower than the ones shown in RC

Table 1 (estimated from Eq. 1). The values of  shown in Table 2 (estimated from Eq. 22) RO2

were higher than the ones shown in Table 1 (estimated from Eq. 1). This reduction in   and RC



increase in  in Table 2 compared to the values shown in Table 1 can be related to the fact RO2

that the estimated parameters shown in Table 2 and Eq. 22 are linked to the impedance of the 

water vapour diffusion in the CCL.  has been derived in a previous study [20] and is directly RC

proportional of the Tafel slope with . Xu et al. [64] reported an increase of the Tafel RC = b/Icell

slope when a PEFC was operated at dry conditions. The electrolyte in the CCL is swelled with 

increasing amount of water vapour [35]. If the electrolyte is swelled, the ORR is increased 

because the oxygen diffusion rate and proton conduction through the ionomer surrounding the 

agglomerates in the CCL increase [65]. But it can also compromise porosity in the CCL and 

increase oxygen transport limitation in the porous media of the CCL. 

Pivac et al. [13] reported an EEC to simulate the impedance response of a PEFC comprising 

inductive loops at low frequencies. A cathode catalyst layer capacitance C4 was presented in 

the EEC and increased with increasing RH of the gas reactants. In addition, the cathode catalyst 

layer capacitance was reported as  for EIS measurements carried out in the C4 = 1.3910 F/cm2

PEFC operated at 50 °C and represents the same order of magnitude of the capacitance  CW

shown in Table 2. Fig. 11 shows the multi-phase network interface during the ORR. The water 

vapour can increase the capacitance between different interfaces in the CCL where Reshetenko 

and Kulikovsky [28] considered a capacitance attributed to the carbon-water interface in an 

impedance model of the CCL.

Figure 11. Multi-phase network interface of the CCL

The time constant for water vapour diffusion  shown in Table 2 resulted in two orders of τw

magnitude higher than the calculated value with Eq. 21 considering the water vapour diffusion 

coefficient in the porous media reported in the literature as  [42] and DH2O = 2.8 × 10 ―8𝑚2/𝑠



CCL thickness of 20 µm. The magnitude of the parameter  shown in Table 2 can be attributed τw

to one of the following hypotheses: 

1. The diffusion distance  for water vapour transport in the CCL is directly proportional δW

to the diffusion time constant  as expressed in Eq. 21. The estimated time constant τw

for water vapour diffusion  shown in Table 2 is not a function of CCL thickness, but τw

a function of the diffusive path of water vapour in the CCL extending from the CCL-

PEM interface to the CCL-GDL interface as depicted in Fig. 7. This diffusive path 

should be higher than the CCL thickness and considers the multi-phase network of the 

CCL as water vapour can diffuse through the open space and interact within the 

ionomer of the CCL. 

2. The time constant  for oxygen diffusion shown in Table 1 and estimated from Eq. 1 τO2

suggests that the main transporting phase of oxygen in the CCL is through the ionomer-

Pt/C agglomerate. Eq. 22 relates the impedance of water vapour diffusion in the CCL, 

therefore the time constant  for oxygen diffusion in Eq. 22 should be also related to τO2

the binary oxygen-water vapour transport in the CCL. The fitting process of Eq. 22 

considered the value of  from Table 1. This allowed the reduction of the number of τO2

fitted parameters in Eq. 22. However, this could have resulted in the overestimation of 

the time constant for water vapour diffusion . The time constant for binary oxygen-τw

water vapour transport in the CCL should be smaller than the time constant for oxygen 

transport in the ionomer phase of the CCL because the binary oxygen-water diffusion 

coefficient,  [66] is higher than the oxygen diffusion coefficient in the 10 ―5𝑚2/𝑠

ionomer of the CCL,  [45]. The value of  may be overlapped with the 10 ―10𝑚2/𝑠 τw

time constant of another diffusion mechanism not considered in the mathematical 

treatment and represented in the EIS measurements. For instance, the diffusion of 

oxygen in the water film of the catalyst layer has been reported to be  2 × 10 ―9𝑚2/𝑠

[45].

