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Abstract

Distribution of relaxation time (DRT) is used to interpret electrochemical impedance spectroscopy
(EIS) for proton exchange membrane (PEM) water electrolyzers, with an attempt to separate
overlapped relaxation processes in Nyquist plots. By varying operating conditions and catalyst
loadings, four main relaxation peaks arising from EIS can be identified and successfully separated
from low to high frequencies as (P1) mass transport, (P2) oxygen evolution reaction kinetics, (P3)
reaction kinetics (with faster time constant than P2), and (P4) ionic transport. The shape, height,
and frequency of the DRT peaks change with different membrane electrode assembly (MEA)
configurations. Electron microscopy reveals distinct features from the cross-sectioned MEAs
which verify critical DRT results in that increasing the iridium (Ir)-anode loading from 0.2
mgr/cm? to 1.5 mgi/cm? reduces kinetic losses due to higher site-access; a thick and compacted
anode, however, also triggers higher ohmic resistances from membrane/catalyst layer hydration
and increases transport losses due to longer ionomer pathways. DRT provides higher resolution to
EIS for deconvoluting processes with different relaxation times and the quantification of DRT
peaks improves the accounting of total losses from each process.

Keywords: electrochemical impedance spectroscopy (EIS), distribution of relaxation times (DRT),
modeling, proton exchange membrane (PEM) electrolysis

Impedance in PEM electrolysis cells Distribution of Relaxation Times
P2

Mass Kinetic, lonic

I P4 P3 P2 P1 transport Chargeltransfer  transport

Lower current P1 P3

Higher temperature
Higher anode loading

P4

Low «—  frequency ———— > High

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



Highlights:

e lonic transport-related processes can be separated and quantified by DRT.

e Four relaxation processes were presented by varying currents and temperatures.
e The charge transfer processes were faster with higher Ir content at the anode.

e Lower cathode loading impacted on the main relaxation process (P2).
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1. Introduction

Hydrogen production via electrolysis has drawn more attention to provide flexibility for low
cost intermittent power sources through storage and distribution, and provides value in being able
to convert between electricity and chemical bonds. Among water splitting technologies, proton
exchange membrane (PEM) electrolysis has the advantages of high efficiency and durability as
well as the ability to reduce compression cost through backpressure with comparatively little
hydrogen crossover' . To accelerate the commercial development of this technology, research
efforts in PEM electrolysis typically focuses on aspects of cost reduction, performance
enhancement, and lifetime extension'?. Identifying voltage loss contributors and understanding
electrochemical mechanisms during operation are necessary for optimizing efficiency and
mitigating degradation, which creates tremendous interest in advanced electrochemical diagnostic
methods.

Electrochemical impedance spectroscopy (EIS) is a widely used, nondestructive and
noninvasive diagnostic method in electrochemical systems. Impedance interpretation can usually
be done by evaluating Nyquist and Bode plots, such as resistive-capacitive and resistive-inductive
features, Warburg impedances and the number of physical processes. However, processes with
similar time constants (1) merge into a single semi-circle in Nyquist plots and are difficult to
separate. While EIS data can also be analyzed by equivalent circuit models (ECMs) for
electrochemical properties, appropriate circuit elements and model configuration must be
determined with a certain degree of familiarity to the systems to avoid overinterpretation?.
Defining ECMs and assigning each time constant to a correlated polarization process during
electrolysis can become complicated and challenging. In contrast, distribution of relaxation times
(DRT) is a powerful method in identifying the number of time constants in a electrochemical
system and in separating physical processes by their characteristic frequency without pre-
assumption and prior knowledge®’. This technique has been applied to fuel cells®*!!, lithium-ion
batteries'?> and double layer capacitors since 1907 by Schweidler'?. As in eqn (1), DRT applies a
distribution gamma function y(t) into frequency-based EIS measurement, where j is the imaginary
unit and w is the angular frequency. Rohm and Ryl is the ohmic resistance in the high frequency
region of EIS and the diameter of semi-circle (polarization resistance) in Nyquist plot, respectively.

® y(rt)dr

Z =R +R —_— 1
(@) = R + Ryt | {50 W

In PEM fuel cells, losses related to reaction kinetics, proton/electron transport, and gas
diffusion processes can be separated by DRT. Diffusion resistances in fuel cells caused by cathode
flooding are further discussed by varying experiments design (relative humidity, temperature,
reactant compositions) and are deconvoluted by differentalgorithms®®!3:14, In PEM electrolysis
cells (PEMEC:s), kinetic losses from the anode are elaborated by in and ex situ characterization
methods because the anodic reaction involves several steps of electron transfer with similar
reaction rates that are difficult to isolate with basic electrochemical experiments'>~2!. Combining
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EIS and DRT for PEMEC is promising to deconvolute polarization processes. Li et al. first
evaluated PEMECs with DRT in 2023%2, however, the electrochemical processes vary with
different operating conditions and hardware/material. Different methodologies converting
impedance data from a frequency to a time domain further affect the characteristic time constants
of each process. The explanation of loss mechanisms and the evaluation of peak features (location,
shape and overlapping) in a DRT result have also not been presented for PEMEC:s.

In this work, DRT is employed as the main impedance deconvolution method to elucidate
different electrochemical processes during PEMECs operation. Implementing ECM and voltage
break-down analysis can help verify the involved polarization processes and build the correlation
to the DRT results. In PEMECs, since the oxygen evolution reaction (OER) at the anode is the
largest contributor to overpotential in polarization curve?'?*, we will mainly focus on anodic
processes. The results show that different Ir loadings (0.2 to 1.5 mgi/cm?) at the anode generated
distinct DRT peaks features. Overall, by varying operating conditions (temperature and current)
and tuning catalyst loadings, four main polarization processes can be identified and quantified in
the DRT results, which leverage EIS interpretation for electrochemical mechanisms
understandings and cell performance limitations in PEMECs.

