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A B S T R A C T

A recent physics-based model for liquid and gaseous water transport in the cathode catalyst layer (CCL)
is incorporated into our 1d + 1d model for the PEM fuel cell impedance. The model includes parametric
dependencies of the CCL oxygen diffusivity and proton conductivity on the liquid saturation. Fitting of the
1d + 1d model to experimental impedance spectra of a PEM fuel cell reveals two intriguing effects. Contrary
to common belief, the liquid water saturation in the CCL is nearly independent of cell current density due
to the growing liquid pressure gradient that drives liquid water removal from the CCL. Further, the ‘‘dry’’
oxygen diffusivity of the catalyst layer increases with cell current density. Apparently, at small current density,
electrochemical conversion proceeds primarily in narrow pores, where the Knudsen oxygen diffusivity is low.
With growing current density, larger and better connected pores with higher oxygen diffusivity dominate in
the current conversion, leading to increase in effective oxygen diffusivity observed in impedance spectroscopy
data.
1. Introduction

Since the arrival of polymer-based proton conductors in the 1960’s,
PEM fuel cells have been a subject of high expectations and exten-
sive research as a pollution-free alternative to internal combustion
engines. Nafion and its analogs conduct protons only in a hydrated
state, with the proton conductivity growing roughly linearly with water
content [1]. This renders water management a critical issue for the PEM
fuel cell performance.

Liquid water is produced in the oxygen reduction reaction (ORR)
that proceeds in the cathode catalyst layer (CCL). Qualitatively, the
effect of liquid water on CCL operation is twofold: (i) water improves
the proton conductivity in the CCL, and (ii) it worsens oxygen diffusion
to the catalyst sites. Understanding water transport is thus a key for
optimal CCL design.

Electrochemical impedance spectroscopy (EIS) is a powerful tool
for in-situ studies of processes in the CCL [2]. Generally, impedance
spectra of a PEMFC contain comprehensive information on oxygen,
proton and water transport inside the cell. However, extraction of trans-
port parameters from the spectra requires sophisticated physics-based
models [3–16] (see also reviews [17,18]).
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In recent years, attempts have been made to calculate oxygen and
proton transport resistivities by means of the distribution of relax-
ation times (DRT) technique [19–25]. DRT is based on formal ex-
pansion of EIS spectra over an infinite number of parallel 𝑅𝐶-circuit
impedances [23]. The resulting DRT spectrum consists of a number
of peaks that represent the resonance 𝑅𝐶-like impedances, which are
attributed to separate transport and kinetic processes inside the cell.
Unfortunately, the DRT peaks are not independent: variation of a single
transport parameter in the PEMFC, e.g., the CCL oxygen diffusivity 𝐷𝑜𝑥,
changes several peaks at once [26]. It has been shown analytically
that the impedance of a two-layer oxygen transport system cannot
be separated into a sum of two independent impedances [27]. More
specifically, variation of oxygen diffusivity of one of the layers changes
the impedances of both the layers. This impedes the correct attribution
of peaks and makes it difficult to obtain the transport parameters by
means of DRT spectra. A reliable method for measuring transport coeffi-
cients is the fitting of a physics-based impedance model to experimental
spectra.

In some regimes, PEMFC spectra exhibit a low-frequency (LF) in-
ductive loop. In spite of two decades of research, the origin of the loop
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Nomenclature

̃ Marks dimensionless variables
𝑏 ORR Tafel slope (V)
𝑐 Oxygen molar concentration in the CCL

(mol cm−3)
𝑐𝑏 Oxygen molar concentration in the GDL

(mol cm−3)
𝑐ℎ Oxygen molar concentration in the channel

(mol cm−3)
𝑐𝑣 Water vapor molar concentration

(mol cm−3)
𝐶𝑑𝑙 Double layer capacitance (𝐹 cm−3)
𝐷𝑏 Oxygen diffusivity of the GDL (cm2 s−1)
𝐷𝑜𝑥 Oxygen diffusivity of the CCL (cm2 s−1)
𝐷𝑜𝑥,𝑑 Oxygen diffusivity of the dry CCL (cm2 s−1)
𝐷𝑣 Water vapor diffusivity in the CCL (cm2 s−1)
e0 Elementary charge (𝐶)
𝐹 Faraday constant (C mol−1)
ℎ Height of the channel (cm)
i Imaginary unit
𝑖∗ Volumetric ORR exchange current density