3. Klotz [57] proposed that the characteristic time constant  of an electrochemical τLoop

process represented as an inductive loop would be related to the frequency where the 

imaginary component Z’’ shows a maximum positive value in EIS measurements at 

low frequencies. If the phenomena related to water vapour diffusion are considered to 



represent the inductive loop in the lowest frequency range of EIS measurements e.g. 

0.3-0.1 Hz as shown in Fig. 4, then the mechanisms of water vapour diffusion should 

consider a high value in the time constant . Physics-based impedance models τw

[9,10,11,12] have been derived to understand the nature of the inductive loops in PEFC-

EIS measurements, but none have related the inductive loop to a characteristic time 

constant  of the electrochemical process. Pivac et al. [13] reported an EEC τLoop

comprising inductors, resistors and capacitors to predict PEFC-EIS measurements 

featuring inductive loops at low frequencies. The time constant associated to the 

inductive loop in the study of Pivac et al. [13] considering the reported resistor 

 and inductor  estimated at 50 °C cell 𝑅4 = 0.0856 𝛺𝑐𝑚2 𝐿4 = 0.8919 𝐻𝑐𝑚2

temperature can be calculated as .τLoop = 𝐿4/𝑅4 = 10.42 𝑠

4. The diffusion of water vapour in the porous media of the CCL has been reported with 

an order of magnitude of  [42]. The diffusion time constant of water vapour 10 ―8𝑚2/𝑠

represented in Table 2 represents the average of the diffusion properties of water vapour 

transport through the gas-diffusion in the electrode-pore, dissolved oxygen diffusion in 

the liquid water surrounding the agglomerate, and dissolved oxygen in the ionomer 

phase in the CCL. Diffusivities of water in Nafion have been reported with an order of 

magnitude of  [67]. This order of magnitude of the diffusion coefficient 10 ―10𝑚2/𝑠

within the CCL thickness of 20 µm yields the magnitude of the time constant  τw

expressed in Table 2. Under this consideration, the value of  could be related to water τw

vapour interaction with the ionomer of the CCL as shown in Fig. 11.

Table 2. Estimated parameters of Eq. 22 from EIS measurements 

RC

Ω.cm2

Y

sP/ Ω.cm2

P 𝐑𝐎𝟐

Ω.cm2

𝛕𝐎𝟐

s

𝛕𝐰

s

𝐂𝐖

F/ cm2

∆𝐙

0.31 

A/cm2

Cell 1 0.1982 0.036 0.9091 0.1171 0.1622 1.4014 7.6577 0.045

Cell 3 0.1932 0.0347 0.8909 0.1442 0.1441 1.5614 6.5563 0.062

Cell 5 0.2342 0.036 0.9091 0.0901 0.1261 1.3514 9.9099 0.037

0.47 

A/cm2



Cell 1 0.1622 0.0414 0.8909 0.1441 0.1261 1.3916 6.7063 0.06

Cell 3 0.1532 0.0385 0.8909 0.1712 0.1441 1.5315 5.8054 0.058

Cell 5 0.1892 0.0419 0.9091 0.1171 0.1261 1.5815 10.1604 0.066

Parameters from Table 1 were considered in the impedance model of the PEFC (Eq. 22) to 

reduce the number of parameters to be fitted within the EIS measurements. Nevertheless, the 

parameter  may be overlapped with a different process (water vapour and ionomer τw

interaction) or a process not considered in the mathematical treatment (oxygen diffusion in the 

water film surrounding the agglomerate) and present in the EIS measurements. The reduction 

of the number of fitted parameters in Eq. 22 could also be achieved by estimating parameters 

such as Tafel slope, diffusion coefficient for binary oxygen-water vapour transport, diffusion 

of water vapour, and capacitance from other electrochemical tests e.g. polarisation curves, 

cyclic voltammetry, chronoamperometry tests [68]. 

Even though the estimated parameter  shown in Table 2 may not be able to provide straight τw

information about diffusion mechanisms of water vapour in the multi-phase network structure 

of the CCL, the trend or change in percentage values of  and together with the parameter CW τw

could provide valuable information about a correlation between the size of the inductive loops 

and the hydrated state in the MEA in the cells comprising the open-cathode PEFC stack. This 

will be analysed in the next section.