2. Material and methods

2.1. Membrane electrode assembly (MEA) fabrication

MEAs were fabricated as catalyst-coated membranes (CCMs). Catalysts at the anode and
cathode were unsupported Ir oxide (Alfa Aesar, 43396) and carbon supported Pt (Tanaka
Kikinzoku Kogyo, TEC10E50E), respectively. To prepare the electrode ink, catalyst was mixed
with water and n-propyl alcohol (ratio: 1.3 : 1.0) and sonicated in an ice bath for 5 min. lonomer
(Nafion DE2020) was then added into the ink to 20% (mass of solids) and sonicated 30 s by horn,
20 min by bath and 30 s by horn. The ink was coated on Nafion 115 on a vacuum plate at 80°C to
form the catalyst layer at an ultrasonic spray station. Catalyst loadings were analyzed by X-ray
fluorescence spectrometer (Fisher XDV-SDD XRF) at three different spots on MEAs to get an
average value of the catalyst loading. The MEA samples tested and analyzed in this study were
summarized in Table 1. To reach the higher catalyst loading for the anode of MEA 1.5Ir 0.1Pt,
the flow rate and the spray cycles were 0.3 ml/min and 16 cycles, respectively. For MEA 0.6Ir
0.1Pt, the Ir content in the anode ink was 3 times more than for MEA 0.2 0.1Pt and the spraying
setup is the same as for MEA 0.2Ir 0.1Pt.

Before cell assembly, MEAs were soaked in deionized water for 15 min. MEA was
sandwiched between Pt-coated titanium porous transport layer (PTL from Giner Inc) at the anode
and carbon gas diffusion layer (GDL from Fuel Cell Technologies) at the cathode. Aluminum end
plates (Fuel Cell Technologies) were used to provide uniform pressure distribution and mechanical
stability.
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Table 1. The ink fabrication parameters of different MEAs. An and Ca is anode and cathode,

respectively.
MEA Anloading Caloading Flow rate of spray  Cycles of spray
(An/Ca) (mgr/cm?)  (mgp/cm?)  (ml/min, An/Ca) (An/Ca)
0.21r 0.1Pt 0.2 0.1 0.2/0.2 36/32
0.6Ir 0.1Pt 0.6 0.1 0.2/0.2 36/32
1.5Ir 0.1Pt 1.5 0.1 0.3/0.2 64/32
0.21r 0.035Pt 0.2 0.035 0.2/0.2 36/16

All MEAs were activated by a conditioning protocol (0.2 A/cm? for 1 hour, 1 A/cm? for 1
hour, 2 V for 30 minutes, 1.7 V for 2 hours and 2 V for 30 minutes) at 80°C?*. During testing,
water flow rate was controlled to 50 and 0 ml/min at the anode and cathode, respectively. After
conditioning, repeated polarization curves were applied with a range of current densities, from
0.02 A/cm? to 4 A/em? (anodic) and followed by a cathodic scan, for 20 days. Each current density
was held for 5 min and the reported potential was the average within the last 10 sec of each step.
At the end of life, an additional temperature study was conducted by electrochemical diagnostic at
3 different temperatures (40, 60 and 80°C) for MEA 1.5Ir 0.1Pt.

2.2. Electrochemical methods

Galvanostatic impedance measurements were taken from 40k to 0.1 Hz with a 5% amplitude
of the applied current, 10 points of frequency per decade by a potentiostat (Autolab PGSTAT302N)
and a booster (20A). The Wave form is set as sinusoidal. For voltage breakdown analysis, EIS was
measured at the currents corresponding to the current densities from 0.02 A/cm? to 0.8 A/cm? in
polarization curves. Immediately after applying 1.6 V for 4 min, non-faradaic impedance (NFI)
was analyzed by applying 1.25 V with the frequency range 100k - 0.1 Hz to obtain the catalyst
layer (CL) resistance (CLR). We adopted linear fitting for CLR approximation, which was verified
to show similar results with transmission line models in the previous study for PEMECs!’. Cyclic
voltammetry (CV) was measured from 0 V to 1.4 V with the scan rate of 20 mV/s immediately
after 1 min of 2 V applied.

2.3. Impedance data processing and modeling

Since impedance modeling and DRT results were sensitive to non-linear impedance behaviors,
the impedance configurations were optimized to avoid wiring artifacts and the data was checked
via Kramer-Kronig (KK) test by impedance.py?. For the EIS presented in this work, the residuals
of real and imaginary impedance from KK test were in the range of 1% (Figure S 1-S 3.), which
indicated the impedance responses followed KK relations?6. After KK test, EIS were modeled by
ECM with the circuit configuration showing in Figure 1 (d). The circuit consisted of a modified
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inductance (La), an ohmic resistance (Ronm or high frequency resistance, HFR), and four time
constants in series. One time constant is a composite of a charge transfer resistance (R) in parallel
to a constant phase element (CPE or Q). Modified inductance (La) was used, instead of pure
inductance, to represent heterogeneity of inductive effects from the setup of cables and artifacts?”-?8
and helped restore the features of impedance in the high frequency region, providing more precise
evaluation of Ronm and R1//Q1. The impedance generated by La is shown in eqn (2)*>2?%, with a in
the range 0 to 1, and a pure inductor when a=1. CPE was used to represent an inhomogeneous
electrode surface and the CPE impedance is described by eqn (3)!328. The equivalent capacitance
from a CPE element is estimated as eqn (4), where ®max is the frequency of the maximum
imaginary impedance is*°. The ECM results and the detailed descriptions were provided in section
3.1.1.

Z, =Lqx(2rf)" (2)
1

Zcpg = Q0G2Znf" 3)

C= Q((")max)n_1 (4)

In this study, DRT results were obtained by using an open-source Python code developed in
the publication’. Either real or imaginary part of impedance can be used to solve y(t) in eqn (1),
as eqn (5) and (6) showed. For all the DRT results presented in this study, we used real part of
impedance.

, * y(@dr
Z'(w) = Ropm + Rpoljo T+ 02 (5)
. * wty(r)dt
7" (w) = _Rpoljo T+ jotc? (6)

However, eqn (5) and (6) are classified as the well-known ill-posed Fredholm integral
equations of the first kind. The solution y(7) is close to Dirac delta function § with a large gradient.
To approximate a numerical solution of y(t), eqn (5) and (6) can be rewritten as eqn (7) and (8)
based on the simplest numerical integration. Assuming a part of eqn (8) as a m X n matrix, it can

be viewed as the expression of eqn (9), where 7 and Z" is the column vector with the length m and
n, respectively. Same expression for real part of impedance can be formed from eqn (5).