(A cm−3)
𝐽 Cell mean current density (A cm−2)
𝑗 Local proton current density in the CCL

(A cm−2)
𝐾𝑙 CCL liquid water permeability (cm2)
𝑘𝑝𝑐 Slope of capillary pressure and saturation

(Pa)
𝑘𝜎 Coefficient in Eq. (8) (S cm−1)
𝑘𝑙 Liquid transport coefficient (mol cm−1 Pa−1

s−1)
𝑘𝑙𝑣 Vaporization coefficient (mol cm−3 Pa−1

s−1)
𝑙𝑡 CCL thickness (cm)
𝑙𝑏 GDL thickness (cm)
𝑝𝑠𝑣 Saturated vapor pressure at 80 ◦C at flat

liquid–gas interface (bar)
𝑝𝑐 Capillary pressure (Pa)
𝑝𝑙 Liquid phase pressure (Pa)
𝑝𝑔 Gas phase pressure (Pa)
𝑝𝑐𝑒𝑙𝑙 Overall cathode pressure (Pa)
𝑄𝑂𝑅𝑅 ORR rate (A cm−3)
𝑄𝑙𝑣 Rate of evaporation/condensation (A cm−3)
𝑟 Pore radius (cm)
𝑅 Gas constant (J K−1 mol−1)
𝑅𝐻 Relative humidity (0 ≤ RH ≤ 1)
𝑠 CCL liquid saturation (0 ≤ 𝑠 ≤ 1)
𝑠0 Reference liquid saturation (0 ≤ 𝑠0 ≤ 1)
𝑇 Cell temperature (K)
𝑡 Time (s)
𝑣 Air flow velocity in the channel (cm s−1)

remains controversial. Possible mechanisms include slow dynamics of
ORR intermediates on the Pt surface [5,28], Pt surface oxidation [29,
30], formation of hydrogen peroxide [29,31], water transport in mem-
brane [10], relaxation of proton conductivity following liquid water
transients in the CCL [16,32,33], and slow variation of air flow velocity
during EIS measurements [34] (see also a review [35]).
2 
𝑉𝑙 Molar volume of liquid water (cm3 mol−1)
𝑥 Coordinate through the cell (cm)
𝑧 Coordinate along the channel (cm)
𝑍 Electrochemical impedance (Ohm cm2)

Subscripts

0 Membrane/CCL interface
1 CCL/GDL interface
𝑏 GDL
ℎ Channel

Superscripts

0 Steady-state value
1 Small-amplitude perturbation

Greek

𝜂 ORR overpotential, positive by convention
(V)

𝜆 Air flow stoichiometry
𝜇𝑙 Viscosity of liquid water (Pa s)
𝜅 Vaporization rate constant (atm−1 cm−2s−1)
𝜉𝑙𝑣 The evaporation interfacial area factor
𝜎 CCL proton conductivity (S cm−1)
𝜎∗ Reference CCL proton conductivity (S cm−1)
𝜔 Angular frequency of the AC signal (s−1)

Below, we extend our previous 1d + 1d physics-based model for
PEMFC impedance by including liquid water transients in the CCL,
following recent work [33]. Oxygen transport in the channel, gas
diffusion layer, and CCL are taken into account as well. Liquid water
transients induce slow variations of the CCL oxygen diffusivity and
proton conductivity [33] which affect the low-frequency part of the
spectra. The model is fitted to local experimental impedance spectra
that have been measured for the segmented PEM fuel cell. The results
reveal the minor variation of the CCL liquid water saturation and the
growth of the ‘‘dry’’ CCL oxygen diffusivity with cell current density.
Mechanisms behind these effects are discussed.

2. Experimental

Segmented cell setup (custom test station, a segmented hardware,
current/voltage sensors and PXI data acquisition system) was con-
structed in Hawaii Natural Energy Institute (HNEI) and was used for
measuring local impedance spectra. Detailed description of the seg-
mented cell hardware is given in [36]. The pressure, humidity, gas
flow rates, and total cell current or voltage were controlled by the
test station. Local currents in individual segments were floating. Due to
high electron conductivity of the cathode side elements, local segment
potentials were assumed to be the same.