4.3 Effect of  and  on the impedance spectrum.𝛕𝐰 𝐂𝐖

The spectrum labelled as “Nominal” in Fig. 12 resulted from fitting Eq. 22 within the 

impedance spectrum of cell 1 at 0.47 A/cm2. Fig. 12 shows the simulated effect of increasing 

and decreasing the values of parameters  and  shown in Table 2 on the impedance τw CW

spectrum. The rest of the parameters from Eq. 22 and shown in Table 2 for cell 1 at 0.47 A/cm2 

were kept constant during the simulation shown in Fig. 12. Fig. 12 demonstrates that it is 

possible to simulate the change in size of the full impedance spectrum by increasing or 

decreasing only the parameters  and  from the PEFC impedance model represented in Eq. τw CW

22. Increasing the value of  or decreasing the value of  yields an increase of the impedance τw CW

spectrum and vice versa. The increase in parameter  yields an increase in the inductive loop τw

at low frequencies and the impedance spectrum as shown in Fig. 12a and can be related to a 

higher effective diffusion distance . The increase in the value of the parameter  yields a 𝛿𝑤 CW



reduction in the inductive loop at low frequencies and the impedance spectrum as shown in 

Fig. 12b and can be related to an increase in the capacitance for accumulation of water vapour 

in the multi-phase network interface (Pt/Nafion, carbon/Nafion, Pt/water, carbon/water and 

Nafion/pore interface). Both parameters  and  simulate a different phase angle in the  τw CW

impedance spectrum which can be related to the trend of the inductive loops at the lowest 

frequency as shown in Fig. 12. The fact that both parameters  and  have to be changed to τw CW

predict the inductive loop and hence a change in the overall spectrum can be an indication that 

not only water vapour transport but also ionomer swelling/shrinking (hydration/dehydration) 

affect the size of the inductive loop at low frequencies.



Figure 12. Effect of decreasing and increasing parameters  and  on the EIS spectrum. τw CW

Nominal represents cell 1 at 0.47 A/cm2, a) change in , b) change in .τw CW

4.4 Relation between inductive loop and phase angle

As demonstrated in Fig. 12, the PEFC impedance model (Eq. 22) can simulate a different trend 

of the inductive loop at the lowest frequency by considering different values of the parameters 

 and . The resulting parameters  and  could provide an insight into the effect of water τw CW τw CW

vapour diffusion on the phase angle of the EIS measurements of the cells comprising the open-

cathode PEFC stack. To understand the influence of the resulting parameters  and  on the τw CW

simulated impedance spectra shown in Fig. 10, a comparison between the simulated impedance 

spectra for cells 1 ,3 and 5 at 0.31 and 0.47 A/cm2 considering the parameters shown in Table 

2 and neglecting the ohmic resistance  in Eq. 22 is shown in Fig. 13. The ohmic ROhm = 0

resistance  in Eq. 22 shifts the impedance spectrum along the real axis Z’ of the Nyquist ROhm

plot. Ren et al. [7] studied the effect of flooding and drying during PEFC operation on EIS 

measurements and related the change in ohmic resistance to liquid water accumulation in the 

catalyst layer. In this study, the ohmic resistance  is independent from the diffusion ROhm

impedance of water vapour  expressed in Eq. 22, as no liquid water accumulation is ZWv

considered in the CCL. Fig. 13 shows that the inductive loop for cell 5 does not follow the 

same trend for the EIS measurement at the lowest frequency of 0.1 Hz and with respect to cells 

1 and 3. This difference in inductive loop for cell 5 with respect to cells 1 and 3 can be attributed 

to an out of phase angle in the EIS measurements for cell 5. 