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



YnOTn
Z'(w,) = R Z 7)
m pol £ 1 + w212
Z"(wy) = —R M (8)
m pol 1+ wit?
n=1

7= A7 . _ Wy Ty 6Ty
= y, Wlth, Am,n = _Rpol m (9)

m*n

To solve the ill-posed problem, the DRT algorithms used in this study combined Tikhonov
regularization (TR) and projected gradient (PG) iterations. Denoting the square of Euclidean norm,
eqn (9) can be viewed as:

x—b|*=0, where =
lAx = b||> = 0 here ||A]|> = ATA (10)

and AT is the transposed matrix of matrix A. For TR method, the Tikhonov matrix includes in
Tikhonov regularization parameter At and identify matrix / to approximate the solution and to
converge to the following minimization condition'®!!. To solve eqn (11), the least-squares solution
to a linear matric was used from a Python library (Scipy.linalg.lstsq) with trust region reflective
(tfr) algorithm.

+ A DHy" — 7" - min
ATA + A Dy% —ATZ (11)

TR method cannot ensure positive values of solution ¥ 7. With PG iterations in eqn (12), the
Tikhonov residual can be minimized by applying the condition [y = 0,if y < 0]. It iterated until
the condition in eqn (11) was reached. For implementing the DRT analysis by this tool, the inputs
of At and Apg were required. The initial value Ar was obtained by the L-curve method and Ape can
be estimated by eqn (13) with the Frobenius norm (the subscript F). More detailed derivation of
eqn (5) — (13) can be found in the literature’.

PRI = K — 1 ((ATA + A DV — ATZ"),  wherek =0,1,..,K —1 (12)

1
Y —— 13
PO NIATA + A1 g (13)
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On the other hand, G-Function DRT method from the publication”!'# was applied to obtain
dimensionless DRT function G(7). Eqn(1) can then be written as eqn (14) with the condition G (7)
=T y(t). The DRT results were presented on a frequency scale (G (f)) to increase the visibility of
peaks at low frequency range. The resistivity of each peak is calculated by the integral of peak
area.

® G(t)dIn(7)

Z(w) = Ropm + Rpolf Ttjor (14)

2.4. Electron Microscopy

Cross-sectional analysis of MEAs was performed using scanning transmission electron
microscopy (STEM). MEAs were embedded in epoxy and then cut with diamond-knife
ultramicrotomy targeting a specimen thickness of ~75 nm. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectrum (EDS)
images were recorded using a JEM-ARM200F “NEOARM?” analytical electron microscope (JEOL
Ltd.) operated at 200 kV, equipped with a dual windowless silicon-drift detectors (SDD) each with
a 100 mm? active area, and a Talos F200X TEM (Thermo Fisher Scientific) operated at 200kV
and dquiped with Super-X EDS system. EDS maps were processed using JEOL Analysis Station
(JEOL Ltd.) and Velox (Thermo Fisher Scientific) with 4 pixel binning followed by applying a
Gaussian filter. Anode cross-sections were also imaged using a scanning electron microscope
(SEM) with a backscattered electron (BSE) detector on a Hitachi S4800 operated at 5 kV. The
epoxy block that was used for microtome was re-polished and coated with carbon for SEM imaging.
The thickness of the anode electrode was analyzed using a custom python code, averaging
measurement of 4 images for each sample.

3. Results and Discussion
3.1. Data processing before DRT analysis

3.1.1. Processing high frequency impedance

The inductive behavior from impedance measurement needed to be removed prior to the DRT
calculation®. In normal operation in PEM electrolysis, inductance in the high frequency region is
attributed to instrument/wiring artifacts?’°, Figure 1 (a) shows the DRT results with raw data,
including the high frequency inductive region, resulted in a calculated impedance that did not
follow the experiment data and the initial y solution oscillated (around 4 400 s~ 1) in Figure S 4.
To obtain better fitting and a higher quality of DRT analysis, two approaches can be applied: (1)
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cut-off approach (Figure 1 (b)), by directly removing positive imaginary impedance; and (2)
model-and-remove approach (Figure 1 (c)), by applying an appropriate ECM to the EIS data and
removing the impedance generated by the inductance in the circuit. With the model-and-remove
approach, the DRT peak was smoother in the high frequency range (5 - 200 Hz), with less
overregularization in the lower end frequency (0.1 - 0.3 Hz). At moderate current density and with
MEAs that performed reasonably well, mass transport contributions were very small compared to
kinetics. DRT in this way was consistent with voltage breakdown analysis, where the transport
peak at low frequency was much less dominant than the kinetic contribution. Furthermore,
Tikhovnov regularization and projected gradient iterations should give a minimum residual, which
indicates the modeled impedance from DRT analysis is close to experimental values’. The
residuals from the regularization calculations in the model-and-remove approach (1.25¢-04) and
the cut-off approach (2.23e-04) were 2 orders of magnitudes less than DRT with the raw EIS data
(4.80e-02) in Table S 1. Preprocessing of the impedance data affected the quality of DRT
polarization peaks, and the DRT results presented in this work were therefore preprocessed by

approach (2).
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Figure 1. DRT analysis (a) with raw EIS data (b) by cut-off approach and (c) by model-and-
remove approach. Regularization parameters are fixed (Ar = 10713 and Ay = 0.01). EIS data was
from 0.06 A/cm?, 80°C with MEA 1.5Ir 0.1Pt. (d) ECM in (¢). (¢) Residuals of real and imaginary
impedance from (d). (f) DRT results from varying the inputs of lambda parameters Apg and (g) At

Although an optimal ECM for each different operational condition was not the focus of this
study, a reasonable circuit configuration that fit the raw data was applied and shown in Figure 1
(d) and (e) with real and imaginary impedance residuals within 1%. Assigning each time constant
to a physical polarization process by ECM is not ideal because mathematical fitting process can
generate multiple possibilities of different time constants. In this work, the purpose of ECM was
to remove inductive effects from the measurements and to help reconstruct the data in high
frequency area due to the severely distorted inductive region. The ECM results were provided in
Table S2 - S 4.

3.1.2. Selection of regularization parameters

Parameters in Tikhonov regularization and projected gradient iterations, At and Apg, determine
the characteristic frequencies, shapes and heights of DRT peaks®’. Careful selection of the lambda
inputs is needed to prevent over-regularization. In Figure 1 (f), varying the Apg values from 10 to
10"' gave a good example of overregularization and with Apg = 107 to 104, DRT results were not
valid because of the extra oscillation around 103-10* Hz. With a larger Apg value (Apg = 1071,
however, the features in middle-high frequency area were dismissed and the result gave a single
spike between 107! and 1 Hz. The input of Ay values varying from 1073 to 102 generated DRT
results without overregularization for the high frequency range and gave information on peak
features with less oscillation.