Fig. 1 shows a picture of the segmented cathode side of the cell.
The hardware consists of a segmented flow field and current collector
on one side, and non-segmented another side of the cell. The segmented
flow field consists of ten segments with segment 1 at the inlet and
segment 10 at the cell outlet. The same 10-channel parallel serpentine
flow fields on either side of the cell were used in co-flow configuration

A commercially available catalyst coated membrane (CCM) with the
active area of 100 cm2 was used. The catalyst loading in both anode
and cathode was 0.4 mg𝑃 𝑡 cm−2; the anode/cathode CCL thickness
determined from SEM imaging varied in the range of 10–12 μm. The 16–
18 μm reinforced Nafion 112 membrane and Sigracet 25BC gas diffusion
layers (GDLs) on both sides of the cell were used. Optimal compression
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Fig. 1. Picture of the segmented cathode side of the cell. Arrows indicate direction of
the air flow.

ratio of the MEA was achieved using Teflon gaskets of the thickness
125 μm for the anode and cathode. Due to the gasket and flow field
segmentation, the active MEA area was reduced to 76 cm2. The in-plane
current between segments was estimated to be negligible compared to
the through-plane current in the segments.

The cell temperature was fixed at 80 ◦C. The anode/cathode op-
erating relative humidity and back pressure were 100/50% RH and
150/150 kPa, respectively. Hydrogen stoichiometry of 2 and air stoi-
chiometry of 4 or 9.5 were used. The impedance spectra were measured
under galvanostatic control of the overall cell in the frequency range
from 10 kHz to 0.05 Hz with 11 steps/decade. The AC amplitude of
current perturbation was set to get the voltage response amplitude of
10 mV. Co-flow configuration was used.

3. Model

3.1. Transport equations

Schematic of the PEM fuel cell cathode side with the straight
channel and segmented electrodes, which modeled the experimental
cell is shown in Fig. 2. The basic model assumptions are as following.

• The anode impedance is neglected.
• The electron conductivity of cell components is large.
• The cell is isothermal.
• Water transport in the GDL is ignored.
• The CCL liquid water permeability is independent of saturation.
• The total flux of water through the membrane is zero.

Water transport in the GDL will be incorporated in the next version of
the model. Zero total flux of water in the membrane means that the
electroosmotic flux of water from the anode side is compensated for
by the back diffusion. This assumption will also be relaxed in the next
model version.

The impedance model results from the transient mass- and charge-
transport equations listed in Table 1. The system includes a plug-flow
transport Eq. (1) for the oxygen concentration 𝑐ℎ in the channel, which
is linked in a 1d + 1d manner to the through-plane diffusive transport
Eq. (2) for the oxygen concentration 𝑐𝑏 in the GDL.

The model of CCL performance in the single segment is based
on standard macrohomogeneous transport equations with the oxygen
diffusivity and proton conductivity dependent on liquid water content.
The model of water transport in the CCL has been developed in [33].

For the sake of completeness, the complete model of CCL perfor-
mance is briefly described below. A diffusion equation, Eq. (3), for the
CCL oxygen concentration 𝑐 is coupled to the proton charge conserva-
tion equation, Eq. (4), expressed in terms of the ORR overpotential 𝜂.
Eq. (5) describes the evolution of the liquid saturation, 𝑠, related to the
3 
Fig. 2. Schematic of a PEMFC segmented cathode side with the straight channel.

Table 1
The governing equations for oxygen, water and proton
transport. For the notations see Nomenclature section.

𝜕𝑐ℎ
𝜕𝑡

+ 𝑣
𝜕𝑐ℎ
𝜕𝑧

= −
𝐷𝑏

ℎ
𝜕𝑐𝑏
𝜕𝑥

|

|

|

|𝑥=𝑙𝑡+𝑙𝑏
(1) Channel

𝜕𝑐𝑏
𝜕𝑡

−𝐷𝑏
𝜕2𝑐𝑏
𝜕𝑥2

= 0 (2) GDL

𝜕𝑐
𝜕𝑡

− 𝜕
𝜕𝑥

(

𝐷𝑜𝑥
𝜕𝑐
𝜕𝑥

)

= −
𝑄𝑂𝑅𝑅

4𝐹
(3) CCL

𝐶𝑑𝑙
𝜕𝜂
𝜕𝑡

− 𝜕
𝜕𝑥

(

𝜎
𝜕𝜂
𝜕𝑥

)

= −𝑄𝑂𝑅𝑅 (4)

