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1. Water uptake by the electrolyte in the catalyst layers

In this work, a novel water-uptake relation was obtained for the fuel-cell catalyst layers by fitting the experi-

mentally measured sorption isotherms for catalyst layers1,2 and pseudo catalyst layers (PCLs)3. The original data

and the resulting fits are shown in Figure 1 along with the water-uptake curves for ultrathin Nafion R© films4–9. The

latter are shown for comparison only to highlight the discrepancy between the catalyst-layer and thin-film uptake.

Their consideration resulted in a significantly worse fit quality and the PEMFC model failing to accurately predict

the hydration and resistance dynamics of the cell.

Lines in Figure 1 are the best fits resulting in the following equation with R2 of at least 0.990 (0.993 on average):

λeq =
[
6.932aw − 14.53a2w + 11.82a3w

]
exp

(
−2509

(
1

T
− 1

303.15

))
. (1)

The fitting was performed with the Sequential Least SQuares Programming (SLSQP) algorithm available in

SciPy10. This was done by minimizing the overall residual computed as the L2 norm of the sum of the squared

residuals normalized by the number of the points in each data set so that the data with the larger number of points

would not contribute more to the fitting:

Residual =
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Nj∑
i=1
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)2
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∣∣∣∣∣∣∣∣∣

∣∣∣∣∣∣∣∣∣
2

,

where the L2 norm is taken with respect to the data-set index j.

2. Absorbed-water diffusivity in the electrolyte phase of the catalyst layers

Direct substitution of the isotherm (1) into the Darken factor results in a large relation with many terms that is

inconvenient to use and analyze. For that reason, a different approach was taken, in which equation 1 was used to

generate the equilibrium water content for 1000 values of water activity between 10−12 and 1, and natural logarithms

of both data arrays were taken. The smallest value of the water activity was chosen so as to limit the natural
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Figure 1: Comparison of the experimentally measured sorption isotherms for catalyst layers, pseudo catalyst layers, ultrathin

Nafion R© membranes, and their fits at the indicated temperature values. Markers represent the data from Abuin et al.4 (17-nm film on

Au), Kusoglu et al.5 (11-nm film on Au), Jung and Yi2 (CL1: 0.2 mgPt/cm2
CL; CL2: 0.1 mgPt/cm2

CL; both on Teflon R©), Kusoglu et

al.1 (CL with 0.11 mgPt/cm2
CLand I/C ratio of 0.8 on PTFE), Shim and coworkers6,7 (25-nm film on Au), Shrivastava et al.8 (15-nm film

on Pt), Iden et al.3 (averaged data for GKB and KB PCLs, I/C ratio 0.7-1.3 in all), and Kongkanand9 (33-nm film on Au). Measurements

at the ambient temperature4,5 were assumed to had been performed at 23 ◦C. Lines represent the sorption isotherms computed with

equation (1).

logarithm ln aw. Then, the derivatives ∂ ln aw/∂ lnλeq were approximated with the first-order backward differences

and plotted against the temperature-corrected water-content values

λeq, corr = λeq exp

(
2509

(
1

T
− 1

303.15

))
= 6.932aw − 14.53a2w + 11.82a3w (2)

to remove the temperature dependence from the water-content axis. The exponent in the equation above comes from

the isotherm (1). The derivatives ∂ ln aw/∂ lnλeq were plotted against λeq, corr, and the best fits were found using

the SLSQP algorithm as

∂ ln aw
∂ lnλeq

=

exp
(
0.7647λ2.305eq, corr

)
, λeq, corr < 1.209;

3.266 + 2.930
[
exp

(
−6.735(λeq, corr − 1.209)λ−0.8994

eq, corr

)
− 1
]
, λeq, corr ≥ 1.209.

(3)

The R2 of the fit is 0.999. The fitted Darken factor (3) depends on temperature through λeq, corr computed using

equation (2). Figure 2 shows the fits of the temperature-corrected and uncorrected data. The distinct peak in the

Darken factor is due to the slower water uptake at the intermediate water activities seen in Figure 1. With the

known Darken factor, diffusivity of water absorbed into the electrolyte can be computed as discussed in the main

text.

3. Water uptake by the membrane

Figure 3 illustrates the experimentally measured water uptake curves for various Nafion R© membranes at dif-

ferent temperature values1,3,11–14. While there is some variation in the water uptake with temperature, the exact
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Figure 2: The Darken factor ∂ ln aw/∂ lnλeq computed from the sorption isotherm (1) for catalyst layers (markers) and the corresponding

fits with equation (3) (lines). The temperature-corrected data are shown in graph (a). The dependence of the Darken factor on temperature

is illustrated in graph (b).

dependence of the equilibrium water content on temperature cannot be established. This goes against the common

understanding that the elevated temperature leads to the lower water uptake in the PFSA-based ionomers15. At

the same time, higher temperature reduces the stiffness of the polymer backbone, allowing for more uptake and

swelling15. Comparing Figure 1 to Figure 3, one should note that the temperature dependency is more evident

in the water uptake curves for catalyst layers and thin ionomer films. This suggests that the chemico-mechanical

balance between sorption kinetics and swelling may be different in Nafion R© confined to ultrathin films and coatings.