For A1, the DRT peaks did not show over-regularization effects with At = 10-!! - 1013 in Figure
1 (g). Below 103, peaks with the frequency around 3 Hz contained a shoulder and generated larger
DRT resistivity from the peak-area integration, which could have taken other polarization
processes into account and was not preferred for differentiating between separate processes. ArG
and At were determined by the DRT results with the minimum Tikhonov residual (marked red in
Table S 5 — S 6). For MEA 1.5Ir 0.1Pt, Apg and At is 102 and 10713, respectively. In the next
section, the process of assigning DRT peaks to possible polarization processes with different
operating conditions and MEA configurations will be discussed.

3.2. Operating Conditions

3.2.1. Effect of current

For MEAs with higher anode loadings (MEA 1.5Ir 0.1Pt), Figure 2 (a) shows a decreasing
trend of polarization resistances at higher current due to more efficient charge transfer processes.
The DRT results in Figure 2 (b) further show distinct profiles at different current densities, and
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from 0.06 to 0.1 A/cm?, 4 peaks were well discerned with different time constants. In Figure 2 (¢),
the total polarization resistance decreased with increasing current density, for both DRT and ECM.
The increasing HFR with current density was possibly due to lower water content in the membrane
at high current, caused by more bubbles forming at the electrode interface and hindering water
from reaching the membrane'>!°,

In Figure 2 (b), P1 was located in the range of 0.15 - 3 Hz across all measured current
densities and was associated with the lowest frequency impedance in Figure 2 (a). P1 at 0.06 to
0.1 A/cm? had a sharper peak than at higher currents and had a resistivity of 10.83 to 19.43 mQcm?,
possibly due to gas transport in the transport/catalyst layers and their interface.'* For the current
densities > 0.1 A/cm?, the P1 resistivity was 1.78 to 2.32 mQcm?. The small contribution of P1 to
the total impedance implied that P1 was related to mass transport, typically negligible in water
electrolysis at low to moderate current density.

P2 was the dominant electrochemical process, and as shown in Figure 2 (d), its peak
frequency increased from 1.00 to 15.9 Hz and the resistivity decreased exponentially from 251.40
to 17.08 mQcm? with increasing current density. A larger driving force enables access to a higher
amount of active sites within the catalysts layer, and the triple phase boundaries are more
distributed by electron flow at higher current densities!>!'®, The exponential relationship in Figure
2 (d) implied that P2 can be attributed to kinetic losses based on the Tafel equation. Moreover, it
indicated the number of active areas increased with current, yet gradually reached a threshold value
when most of the available sites were active. When the current increased, P2 shifted toward a
higher frequency range and was related to the decrease in charge transfer resistance (time constant
= Rc*C = 1/(2xnf)). In ECM analysis, the time constant with a similar frequency range (0.99 to 16.4
Hz) accounted for a large portion of overpotential losses and aligned with the P2 resistivity in the
DRT results. Moreover, voltage break down analysis verified that P2 is mainly from OER kinetic
contributions. For the peak width, P2 was narrow and focused on a single peak frequency at low
current densities (0.06 - 0.1 A/cm?), which can be explained in that a smaller portion of catalyst
layers take part at low current density and thus the polarization processes were more homogeneous.
As the current increased (> 0.1 A/cm?), more sites within the catalyst layers were utilized, resulting
in a broader P2 peak that covered a wider frequency range due to the complexity of the porous
anodic catalyst layer structure. Similar behavior and resistivity trends were also seen in the MEA
0.6Ir 0.1Pt in Figure S 5 and in DRT studies in fuel cells®!4.
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Figure 2. (a) EIS measurements from 0.06 to 0.8 A/cm?. (b) DRT results from (a). (¢) Total
polarization resistance (Riwota) obtaining from ECM or DRT. And HFR from ECM at different
current densities. (d) P2 resistivity and the peak frequency from the DRT result (-e-), the resistance
value from the corresponding time constant in ECM result (-o0-), and the kinetic contribution from
[-V curve break down analysis. (e) The resistivity and the peak frequency of P3 and P4.

DRT peaks P3 and P4 were in the range of 10 - 10* Hz. For current densities of 0.2 and 0.6
A/em?, a peak between P3 and P4 (100 and 1000 Hz) was more visible, but the processes
converged into 2 peaks at 0.8 A/cm?in Figure 2 (b). For this sample (MEA1.51r 0.1Pt), when the
current density was above 0.2 A/cm?, the peaks in the high frequency range became less isolated
and more difficult to separate, which may be related to the membrane/catalyst layer hydration,
causing lower site utilization that worsened proton and electron conduction'®. Similar to the trend
of P2 resistivity decreasing with increasing current density, the P3 resistivity decayed from 53.60
to 15.81 mQcm? in Figure 2(e), implying that P3 might be associated with other reaction steps
faster than the P2 rate determining step at the anode. The corresponding results from ECM were
provided in Figure S 14 (a). For OER, the four reaction steps of Krasil’shchikov mechanism in an
acidic environment are more broadly accepted as3!:

() S+H,0->S—OH+H"'+e"
(i) S—O0H->S—0 +H*

(i) S—0">S—0+e"

(iv) 25—0-25+0,
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With step (iii) as the rate determining step, the Tafel slope of the anodic reaction was
approximately 47 mV/dec in previous studies 3!, which was similar to those found in these MEAs
(44.8 - 58.2 mV/dec). The presence of P3 in the DRT results could be due to faster OER kinetic
processes, including steps (i), (i1) and (iv). While hydrogen evolution reaction (HER) kinetics may
also contribute to P3, cathodic kinetics are comparatively small to PEM electrolysis
overpotentials'®?!. P3 was around 25.2 - 50.2 Hz and the resistivity decreased with increasing
current density, matching the EIS trends in Figure 2 (a) and confirming a kinetic process. While
identifying P3 in DRT and separating the amounts from total impedance are beneficial to quantify
this electrochemical process, this was difficult to achieve by interpreting the overlapped time
constants in Nyquist plots.