1
𝑉𝑙

𝜕𝑠
𝜕𝑡

−
𝐾𝑙

𝑉𝑙𝜇𝑙

𝜕2𝑝𝑙
𝜕𝑥2

=
𝑄𝑂𝑅𝑅

2𝐹
−

𝑄𝑙𝑣

2𝐹
(5)

𝜕𝑐𝑣
𝜕𝑡

−𝐷𝑣
𝜕2𝑐𝑣
𝜕𝑥2

=
𝑄𝑙𝑣

2𝐹
(6)

liquid water pressure 𝑝𝑙, and Eq. (6) captures the diffusive transport of
water vapor with concentration 𝑐𝑣 in the CCL.

The rates of ORR, 𝑄𝑂𝑅𝑅, and of liquid-to-vapor water conversion,
𝑄𝑙𝑣, are given by

𝑄𝑂𝑅𝑅 = 𝑖∗

(

𝑐
𝑐0ℎ

)

exp
( 𝜂
𝑏

)

,

𝑄𝑙𝑣 =
2e0𝜅𝜉𝑙𝑣

𝑙𝑡

(

𝑝𝑠𝑣 − 𝑝𝑣
)

,

(7)

where 𝑖∗ is the volumetric ORR exchange current density, 𝑐0ℎ the ref-
erence (inlet) oxygen concentration, 𝜂 the positive by convention ORR
overpotential, 𝑏 the ORR Tafel slope, e0 the unsigned electron charge, 𝜅
the liquid water evaporation rate constant, 𝜉𝑙𝑣 the evaporation surface
area factor, 𝑝𝑠𝑣 the saturated water vapor pressure, and 𝑝𝑣 = 𝑐𝑣𝑅𝑇 the
water vapor pressure.

Parametric relations of the CCL oxygen diffusivity and proton con-
ductivity with the liquid saturation, 𝑠, play an important role in this
context. Following experiments [1], we assume that the proton con-
ductivity, 𝜎, in the CCL is proportional to 𝑠

𝜎 = 𝑘𝜎𝑠. (8)

For the oxygen diffusivity 𝐷𝑜𝑥, we use the parametrization [37]

𝐷𝑜𝑥 = 𝐷𝑜𝑥,𝑑 (1 − 𝑠)2, (9)

where 𝐷𝑜𝑥,𝑑 is the oxygen diffusivity of a dry CCL (‘‘dry’’ diffusivity),
corresponding to 𝑠 = 0.

The liquid saturation is related to the capillary pressure through the
water retention curve [38–40]. In this work, we have used the retention
curve for low surface area carbon (LSAC) electrodes reported by Olbrich
et al. [40]

𝑠 = 𝑠0 +
(1 − 𝑠0)

2

(

1 + tanh
( 𝑝𝑐 − 𝑝𝑐,0

𝑘𝑝𝑐

))

(10)

(Fig. 3), where 𝑠0 is pressure-independent residual saturation, 𝑝𝑐,0 deter-
mines position of the transition region where 𝑠 varies from 𝑠0 to unity,
and 𝑘 describes the slope of the transition region. The numerical curve
𝑝𝑐
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Fig. 3. The water retention curve of a low surface area carbon (LSAC) CCL from
Olbrich et al. [40]. The curve parameters in Eq. (10) are: 𝑠0 = 0.23, 𝑝𝑐,0 = 0.13 bar,
𝑝𝑐 = 0.096 bar.

able 2
he fixed cell parameters used in calculations.
Cathode relative humidity 𝑅𝐻 0.5
Cathode pressure 𝑝𝑐𝑒𝑙𝑙 1.5 ⋅ 105 Pa
Cell temperature 𝑇 273 + 80 K

Saturated vapor pressure @ 80 ◦C 𝑝𝑠𝑣 0.446 ⋅ 105 Pa
Water vapor diffusivity 𝐷𝑣 2 ⋅𝐷𝑜𝑥,𝑑
Exchange current density 𝑖∗ 1 ⋅ 10−3 A cm−3

CCL thickness 𝑙𝑡 12 ⋅ 10−4 cm
GDL thickness 𝑙𝑏 235 ⋅ 10−4 cm
CCL liquid water permeability 𝐾𝑙 1 ⋅ 10−14 cm2