The experimental data in Figure 3 were fitted with the SLSQP algorithm in order to obtain an equation for a

sorption isotherm suitable for a wide range of Nafion R© membranes. The fitting procedure resulted in the following

equation for the water uptake in Nafion R© membranes with R2 of at least 0.992 (average 0.996):

λeq =
[
18.37aw − 37.46a2w + 31.70a3w

]
exp

(
−66.28

(
1

T
− 1

303.15

))
. (4)

The temperature dependence of equation (4) is weak, as seen in Figure 3, due to the absence of a clear temperature

trend in the experimental data. The resulting sorption isotherms at 25–80 ◦C are almost identical to the water-uptake

curve measured by Zawodzinski et al.11 at 30 ◦C with the maximum deviation of about 7% at the unit water activity.

4. Absorbed-water diffusivity in the membrane

Since electrolyte hydration is typically described in the fuel-cell models with λeq-dependent source terms in the

catalyst layers (see, for instance,17–25 and this work), sorption isotherms for membranes are only of interest in terms

of their appearance in the Darken factor for computing the back-diffusivity of absorbed water. However, substitution

of equation (4) into the Darken factor results in a diffusion coefficient that is similar to that from Motupally et al.26,

who used Zawodzinski et al.’s11 isotherm, up to a constant scaling factor. Thus, the diffusivity from Motupally et

al. was used in this work and then scaled up for the simulated ohmic resistance of the membrane and electronically

conductive components to match the experimental data.
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Figure 3: Comparison of the experimentally measured sorption isotherms for Nafion R© membranes and their fits at the indicated tem-

perature values. Markers represent the data from Kusoglu et al.1 (Nafion R© 212 at 25 ◦C), Zawodzinski et al.11 (Nafion R© 117 at 30 ◦C,

fit by Springer et al.16), Mittelsteadt and Liu12 (Nafion R© 112 at 80 ◦C), Hinatsu et al.13 (Nafion R© 117 and 125 at 80 ◦C, their own

fit), Iden et al.3 (Nafion R© D2020 at 80 ◦C), and Kreuer14 (Nafion R© 117 at varied temperature). Lines represent the sorption isotherms

computed with equation (4) fitted to all shown experimental data.

Figure 4 shows the comparison of the back-diffusion coefficients used in membrane and CL ionomer in this work

and those in the literature26–28.

5. Thickness and porosity of the compressed gas-diffusion layer

Since the GDL was compressed when the MEA was sandwiched between the bipolar plates, the compressed values

of its thickness and porosity had to be found based on the known uncompressed values. Assuming MPL and CLs

incompressible, thickness of the compressed GDL was computed as

Lcomp
GDL = Lcomp

GDL+MPL − LMPL,

where the compressed combined thickness of GDL and MPL was found as

Lcomp
GDL+MPL = Lgasket −

LACL + LCCL

2
.

Here, Lgasket is the thickness of a rigid gasket used in the cell assembly. The MPL thickness LMPL was estimated

in-house through mercury-intrusion porosimetry29. The compressed porosity of the GDL was then computed from

εcomp
V,GDL = 1 − (1 − εV,GDL)LGDL

Lcomp
GDL

.

6. Electrical and thermal conductivity of gas-diffusion and micro-porous layers

Electrical conductivity of the MPL was estimated from the known conductivity of the separate GDL and GDL-

MPL combination30 (both compressed at 1 MPa) by representing the layers with a set of resistors connected either

in series (for the through-plane transport) or in parallel (for the in-plane transport). Each resistance was defined as

R =
L∗

σA
,
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Figure 4: Comparison of the back-diffusion coefficients for water in the electrolyte used in this work to those by Ge et al.27, Motupally

et al.26, and Fuller28 at (a) 80 ◦C and (b) 50 ◦C. Bulk diffusivity is shown, and the effective back-diffusion coefficient was computed as

Deff
λ = ε1.6N Dλ in the catalyst layers.

where L∗ is the thickness of the layer in the direction of the electron transport and A is the cross-sectional area

orthogonal to that direction. The resulting equations for the through-plane and in-plane electrical conductivity of

the MPL were as follows (the superscript indicating the effective transport property was omitted):

σTP
s,MPL =

LMPL

Lcomp
GDL+MPL

σTP
s,GDL+MPL

−
Lcomp
GDL

σTP
s,GDL

, (5)

σIP
s,MPL =

σIP
s,GDL+MPLL

comp
GDL+MPL − σIP

s,GDLL
comp
GDL

LMPL
. (6)

Relations (5) and (6) result in highly anisotropic conductivity of the MPL, which is believed to have an isotropic

structure. However, this may be attributed to the composite sub-layer at the GDL-MPL interface31,32, the transport

properties of which depend on the alignment of the GDL fibers in that region.

7. Input parameters

The main input parameters of the model are listed in the main text. The rest of the parameters and relations

are given in Tables 1–2 and in19,33–35.

Table 1: Model parameters for the catalyst layers.