P4, located at higher frequency, could be related to protonic and electronic conductivity, HER
kinetics, or a combination. P4 resistivity increased with current density from 6.80 to 22.6 mQcm?,
which can be explained by a higher number of ionic- and electronic-limited zones and thus worse
catalyst utilization, mainly in the anode'®!”. For ionic limitations specifically, increasing current
shifts catalyst site utilization from the membrane interface into the catalyst layer bulk, and greater
ionic resistances may occur due to the higher catalyst layer current distribution and longer ionic
pathways'®. For electronic limitations specifically, interfacial contact resistance between the PTL
and catalyst layer may increase with current density, likely due to a larger area of discontinuous
electric conduction of between catalyst particles and the PTL surface?!.

Throughout the current densities evaluated, P2 accounted for 71.9 - 76.5% of total resistivity
at lower current density (0.06 to 0.1 A/cm?) and 40.6 - 56.4% at higher current density (0.2 to 0.8
A/cm?). This indicated that kinetic losses were more dominant at lower current densities and that
P2 was possibly associated with the rate determining step of OER, IrO2 hydroxide (Ir'Y) to IrO20H
(IrV) 32. P3 contributed to the total impedance with similar proportions (14.3 - 17.4%) at low current
density (0.06 to 0.2 A/cm?) and at higher currents tended to merge with other losses in the high
frequency range. For EIS at 0.6 and 0.8 A/cm?, both HFRs were around 117.6 mQcm? and the
difference of polarization resistance (ARiwtal = 10.66 mQcm?) was mainly due to a kinetic
improvement at the higher current density (see inset plot of Figure 2 (a)). The frequency of P2
(12.6 Hz for 0.6 A/cm? and 15.8 Hz for 0.8 A/cm?) corresponded to the peak frequencies of the
main polarization process in the Nyquist plot, and the resistivities at 0.6 and 0.8 A/cm? were 22.74
and 17.10 mQcm?, respectively. The peak at 317 Hz at 0.8 A/cm?, however, also converged with
the peaks related to catalyst layer protonic conductivity at a higher frequency range and were
difficult to separate at this current density. Assuming that the anodic fast reactions contributed a
negligible amount to the total impedance at 0.8 A/cm?, the difference of kinetic related resistivity
(ARp2 = 5.64 mQcm? + ARp3 = 4.85 mQcm? =10.49 mQcm?) was in the same range as ARotal. The
sum resistivity from the peaks at 797 and 5030 Hz at 0.6 A/cm? was 22.94 mQcm?, while the sum
resistivity at 0.8 A/cm? was slightly higher (23.23 mQcm?), from the peaks at 317 Hz and 3174
Hz. This phenomenon well aligned with a previous investigation, where the catalyst layer
resistance increased in the low current range (< 1 A/cm?) and reached a threshold value at higher
current densities'”.
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3.2.2. Effect of temperature

In this section, the effect of temperature (40, 60, and 80°C) on the cell performance of MEA
1.5Ir 0.1Pt will be discussed. Cell efficiency increased with operating temperature due to improved
kinetics (higher rate constant and lower activation energy) and lower ohmic resistance (improved
proton and electron conductivity). To quantify kinetic-related processes, we focused on EIS at a
low current (0.06 A/cm?) and at three temperatures. HFRs in Figure 3 (d) were subtracted from
EIS to better illustrate differences in the Nyquist plots (Figure 3 (b). The total polarization
resistances were similar at 40 and 60°C and increased slightly at 80°C (24.70 and 24.71 mQcm?
from ECM and DRT, respectively).
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Figure 3. (a) Polarization curves at 40, 60 and 80°C for the MEA with 1.5 mgi/cm? at the anode
and 0.1 mgp/cm? at the cathode. Solid lines are the measured voltage. Dashed lines are HFR-free
voltages. (b) Nyquist plot of EIS at 0.06 A/cm? at 40, 60 and 80°C with the MEA 1.5Ir 0.1Pt. (c)
DRT results of the corresponding impedance measurement. (d) Total polarization resistance from
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DRT and ECM and HFR from ECM at 0.06 A/cm?. (e) the resistivity of P1-P4 from the DRT
results at 40, 60 and 80°C.

Different mechanisms may have contributed to this trend and implementing DRT helped
investigate each electrochemical process and quantify losses which dominated within different
frequency ranges. In the kinetic region, the shape of P2 and P3 both slightly narrowed (lower
shoulders around 1-5 Hz) with elevated temperature, possibly due to the improved reaction kinetics
at higher temperature, so that primary electrochemical reactions became more dominant at specific
time constants (0.06 A/cm? in Figure 3 (c), 0.1 A/cm? in Figure S 6.). For the MEA with the
higher anode loading (1.5 mgi/cm?), the peak frequencies were 0.25, 1.00, 25.17 and 1590 Hz for
P1 - P4, respectively, and did not significantly change with temperature. The quantification of each
peak was summarized in Figure 3 (¢) (ECM results in Figure S 14 (b)). The P2 resistivity dropped
9.15 mQcm? from 40°C to 60°C (264.0 mQcm? at 40°C and 252.3 mQcem? at 60°C) likely because
the OER kinetics improved and the charge transfer processes became more efficient. From 60°C
to 80°C, however, greater gas production may have resulted in additional local MEA pressures,
improving component/interfacial contact, or causing electrode strain which could have reduced
pores and active sites in the catalyst layer and thus subtly worsened OER kinetics (261.8 mQcm?
at 80°C).

The inset plot of Figure 3 (b) showed that the impedance in the high frequency area (around
2.5 - 251 Hz) had trends of decreasing in real and imaginary parts (moves towards upper left of
Nyquist plot) from 40 to 80°C. This frequency range corresponded to P3, which had the resistivity
increase with temperature (28.60, 34.56, 46.50 mQcm?). The corresponding time constant (R3//Q3)
in ECM also showed the similar trend in Figure S 14 (b). Increasing P3 resistivity could have been
due to: (1) more resistance due to larger bubbles forming on the electrode surface that may have
limited the amount of water in the catalyst layer at higher temperatures'>!°; (2) faster surface oxide
growth of the Ir catalyst at elevated temperature, which reduced the site reactivity®}; and (3)
changes to polymer creep modifying catalyst/ionomer interfaces, which led to decreases the
electrode active area'®. Higher ohmic resistance from the anodic catalyst layer at higher
temperatures was also observed in past studies, related to a less active catalyst layer provided poor
conduction for electrons and protons along the anode thickness!>!°.