Molar volume of liquid water 𝑉𝑙 18 cm3 mol−1

Viscosity of liquid water 𝜇𝑙 8.9 ⋅ 10−4 Pa s
Elementary charge 𝑒0 1.6 ⋅ 10−19 C
Evaporation rate constant 𝜅 1.38 ⋅ 1013 Pa−1

cm−2 s−1

Evaporation surface area factor 𝜉𝑙𝑣 80

parameters are indicated in caption to Fig. 3. The capillary pressure 𝑝𝑐
(bar) is determined by

𝑝𝑐 = 𝑝𝑙 − 𝑝𝑔 , (11)

with 𝑝𝑙, 𝑝𝑔 being the liquid and gaseous pressures, respectively. More
details on the CCL performance model can be found in [33].

3.2. Oxygen transport in the GDL and channel

Water transport in the GDL was ignored; two-phase water transport
in the GDL will be incorporated in the next version of the model.
In each segment, oxygen transport in the GDL is described by the
diffusion equation Eq. (2). The boundary conditions for this equation
are provided by solution to the plug-flow oxygen transport equation
in the channel, Eq. (1) and by continuity of the oxygen flux at the
GDL/CCL interface. On the other hand, solution of Eq. (1) requires the
value of oxygen flux leaving the channel in every segment through
the channel/GDL interface (the right side of Eq. (1)). Iterations are,
therefore, unavoidable (see the next section).

3.3. Cell impedance and numerical procedures

Linearization and Fourier-transformation of equations in Table 1
leads to the system of linear complex-valued ODE for small perturbation
amplitudes of the oxygen concentration 𝑐1, 𝑐1𝑏 , 𝑐1ℎ and ORR overpo-
ential 𝜂1. In accordance with the experimental setup, the cell was
eparated into 𝑁 = 10 segments along the cathode channel (Fig. 2). In
very segment, the through-plane problem was solved using the oxygen
oncentration perturbation 𝑐1ℎ(𝑧) in the channel as a boundary condi-
ion. Solution of the through-plane problem returns the perturbation

f oxygen flux leaving the channel (the right side of Eq. (1)). With

4 
his parameter a new distribution of 𝑐1ℎ(𝑧) is calculated; iterations are
erformed until convergence is achieved.

The segment impedance 𝑍𝑠𝑒𝑔 is calculated as

𝑠𝑒𝑔 = −
𝜂1

𝜎𝜕𝜂1∕𝜕𝑥

|

|

|

|

|𝑥=0
+ i𝜔𝐿𝑐𝑎𝑏𝑆𝑐𝑒𝑙𝑙 + 𝑅𝐻𝐹𝑅 (12)

where 𝐿𝑐𝑎𝑏 is the cable inductance, 𝑆𝑐𝑒𝑙𝑙 is the cell active area, and
𝑅𝐻𝐹𝑅 is the cell ohmic (high-frequency) resistance. The solution strat-
egy is as follows. Impedance of the first segment can be calculated
straightforwardly, taking zero inlet oxygen concentration perturbation
as a boundary condition for the through-plane problem. The solution
gives the flux 𝑁1 = 𝐷𝑏𝜕𝑐𝑏∕𝜕𝑥|𝑥=𝑙𝑡+𝑙𝑏 that leaves the channel to the first
segment.

Eq. (1) for the second segment is solved using the flux 𝑁1 from
the first segment. Iterations between the ‘‘channel’’ and through-plane
problems in the segment 2 solve this problem, which yields the oxygen
flux 𝑁2 = 𝐷𝑏𝜕𝑐𝑏∕𝜕𝑥|𝑥=𝑙𝑡+𝑙𝑏 that leaves the channel to the second
segment. In this way, the code ‘‘proceeds’’ from the inlet to the outlet.

The linear complex-valued system of equations was converted into
real-valued equations for the real and imaginary parts of unknown
functions. The resulting boundary-value problem (BVP) was solved
using a standard Python BVP solver solve_bvp.