Figure 13. Simulated EIS spectra of cells 1, 3 and 5 with parameters from Table 2 and 

neglecting the ohmic resistance  in Equation 22, a) 0.31 A/cm2, b) 0.47 A/cm2.ROhm = 0

Fig. 14 shows the phase angle of EIS measurements at 0.31 A/cm2 and 0.47 A/cm2 for cells 1, 

3 and 5. Fig. 14 clearly shows the difference in phase angle of cell 5 with respect to cells 1 and 

3. Mocoteguy et al. [69] reported EIS measurements of a PEFC at different relative humidity 

of the inlet gases and demonstrated that the phase angle of the EIS measurements becomes 

more negative with increasing relative humidity. Eq. 22 is able to simulate the measured phase 

angle with an exception at the highest frequencies. Orazem and Tribollet [70] reported in their 



study that the Bode phase angle and imaginary component of the impedance plots are modestly 

sensitive to the quality of the fit of a model to impedance data. In Fig. 5, it was discussed that 

the inductance of the cables during EIS measurements may have distorted the measurements 

at the highest frequencies. This may have resulted in the flattened EIS measurements (Figs. 3 

and 4) at high frequencies and flattened phase angle at the highest frequencies, as shown in 

Fig. 14.  



Figure 14. Comparison between simulated (Equation 22) and measured phase angle for cells 

1, 3 and 5, a) 0.31 A/cm2, b) 0.47 A/cm2

Fig. 15 shows the change in percentage of the estimated parameters  and  for cells 1 and τw CW

5 with respect to cell 3 and considering the parameters shown in Table 2. The values of  and τw

 in cell 3 and shown in Table 2 were considered as a baseline (100 %) to calculate the CW

percentage change shown in Fig. 15. Cell 3 was considered as a baseline because it presents 

the biggest impedance spectrum and inductive loop as shown in Fig. 10. The percentage change 

in values for  and  shown in Fig. 15 allowed the simulation of the impedance spectra for τw CW

cells 1 and 5 at the two current densities as shown in Fig. 10. The diffusion time constant for 

water vapour  was reduced for cell 1 and the water-vapour capacitance  for cell 1 was τw CW

increased at the two current densities with respect to cell 3. A decrease in  and increase in τw

 yield a reduction in the size of the impedance spectrum and inductive loop in cell 1 CW

compared to cell 3. This effect was demonstrated in Fig. 12. The change in  and  for cell τw CW

1 was similar at the two current densities. The change in  and  for cell 5 was different at τw CW

the two current densities as shown in Fig. 15. The change in  and  for cell 5 is a τw CW

consequence of the out of phase angle of the EIS measurements for cell 5 with respect to cell 

1 and 3 as shown Fig. 14. 



Figure 15. Percentage change of parameters  and  of cells 1 and 5 with respect to cell 3, τw CW

a) diffusion time constant for water vapour , b) water-vapour capacitance1τw  CW

5. Discussion



The formation of inductive loops in EIS measurements of PEFCs at low frequencies has been 

attributed to water transport mechanisms in the PEM [71] and GDL [18]. This study proposes 

a new impedance model of the PEFC based on the hypothesis that water vapour transport in 

the CCL yields the formation of the inductive loops at low frequencies. The relation between 

the inductive loops at low frequencies and the ohmic resistance in the EIS measurements can 

assess the hydration state in the PEFC [18]. This study has demonstrated that the relation 

between the trend of the inductive loops at low frequency and the change in the phase angle in 

the EIS measurements of the cells comprising a PEFC stack can indicate the hydration state of 

the MEA.

Water management in the CCL is a complicated process as different water transport 

mechanisms are involved such as water vapour condensation and liquid water evaporation, 

membrane/ionomer absorption and desorption, water transport through the PEM via EOD, 

back diffusion and hydraulic permeation [35]. The theoretical modelling framework from this 

study demonstrated that inductive loops in the EIS measurements carried out in the open-

cathode PEFC stack and shown in Figs. 3 and 4 are related to the diffusion impedance for water 

vapour transport through the CCL. A lower size of inductive loop in the impedance spectrum 

is related to a higher water vapour concentration in the CCL and hence an increase in 

capacitance in the multi-phase network interface (Pt/Nafion, carbon/Nafion, Pt/water, 

carbon/water and Nafion/pore interface). The size of the inductive loop and value of ohmic 

resistance in the EIS measurements can indicate the hydration state in the MEA. This was 

demonstrated in the impedance spectrum of cell 5 which featured the lowest size in the 

inductive loop and the lowest value of ohmic resistance compared to the rest of the cells of the 

open-cathode PEFC stack. This also was corroborated with a change of phase angle of the EIS 

measurements in cell 5 with respect to cells 1 and 3 as shown in Fig. 14. 