From 40 to 80°C, the resistivity of P1, related to mass transport losses, increased from 2.41
to 16.40 mQcm? and the corresponding frequency slightly shifted higher due to faster transport
properties at higher temperature. Past works suggested faster bubble growth rate and larger bubble
size occur at higher temperature, however bubble detachment and transfer through the PTL
microchannel may become more difficult on hydrophobic surfaces with higher gas generation
rates'>. Similarly, the accessibility of catalyst sites to water may be more difficult with larger
bubbles or when bubbles merge on the electrode surface.

P4 contributed around 1.7 - 2.9% of total DRT resistivity and decreased from 8.39 to 5.99
mQcm? with increasing temperature. This decrease may be related to the ionomer and improved
proton conduction at elevated temperature, both at the catalyst layer/membrane interface and
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within the catalyst layers. P4 increased with current density (Figure 2 (e)) due to the longer ion
conduction pathways in the catalyst layer. The HFR further decreased with increasing temperature
(Figure 3 (d), -22.24% from 40 to 60°C and -14.28% from 40 to 80°C), indicating improved proton
conductivity of the membrane. Moreover, the NFI measurement indicated the catalyst layer
resistance decreased 18.06 % from 40 to 60°C and 10.92 % from 60 to 80°C (Figure 4), which
shared a similar trend with the P4 resistivity decrease (22.25 % from 40 to 60°C and 14.62 % from
60 to 80°C). The methodologies of CLR approximation by linear fitting were applied from the
previous work!”.

CLR=50.13 mOhm*cm? CLR=42.46 mOhm*cm?

CLR=38.28 *cm?
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Figure 4. CLR from NFI measurement at (a) 40°C, (b) 60°C and (c) 80°C.

3.2.3. Effect of loading

The performance of different catalyst loadings was investigated to better understand the 4
distinct peaks in the DRT results, and were summarized in Table 1. In Figure 5 (a), polarization
curves showed that the low cathode loading (0.035 mgp/cm?) had the highest overpotential in the
middle and low current range, 1.65 V and 1.57 V (Hfr-free, dashed line) at 0.8 A/cm?. Since the
anode loadings of the 2 MEAs (blue and red) were both 0.2 mgi/cm?, the performance difference
was assumed to be caused by the thin cathode of MEA 0.2Ir 0.035Pt. From the Tafel analysis, the
MEA with 0.035 mgp/cm? had a higher Tafel slope (58.2 mV/dec) than the MEA with 0.1
mgp/cm? (49.5 mV/dec). The STEM results in Figure 6 (a) showed the cathode with extremely
low Pt loading had an uneven electrode thickness, which could result in non-uniform interfacial
contact with the transport layer and suboptimal site access within the catalyst layer (compared to
cathodic loading of 0.1 mgp/cm? in Figure 6 (b)). Bubbles forming in an uneven cathode may also
result in mechanical stresses and local electrode deformations which may impact
electrode/membrane interfaces and lessen catalyst utilization®*. The microstructure in MEA 0.21r
0.035Pt cathode further showed there were more catalyst void spaces between Pt/C agglomerates
which contain ionomer (from F- signal). In any case, extremely low Pt-cathode content aggravated
kinetic loss, consistent with the large charge transfer resistance in EIS in Figure 5 (¢) (Ret =465.4
mQcm?). The ECM results of Figure 5 (c) were summarized in Table S 4 and Figure S 14 (¢). In
the DRT results in Figure 5 (d), MEA 0.2Ir 0.035Pt showed that P2 and P3 overlapped and were

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



hard to separate. This feature was also reflected in the ECM results in that the time constant of
R2//Q2, R3//Q3 and R4//Q4 shared similar range of frequency (7 — 55 Hz) in Figure S 14 (¢). The
main electrochemical process with MEA 0.2Ir 0.035Pt had slightly higher frequencies than with
the standard cathode loading (MEA 0.2Ir 0.1Pt), which can be explained by the faster HER kinetics
and greater HER participation in impedance that may shift kinetic-related DRT peaks to the higher
frequency region. Poor kinetic performance could be related to: (1) extremely low Pt loading at
the cathode slowing HER kinetics, (2) poor cathode catalyst layer uniformity indirectly impacting
OER efficiency due to electron/proton movement, and (3) the nonuniform cathode resulting in
poor cell compression that reduced catalyst utilization. The CV results (Figure S 9) showed MEA
0.2Ir 0.1Pt had a larger double layer capacitance than MEA 0.2Ir 0.035Pt, suggesting a higher
degree of anode site access. For low cathode loading, DRT P2 had the highest resistivity with
445.4 mQcm?, shown in Figure 5 (f), which was 117.5 mQcm? higher than the MEA with 0.1
mgp/cm? at the cathode. To verify the DRT results of different MEA samples, two more EIS data
per sample were analyzed and the results were provided in Figure S 13. For MEA 0.2Ir 0.1Pt, the
difference in electrode thickness, Pt particle size, catalyst/ionomer distribution and porosity were
not pronounced between the pristine (Figure S 12) and tested samples Figure 6 (b).
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Figure 5. (a) Polarization curve of MEAs with different catalyst loadings. Solid lines are from the
voltage responses at applied current densities. Dashed lines are from HFR-free voltages. (b) the
relation of high frequency resistance and current densities for different MEAs. (c) EIS at 0.06
A/cm? with different catalyst loadings on the MEAs. (d) DRT results from EIS. (e) Polarization
resistance from DRT and ECM, and HFR from ECM at 0.06 A/cm?. (f) the resistivity of P1-P4
from the DRT results for different MEA samples.
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By increasing the anode loading from 0.2 to 0.6 mgi/cm?, the performance improved with a
lower overpotential, HFR-free voltage (Figure 5 (a)), and Tafel slope (52.38 mV/dec in MEA
0.2Ir 0.1Pt to 44.80 mV/dec in MEA 0.6Ir 0.1Pt). The higher Ir loading likely created more active
area in the catalyst layer and a more homogeneous catalyst structure, which allowed for more
uniform current distribution through the catalyst layer®!. The distance between Ir particles might
be larger in MEA 0.2Ir 0,1Pt, which may have provided discontinuous electron conduction at
anode/PTL interface. Through lower site access, lower Ir loading may also have accentuated
catalyst migration/degradation concerns (see Figure 7 (a)) and the isolated catalyst in the
membrane negatively impacted electronic conductivity (from Figure S 8)?*2!. Additionally in
ECM results in Table S 4, the dominant time constants of higher Ir loading (0.6 mgi/cm?) had 3
times higher capacitance value than the low Ir loading (0.2 mgi/cm?). From CV measurements in
Figure S 9, current response around 1.35 V (capacitance associated with oxide content) implied
that higher Ir loading created a higher number of catalyst sites (MEA 1.5Ir 0.1Pt>MEA 0.6 Ir 0.1
Pt > MEA 0.2 Ir 0.1Pt)'8,