Seven parameters were declared as fitting ones: the ORR Tafel slope
𝑏, parameter 𝑘𝜎 in Eq. (8), the double layer capacitance 𝐶𝑑𝑙, the ‘‘dry’’
oxygen diffusivity 𝐷𝑜𝑥,𝑑 in the CCL, the oxygen diffusivity 𝐷𝑏 in the
GDL, the ohmic resistance 𝑅𝐻𝐹𝑅 of the cell, and the cable inductance
𝐿𝑐𝑎𝑏. The constant parameters used in calculations are listed in Table 2.
Fitting was performed using a nonlinear least-squares Python subrou-
tine least_squares with the method=’trf’ key. The custom code for spectra
fitting was parallelized using the MPI library by separating the whole
frequency spectrum into 8 parts, according to the number of cores
in the laptop CPU. Further details of the numerical procedure can be
found in [41–43]. Fitting of 10 spectra corresponding to a fixed cell
current density takes about 10 to 20 min on an 8-core notebook.

4. Results and discussion

4.1. Fitting of a spectrum from Gerling et al. [16]

Gerling et al. [16] published an experimental spectrum that is
unique in literature, measured in the frequency range of 10 mHz to
100 kHz with 10 points per decade. The PEM fuel cell was operated
at the current density of 1 A cm−2 and 30% humidity of the cathode
flow (Figure S1 in [16]). Low RH of the cathode flow emphasizes the
effects of liquid water transport in the CCL, making this spectrum an
ideal dataset for testing the model.

Fig. 4 shows our model fitted to the spectrum [16]. In this calcu-
lation, two parameters of the water retention curve, 𝑝𝑐,0 and 𝑘𝑝𝑐 in
Eq. (10), were declared as fitting ones. Fitting parameters are listed
in the bottom part of Table 3. The high-frequency points above 20 kHz
have been discarded, as in this frequency range the spectrum is de-
termined mainly by the cable inductance. As can be seen, down to
100 mHz, our model fits the experiment [16] very well. The charac-
teristic frequency of the inductive loop is about 200 mHz (the valley
of − Im (𝑍), Fig. 4b). On the other hand, at 60 mHz the discrepancy
between the model and experiment becomes noticeable and it rapidly
increases with the degrease in frequency (Fig. 4b, left wing of the
spectrum).

Two possible mechanisms of LF loop formation have been discussed
in [16]: dynamics of Pt surface oxidation and slow relaxation of CCL
proton conductivity. However, the model [16] is focused on Pt oxida-
tion and it does not include liquid water transport in the CCL. The
model spectra [16] indicate that the characteristic frequency of Pt
surface oxidation/cleaning is about 10 mHz. Fig. 4b shows that the
characteristic frequency of liquid water dynamics in the CCL is an order
of magnitude higher, around 200 mHz.
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Fig. 4. (a) Experimental (points [16]) and fitted model (open circles) Nyquist spectra
of the cell operated at the current density of 1 A cm−2. The other operating parameters
re listed in Table 3. The experimental points have been digitized from the spectra in
igure S1 [16]. (b) Real and imaginary part of the spectrum in (a) vs frequency.

Table 3
Top: the cell operating parameters reported by Gerling et al.
[16]. Bottom: Fitted model parameters.
Cathode relative humidity 0.3
Cathode pressure, Pa 1.5 ⋅ 105

Cell temperature, K 273 + 80
Current density, A cm−2 1

Tafel slope, mV/dec 82 ± 3
CCL proton conductivity, mS cm−1 13 ± 1
DL capacitance, F cm−3 6.4 ± 0.4
CCL oxygen diffusivity, cm2 s−1 (10 ± 1) ⋅ 10−4

GDL oxygen diffusivity, cm2 s−1 (8 ± 2) ⋅ 10−2

𝑝𝑐,0 in Eq. (10), bar −0.04 ± 0.01
𝑘𝑝𝑐 in Eq. (10), bar 0.09 ± 0.02
Mean CCL liquid saturation 0.26 ± 0.07

The inductive loop forms due to a slow relaxation of CCL liquid
aturation 𝑠 upon variation of gaseous and liquid pressures. The CCL

proton conductivity is proportional to 𝑠, Eq. (8), and hence it follows
the saturation. Due to the slow relaxation of 𝑠, the relaxation of current
is delayed with respect to the perturbation of the cell potential, leading
to an inductive-like response.

We presume that below 60 mHz, another LF mechanism not in-
cluded in our model contributes to the spectrum, and this mechanism
seemingly is Pt oxidation. Another reason for the discrepancy below
60 mHz could be the slow variations of the static cell parameters
during impedance measurements. Anyway, assuming further that the
characteristic frequency of Pt oxidation does not increase with the cell
potential, we conclude that for current densities below 1 A cm−2, our
model works well down to ≃ 60 mHz.