Parameter Value/expression Details

Geometry and structure

Platinum loading on support, wt% 40 Manufacturer

Platinum loading per unit area,

mg/cm2

0.1008 (anode), 0.1455 (cathode) Controlled (inkjet printing and

gravimetric measurement)

Electrolyte loading, wt% 30 Controlled (ink preparation)

Active area, cm2
Pt/cm3

CL 212,000 Measured (cyclic voltammetry)
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Table 1: (Continued) Model parameters for the catalyst layers.

Parameter Value/expression Details

Support density (carbon black), g/cm3 1.69 36

Electrolyte density, g/cm3 2 33–35

Equivalent weight of the elec-

trolyte, g/mol
SO−

3

1100 33–35

Thermal transfer

Volumetric heat capacity of the elec-

trolyte, kJ/(m3K)

1800a Refs.17,25,37

Entropy change per mole of H2,

J/(mol K)

∆Soverall = 4.184([8(1 + ln(T ))] − 92.84) 35

Fraction of the overall entropy change

due to ORR

fORR = 1 Refs.19,35

Molar latent heat of water vaporiza-

tion, J/mol

Hlv = MH2O

(
2500.304 − 2.252TC − 0.0215T 1.5

C

+ 3.175 · 10−4T 2.5
C

− 2.861 · 10−5T 3
C

) Ref.38

Molar enthalpy change due to wa-

ter absorption/desorption by the elec-

trolyte, kJ/mol

45 Refs.19,35

a Assumed constant value withing the range used in the modeling studies17,25,37.

Table 2: Additional model parameters for the Nafion R© NR-211 membrane.

Parameter Value/expression Details

Thickness, µm 25 Manufacturer

Density, g/cm3 2 Refs.33–35

Equivalent weight, g/mol
SO−

3
1100 Refs.33–35

Molar enthalpy change due to water

absorption/desorption, kJ/mol

45 Refs.19,35

Volumetric heat capacity, kJ/(m3 K) 1800a Refs.17,25,37

a Assumed constant value withing the range used in the modeling studies17,25,37.

8. Validation of the rapid-EIS approach

The implemented rapid-EIS approach39 and the non-equidistant Fourier transform40 were validated by comparing

the resulting impedance spectra to those found with the conventional sine-wave approach. Figure 5(c) shows a

comparison between the two approaches. Three different time-scale resolutions were considered in the rapid-EIS

simulations by limiting the maximum ratio of the current to the previous time-step size τn+1/τn to 1.01, 1.001, and

1.0001 (1, 0.1, and 0.01% increase between the time layers, respectively). All spectra exhibited excellent agreement

in the capacitive domain, but deviated from each other in the low-frequency inductive loop.
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The rapid-EIS spectrum with the highest time-scale resolution was the most accurate; however, it required about

27 days of computation. The significant computational time may be a shortcoming of the first-order-accurate implicit

Euler method used in this work and the Richardson extrapolation algorithm that increases the temporal accuracy

at the cost of solving the problem thrice to compute each time layer. The lowest-resolution case required 7 hours

of computation, but had the highest uncertainty in approximating the characteristic frequency and the size of the

inductive loop. Since the primary interest of this work is in the effect of the different physical phenomena on the

relative change in the inductive loop rather than on accurately predicting its size, the case with the medium time-

scale resolution (τn+1/τn ≤ 1.001), which took about 65 hours of the computational time, was considered optimal

and was used in all EIS studies shown in this work. The frequency range of the main inductive behavior, 0.1–

200 mHz, was resolved correctly in this case, as seen in Figure 5(c). The minor inductive loop at 0.2–5 Hz was

time-step-size-independent among the considered cases, and thus was computed accurately.

The local impedance oscillations at 0.02–1 Hz observed in the two coarser time-discretization cases in Figure 5

are not present in the finer case, which indicates that they are a numerical artifact.

Sine-wave simulations were performed by generating 13 periods of a sinusoidal wave in voltage at the given

single frequency. A Welch window41 was applied to the current-density signal, which was then processed with the

Fast Fourier Transform (FFT) algorithm from SciPy10. Since the input voltage signal was known and had a single

frequency component, no FFT processing was performed on it. Convergence studies were performed on the resulting

phase angle and frequency of the current-density signal, and the imaginary and real parts of the impedance. It

was found that using 256 equidistant nodal points per period of the wave was optimal in terms of the achieved

accuracy of the results and the computational time. Since each sine-wave simulation took between 1.5 and 2.5 hours

per frequency, the overall computational time may reach and exceed that for the rapid-EIS approach depending on

the desired frequency resolution of the spectrum. This is because the frequencies are analyzed after a rapid-EIS

simulation is complete, and thus any number of frequencies can be extracted from a single simulation (to a certain

extent where aliasing may start to occur).
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(a)

(b)

(c)

Figure 5: Comparison of the impedance spectra obtained with the rapid-EIS approach using three different time-scale resolutions to the

spectrum computed using the sine-wave approach: (a) Nyquist plot; (b) Bode plot of the negative imaginary part; (c) Bode plot of the

real part.
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