Figure 6. (a) The cathode from the tested MEA with 0.2 mgr/cm? at the anode and 0.035 mgpi/cm?
at the cathode (MEA 0.2Ir 0.035Pt). The membrane is at the bottom of the image. (b) The cathode
from the tested MEA with 0.2 mgi/cm? at the anode and 0.1 mgp/cm? at the cathode (MEA 0.21r
0.1Pt).
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Figure 7. (a) The anode from the tested MEA with 0.2 mgi/cm? at the anode and 0.1 mgp/cm? at
the cathode (MEA 0.2Ir 0.1Pt). The membrane is on the top of the image. (b) The anode from the
tested MEA with 1.5 mgi/cm? at the anode and 0.1 mgp/cm? at the cathode (MEA 1.51r 0.1Pt).
The membranes are the top of the images.

When the loading was much higher, however, the Tafel slope had a higher value (b = 58.2
mV/dec for MEA 1.5Ir 0.1Pt). A higher Tafel slope in this case likely indicated differences in
electrode structure (MEA 0.2Ir 0.1Pt and MEA 1.5 Ir 0.1Pt can be seen in Figure 7) and not a
difference in catalyst properties or intrinsic reactivity!”?’. For low Ir loading (MEA 0.21r 0.1Pt),
Ir mapping showed that although there were voids between Ir agglomerates, they contained
ionomer (continuous fluorine signal), indicating that ionomer provided relatively homogeneous
ionic conductivity within the catalyst layer. MEA 1.5Ir 0.1Pt had a more compacted structure with
stronger Ir- and F- signals and less void spaces between Ir agglomerates. The inhomogeneous and
discontinuous ionomer distribution was likely not ideal for proton transport and compact ionomer
distribution may interfere electron conduction between Ir particles, which led to a higher CLR
(38.28 mQcm?) in NFI measurement (see Figure 4 (c) and Figure S 8).

In the DRT results, P2 resistivity decreased with higher Ir content at the anode in Figure 5
(f), which indicated improving OER kinetics. The shifting of P2 to a lower frequency in Figure 5
(d) may have been related to the mass transport, included in parts of P2, dragged the main process
to a lower frequency range. P3, related to anodic fast reaction steps or HER (from the last sections),
was more distributed and more easily separated at higher Ir loading, and its resistivity slightly
increased with higher Ir contents (in a similar range 36.16 to 53.61 mQcm?). Similar trend from
ECM results can be verified in Figure S 14 (¢).
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P1 (mass transport) and P4 (ionic conduction) were more obvious in MEA 1.5Ir 0.1Pt.
Increasing the anode loading to 1.5 mgi/cm? created a thicker and less porous electrode (Figure 7
(b)), which likely resulted in longer and more complex paths for water to supply the catalyst layer
and for produced oxygen to exit to the transport layer. From EIS at 0.06 A/cm? (Figure 5 (c)), the
data at low frequency had a longer distance from the x axis, which implied that more transport
losses occurred in the MEA with high Ir loading. In Figure 5 (f), P1 resistivity had the highest
value of 19.44 mQcm?. Due to the maximum current limitation of EIS instrument, EIS was taken
up to 0.8 A/em? (25 cm? cell) and future tests of cells with smaller active areas and thinner
membranes could help probe mass transport effects. For P4, located in the high frequency range,
the resistivity contributed to a small amount of the impedance. For MEA 1.5Ir 0.1Pt, P4 can be
integrated to a resistivity of 6.96 mQcm?, while the MEAs with lower Ir loadings had negligible
P4 resistivity. This result was in good agreement with the NFI, that MEA 1.5Ir 0.1Pt had the
highest CLR (Figure S 8). The possible explanation are: (1) the voids in a much thicker anode
were filled by Oz, which interfered with water transport and proton movement from the PTL/anode
interface to anode/membrane interface?!; and (2) the interface of Ir particles and ionomer was not
ideal for proton conductivity with less water content in the thick anode?’. Additionally in extended
operation, less homogeneous proton conduction could have lessened site access in the catalyst
layer and accelerated degradation on specific sections or spots in the electrode.

In Figure 5 (c), higher HFR in MEA 1.5Ir 0.1Pt can also be attributed to worse electron
conduction due to the isolation of Ir particles by compacted pore structure?’. Moreover, for this
MEA, the HFR increased with current density, while other MEAs showed that HFR was
independent of current density. For anode thickness > 10 pm, similar trends of increasing HFR
with current density was also found?!, and reported as due to membrane hydration at the edge of
membrane/anode related to electroosmotic drag (anode to cathode)!2!*, With a thicker anode,
water at the surface of the electrode (PTL side) likely needed a longer path to transport to the
membrane. The water content at the interface of anode and membrane was likely lower with a
thick anode (high Ir loading) than with a thin anode. The increasing trend of HFR in the range of
0.2 - 0.8 A/cm? was less obvious because more gas production provides higher oxygen pressure at
the anode, which can improve water transport and mitigate membrane hydration?'. HFR of low Pt
loading had a lower value and did not change with current density, which can be explained by
lower contact resistance of a thinner MEA and the back diffusion of water from a thin cathode was
easier so that the membrane was slightly more hydrated.

In Figure 7 (a), another distinct feature was the migration of Ir, moving toward the membrane,
settling at the membrane/anode interface, and forming an Ir band (around 826 nm). The pristine
MEAs did not have this feature (see Figure S 10 - S 11). Similar anode degradation from Ir
dissolution was observed in stress test of PEM electrolysis cells**. This could be the main reason
for higher kinetic losses in MEA 0.2Ir 0.1Pt (higher values in HFR-free voltage, Tafel slope and
DRT P2 resistivity), which was related to lower catalyst utilization and limited site access in the
anode. For MEA 1.5Ir 0.1Pt, however, there was no Ir band or migration into the membrane, which
may be due to a higher number of catalyst sites spreading operational stressors.