4.2. Fitting our experimental spectra

Two sets of local spectra measured at the air flow stoichiometries
of 4 and 9.5 in the frequency range of 50 mHz to 4 kHz were fitted.
The spectra at 𝜆 = 4 where measured at the cell current densities of 50,
100, 200, 400, 600 and 800 mA cm−2 and at 𝜆 = 9.5 the spectra were
acquired at 50, 100, 200, 300 and 400 mA cm−2. Ten local spectra for
every cell current density have been fitted, which amounts to 110 fitted
spectra in total.

Fig. 5 shows examples of experimental and fitted model spectra

from segment #6 of the cell operated at the current density of 400

5 
Fig. 5. (a) Experimental (points) and fitted model (open circles) Nyquist spectra of
the segment #6 in the cell operated at the air flow stoichiometry of 4 and the current
density of 0.4 A cm−2. (b) Real and imaginary parts of the spectra in (a) vs. frequency.

A cm−2 and air flow stoichiometry of 4. Note the low-frequency
inductive ‘‘hook’’ caused by the slow relaxation of the CCL proton con-
ductivity following the variation of electrode liquid saturation. Fig. 6
displays the local experimental and fitted Nyquist spectra for 𝐽 = 400

A cm−2 and the two stoichiometries. As can be seen, for all segments
he quality of fitting is quite good through the whole frequency range.

Fig. 7 shows the shapes of local parameters through the CCL depth
n segment #6 at the cell current density of 400 mA cm−2 and 𝜆 =
4. Liquid saturation decreases with distance from the membrane due
to a strong liquid pressure gradient (Fig. 7a). Lowering of the liquid
saturation toward the CCL/GDL interface induces a decay of the local
proton conductivity and an increase in the oxygen diffusivity along 𝑥
(Fig. 7b).

Fig. 8 shows the average CCL parameters resulting from spectra
fitting as a function of cell current density. Each point in this figure
is obtained by averaging of results over the ten segments. Whenever
possible, the error bars were calculated using the covariance matrix
obtained from the Jacobian returned by the fitting procedure. The
variation of local parameters along the channel is not large and the
mean values give a reliable picture of the dependence of cell transport
parameters on current.

Contrary to common and intuitive belief, with the growth of cell
current density 𝐽 , the amount of liquid water in the CCL (mean liquid
saturation) remains nearly constant: with 𝐽 increasing from 50 to 800
mA cm−2, the CCL liquid saturation increases by 20% (Fig. 8a). Nearly
independence of 𝐽 saturation is due to the growth of the liquid pressure
gradient ∇𝑝𝑙 in the CCL, which facilitates removal of liquid water to the
GDL (Fig. 7b). Fig. 8 demonstrates the strong coupling between 𝑠 and
∇𝑝𝑙: at currents above 400 mA cm−2, the slope of ∇𝑝𝑙 growth lowers
(Fig. 8b), leading to the faster growth of liquid saturation (Fig. 8a).
In our model, liquid water transport through the GDL was ignored.
Nonetheless, we may speculate that a high liquid pressure gradient in
the CCL forming at high currents could possibly be the cause of GDL
flooding. Indeed, due to much larger pore radii, the liquid pressure
gradient in the GDL will be much smaller and water would tend to
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Fig. 6. (a) Experimental (points) and fitted model (open circles) local Nyquist spectra
of the cell operated at the current density of 400 mA cm−2 and air flow stoichiometry
of (a) 4 and (b) 9.5.

Fig. 7. The shapes of local parameters through the CCL depth resulting from fitting the
pectrum from the segment #6, for 𝐽 = 400 mA cm−2 and 𝜆 = 4. (a) Liquid saturation
nd liquid pressure gradient, (b) Proton conductivity 𝜎 and CCL ‘‘dry’’ oxygen diffusivity
𝑜𝑥,𝑑 .
l

6 
Fig. 8. The cell parameters resulted from spectra fitting vs cell current density for the
hydrogen/air flow stoichiometries of 2/9.5 (red curves) and 2/4 (dark blue curves).
Error bars are estimated from covariance matrix calculated using Jacobian returned by
the fitting procedure.

accumulate in the GDL. In other words, at high currents, the CCL
‘‘pumps’’ liquid water to the GDL, where it could stagnate.