The EEC shown in Fig. 8 and represented in Eq. 22 was fitted to the impedance spectra of three 

cells at two different current densities. Parameters from Table 1 and estimated by Eq. 1 were 

considered in the impedance model of the PEFC (Eq. 22) to reduce the number of parameters 

to be fitted within the EIS measurements. It was possible to simulate the inductive loops in the 

EIS measurements of the cells comprising the stack and predict the change of phase angle of 

the EIS measurements in cell 5 with respect to cells 1 and 3 as shown in Fig. 14. 



The simulated impedance spectrum of cell 1 at two different current densities resulted from 

reducing the parameter  and increasing the parameter  with respect to the estimated values τw CW

for cell 3, as shown in Fig. 15. The fact that both parameters  and  have to be changed to τw CW

simulate the impedance spectrum and inductive loop can indicate that not only water vapour 

transport but also ionomer swelling/shrinking (hydration/dehydration) affects the size of the 

inductive loop at low frequencies. A reduction in the parameter  could be attributed to a τw

decrease in the diffusion distance for water vapour through the CCL which reduced the size of 

the impedance spectrum and size of the inductive loop for the impedance spectrum of cell 1 

with respect to cell 3. The increase in  can be related to an increase in capacitance for CW

accumulation of water vapour in the multi-phase network interface as new transport networks 

(Pt/Nafion, carbon/Nafion, Pt/water, carbon/water and Nafion/pore interface) in the CCL are 

formed (Fig. 11).

The simulation of the inductive loop of cell 5 at 0.47 A/cm2 was possible by increasing both 

parameters  and  as shown in Fig. 15. The increase in the diffusion time constant for water τw CW

vapour  in the CCL for cell 5 at 0.47 A/cm2 could be attributed to an excessive increase in τw

 as both parameters are inversely proportional on the impedance spectrum as demonstrated CW

in Fig. 12. The increase in  and  for cell 5 at 0.47 A/cm2 resulted in the out of phase angle τw CW

of cell 5 with respect to cells 1 and 3 as shown in Fig. 14. The difference in phase angle of cell 

5 with respect to cell 1 and 3 increases at 0.47 A/cm2 as shown in Fig. 14. This effect of the 

out of phase angle can also be related to the trend of the inductive loop of cell 5 at 0.47 A/cm2 

shown in Fig. 13.

Cell 5 presents the highest hydration state in the MEA as demonstrated through the smaller 

size of the low inductive loop, out of angle phase and lower ohmic resistance with respect to 

cells 1 and 3. The hydration state in the MEA in cell 5 compared to the rest of the cells of the 

stack could have been achieved by different factors such as temperature distribution, air flow 

rate distribution, architecture of the hardware, two-phase water diffusion, hydrogen 

distribution, etc. This study has demonstrated the importance to assess and analyse the 

impedance response of the individual cells in the stack to study the factors that yield the 

nonhomogeneous performance across the different cells of the stack. Extensive work needs to 

be carried out to simulate and study the difference in the impedance spectra from the individual 

cells of the open-cathode PEFC stack using a physics-based impedance model that considers 



different transport mechanisms for water in a liquid and vapour state as well as oxygen, 

hydrogen and temperature distributions across the CCL, DGL, PEM and FFP.

6. Conclusion

Simultaneous EIS measurements were carried out in a five-cell open-cathode PEFC stack at 

two different current densities. The EIS measurement featured inductive loops at low 

frequencies. An impedance model of a PEFC considering the impedance model of the CCL 

reported in a previous study and an analytical expression for impedance for water vapour 

diffusion in the CCL was fitted to the EIS measurements of three cells from the PEFC stack. 

The impedance model reported in a previous study does not consider water vapour diffusion in 

the CCL and was first fitted to the EIS measurements. The resulting parameters from fitting 

the impedance model from a previous study with the EIS measurements were considered as 

inputs in the developed model from this study to reduce the number of fitted parameters with 

the EIS measurements. It was possible to predict the trend of the inductive loops and the phase 

angle of the EIS measurements of the cells comprising the stack. The results demonstrate that 

a decrease in ohmic resistance, decrease in size of the inductive loops and a change in phase 

angle in the EIS measurements with respect to the other cells can indicate the hydrated state in 

the membrane-electrode assembly of the open-cathode PEFC stack.