Of particular interest is Fig. 8c that demonstrates the growth of
the dry CCL oxygen diffusivity 𝐷𝑜𝑥,𝑑 , Eq. (9), with 𝐽 . We attribute the
effect to the following mechanism. Assuming that the pores have nearly
circular cross section, it is easy to show that the total metal/electrolyte
interfacial area would be much larger in small pores than it is in large
pores [44]. Thus, at low current densities (50 and 100 mA cm−2), most
f the current is converted in small pores due to their large electro-
hemical surface area (ECSA). On the other hand, Knudsen diffusion
oefficient in small pores is also small, meaning that the CCL effective
xygen diffusivity at small currents is low.

With the growth of cell current density, oxygen flux in small pores
eaches limiting value and larger pores convert a growing part of the
roton current. Since the oxygen diffusivity in larger pores is large,
he apparent (effective) dry CCLoxygen diffusivity also increases. The
rocess is illustrated schematically in Fig. 9 showing the pore size
istribution (PSD) of a standard Gore CCL [45]. At small current
ensity, proton current is converted in small pores (shaded area in
ig. 9). With the growth of 𝐽 , the shaded area expands to the right,
.e., larger pores get involved in the conversion. Since Knudsen diffusion
oefficient is proportional to the pore radius, the effective CCL oxygen
iffusivity measured by impedance spectroscopy increases with 𝐽 .

The growth of the effective oxygen diffusivity with cell current has
een detected in our previous works [41,42,46]. However, in [41,42,
6] a simpler impedance model was used, which ignores the vari-
tion of the CCL effective oxygen diffusivity with liquid saturation.
ig. 8c leaves no doubt that the ‘‘dry’’ CCL oxygen diffusivity in-
reases with 𝐽 . The most probable mechanism is the expansion of the
urrent-converting PSD fraction, as discussed above.

With the growth of 𝐽 , the Tafel slope exhibits no distinct change
Fig. 10a). The absolute value of the Tafel slope agrees well with

iterature data for CCLs based on Pt/C catalyst [47]. The double layer
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Fig. 9. Experimental pore size distribution in the CCL of a Gore electrode [45]. Shaded
rea depicts pores converting proton current at small cell current density 𝐽 . With the

growth of 𝐽 , the shaded area expands to the right, meaning that larger pores with
higher oxygen diffusivity convert growing part of the cell current.

capacitance decreases noticeably, while the CCL proton conductivity
increases with the current as a result of growing proportionality co-
efficient 𝑘𝜎 in equation 𝜎 = 𝑘𝜎𝑠, Eq. (8) (Fig. 10b,c). The plot of 𝑘𝜎
vs 𝐽 (not shown) reproduces the shape of the curve 𝜎(𝐽 ) in Fig. 10c.
The decrease in 𝐶𝑑𝑙 and the growth of 𝑘𝜎 could be caused by complete
flooding of small pores with the growth of 𝐽 . Both effects require
further study. The high frequency resistance of the cell lies between
40 and 60 mOhm cm2, which is a typical range of Nafion membranes.
Higher 𝑅𝐻𝐹𝑅 at 𝜆 = 9.5 is due to faster water removal from the cell
cathode at higher air flow velocity.

5. Conclusions

Our physics-based 1d + 1d model for the impedance of a segmented
PEM fuel cell is extended to take into account liquid water transport
in the cathode catalyst layer [33]. Liquid water transients lead to
variations of the CCL oxygen diffusivity and proton conductivity with
the electrode water content. The model is fitted to the local experimen-
tal impedance spectra from PEMFC measured in the range of current
densities from 50 to 800 mA cm−2. The results demonstrate nearly
constant with the cell current density mean liquid saturation in the
CCL. The effect is due to the increase of liquid pressure gradient in
the CCL facilitating liquid water removal. Another interesting feature
is the linear growth of the ‘‘dry’’ CCL oxygen diffusivity 𝐷𝑜𝑥,𝑑 , Eq. (9),
with the cell current density. We attribute the growth of 𝐷𝑜𝑥,𝑑 to
the following mechanism: At small currents, most of the current is
converted in small pores due to their high cumulative active surface
area. The Knudsen oxygen diffusivity of small pores is also small, which
leads to small effective oxygen diffusivity of the electrode measured
by EIS. With the growth of cell current, larger pores get increasingly
involved in the current conversion, leading to increase in the apparent
electrode oxygen diffusivity.
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