Appendix A. undetermined coefficients for a nonhomogeneous linear differential 

equation

                                                            (A.1)DH2O
∂2cH2O(y,s)

∂y2 ― scH2O(y,s) = ―
∂i(y,s)

∂y Ψ ― c ∗
H2O

Eq. A.1 can be solved using the method of undetermined coefficients for a constant coefficient 

nonhomogeneous linear differential equation:

                                                                                                      (A.2)cH2O(y,s) = cH2O_H(y,s) + cH2O_P(y,s)

where  is the solution of the homogeneous equation expressed in Eq. A.1, and  cH2O_H(y,s) cH2O_P

is a parameter associated to the method of the undetermined coefficients. The coefficients 

expressed on the right-hand side of Eq. A.2 can be estimated through the following steps:



1st Step. The characteristic equation for the homogeneous part in Eq. A.1 is  DH2Oλ2 ―s = 0

which has two distinct roots  . Hence the solution of the homogeneous λ1,2 =± s/DH2O

equation is:

                                                                                                 (A.3)cH2O_H(y,s) = Aexp (λ1y) +Bexp ( ―λ1y)

2nd Step. The modification rule calls for:

                                                                                             (A.4)cH2O_P(y,s) = cH2O(y,s) = K

  

The first and second derivatives of Eq. A.4 yields:

                                                                                       (A.5, A.6)  
dcH2O(y,s)

dy = 0
d2cH2O(y,s)

dy2 = 0

                                                                  

Substituting Eqs. A.4, A.5 and A.6 into A.1 yields:

                                                                                                                (A.7)― s ∗ K = ―
∂i(y,s)

∂y Ψ ― c ∗
H2O

Rearranging Eq. A.7 and substituting into Eq. A.4 yields:

                                                                                                                 (A.8)cH2O_P(y,s) =
1
s

∂i(y,s)
∂y Ψ +

1
sc

∗

H2O

3rd Step. Substituting Eqs. A.3 and A.8 into A.2 yields:  

                                         (A.9)cH2O(y,s) = Aexp (λ1y) +Bexp ( ―λ1y) +
1
s

∂i(y,s)
∂y Ψ +

1
sc

∗

H2O

Symbols

oxygen concentration in the GDL-CCL interface mol/cm3c ∗
O

water concentration in the PEM-CCL interface mol/cm3   c ∗
H2O



capacitance for water multi-phase network F/cm2CW

oxygen diffusion coefficient m2/sDO2

water vapour diffusion coefficient m2/sDH2O

F Faraday constant s.A/mol

i             current density                                                                             A/cm2

j imaginary component of a complex number dimensionless

P parameter related to constant phase element dimensionless  

R gas constant J/mol.K

RC charge transfer resistance Ω.cm2   

total ohmic resistance Ω.cm2   ROhm

oxygen transport resistance Ω.cm2RO2

RP proton resistance Ω.cm2

T temperature K

Y parameter of constant phase element sP/Ω.cm2

         impedance for oxygen diffusion                                                  Ω.cm2   ZO2

     impedance of the PEFC                                                               Ω.cm2         ZPEFC

        impedance for water vapour diffusion                                         Ω.cm2   ZWv

z number of electrons consumed dimensionless

ω angular frequency rad/s

oxygen diffusion distance in the CCL mδ

water diffusion distance in the CCL mδ𝑤

number of water molecules during electro-osmotic drag dimensionless∈

oxygen diffusion time constant sτO2

water vapour diffusion time constant sτw

CCL      cathode catalyst layer

CPE       constant phase element

EEC       equivalent electrical circuit

EIS        electrochemical impedance spectroscopy

FFP        flow field plate

FLW      finite length Warburg

GDL      gas diffusion layer

K-K       Kramers-Kronig

ORR      oxygen reduction reaction



PEFC     polymer electrolyte fuel cell

PEM      polymer electrolyte membrane

Pt           platinum

TLM      transmission line model
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