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



4. Conclusion

This study demonstrates that DRT is a promising tool in deconvoluting relaxation processes
and elucidating electrolysis mechanisms for PEMECs. By preprocessing EIS data, impedance in
the high frequency range can be better quantified and separated with appropriate regularization
parameters in the DRT results. By varying operating current densities and temperatures, four DRT
peaks were identified. P1, located at the lowest frequency range, accounts for mass transport losses.
P2 and P3 are attributed to kinetic related processes and the resistivities decrease exponentially
with increasing current densities. P4, associated with ionic conductivity in the high frequency
region of EIS, has an increasing resistivity with higher currents and lower temperatures.

For different catalyst loadings, higher Ir loading at the anode showed more isolated
polarization processes in DRT that were easier to separate from one another. The frequency of
DRT peaks did not vary significantly when reducing the Pt loading from 0.1 mgp/cm? to 0.035
mgp/cm?. High Ir loading (1.5 mgi/cm?) improved OER reaction kinetic due to higher number of
active sites. This loading, however, also produced a compact electrode structure which resulted in
poor ionic conduction of the electrode (higher catalyst layer resistance and P4 resistivity) and a
less porous morphology that triggered higher mass transport losses (higher potential at 3 A/cm?
and higher P1 resistivity). For the cathode, an extremely low Pt loading created an uneven surface
which hampered charge transfer processes and reaction kinetics, possibly due to less uniform
localized pressure and lower catalyst utilization in the electrode.

Applying DRT in PEMECs testing leverages advanced electrochemical diagnostic
development in separating and quantifying different polarization processes. By verifying with
experiment results and other modeling methods (ECM or physical models), DRT provided
tremendous insights in understanding the degradation mechanisms of PEMECs during long-term
operation and in developing mitigation strategies for the development of a durable, cost efficient,
and high performing electrolysis system.
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Figure S 1. KK test results from EIS at 0.06 to 0.8 A/cm? at 80 °C with the MEA 1.5 Ir
0.1Pt (1.5 mgi/cm? at the anode and 0.1 mgp/cm? at the cathode).
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Figure S 2. KK test results from EIS at 0.06 A/cm? at 40 to 80 °C with the MEA 1.5 Ir
0.1Pt (1.5 mgy/cm? at the anode and 0.1 mgp/cm? at the cathode).
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presented in Fig S1.
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Figure S 4. DRT results by using raw data ((a), (d) and (g)), cut-off approach (b), (¢) and
(h) and model-and -remove approach (c), (f) and (i). Experiment data is in blue points

and modeled impedance is in red circle for (a)-(f). The initial gamma function y(f) from
the DRT algorithms, (g)-(i).
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Figure S 6. (a) Nyquist plot of EIS at 0.1 A/cm? at 40°C, 60°C and 80°C with the MEA
1.5Ir 0.1Pt. (b) DRT results of the corresponding impedance measurement.
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Figure S 9. Cyclic voltammetry of different MEA samples.

Figure S 10. The anode from the pristine sample of MEA with 0.2 mgi/cm? and 0.1

mgp/cm? at the anode and the cathode (MEA 0.21r 0.1Pt). The membrane is on the top of
the image.

Figure S 11. The anode from the pristine sample of MEA with 1.5mgi/cm? and 0.1

mgp/cm? at the anode and the cathode (MEA 1.5Ir 0.1Pt). The membrane is at the bottom
of the image.
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Figure S 12. The cathode from the pristine sample of MEA with 0.2mgi/cm? and 0.1
mgp/cm? at the anode and the cathode (MEA 0.2Ir 0.1Pt). The membrane is at the bottom

of the image.
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Figure S 13. (a) Nyquist plot of EIS at 0.06 A/cm? for different MEA samples. (b) DRT
results of the corresponding impedance measurement. (c) the resistivity of P1-P4 from the
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Table S 1. Parameters obtained during DRT algorithms by using different data
preprocessing methods.
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DRT results from Raw data Cut-Off Model-and-
different methods remove
Rpo1(mQem?) 329 331 331

Ar 1.98e-14 5.48e-13 2.97e-13
Apc 7.12e-03 1.98e-02 2.00e-02
Initial Tikhonov
residual 1.77e-10 7.73e-11 9.32e-13
Final Tikhonov
residual 4.80e-02 2.23e-04 1.25e-04
P1 frequency (Hz) 0.20 0.20 0.32
P1 resistivity
(mQcm?2) 40.37 30.09 20.06
P2 frequency (Hz) 1.00 1.00 1.00
P2 resistivity
(mQcm?2) 231 245 250



P3 frequency (Hz) 25.17 25.17 19.99
P3 resistivity

(mQcm?2) 48.77 49.30 53.73

P4 frequency (Hz) 797 797 2002
P4 resistivity

(mQcm?2) 9.38 6.38 6.87

Table S 2. The ECM results of EIS at 0.06 — 0.8 A/cm? at 80 °C for MEA1.51r0.1Pt.

Circuit element 0.06 0.08 0.1 0.2 0.6 0.8
Alem? Alecm? Alem? Alem? Alecm? Alem?
L, 9.59¢-06  9.60e-06 9.57e-06 9.47e-06 9.42¢-06 9.37E-06
a 0.93 0.93 0.93 0.93 0.93 0.93
Ronm 4.46 4.50 4.56 4.70 4.78 4.83
Ry 0.38 0.49 0.52 0.33 0.087 0.12
Q 1.50e-03  2.54¢-03  2.70e-03  1.32e¢-03  5.29¢-04 3.33¢-4
n, 0.80 0.73 0.72 0.80 1.00 0.999
R, 2.10 1.27 0.99 0.89 0.97 0.78
Q, 8.47e-03  7.35e-03  7.62e-03 1.16e-2 7.93¢-03 4.86e-3
n, 0.79 0.84 0.84 0.68 0.62 0.70
R, 9.80 7.73 6.22 2.88 0.91 0.63
Qs 1.76e-02  1.73e¢-02  1.71e-02  1.76e-02 1.49¢-2 1.54¢-2
Ny 0.96 0.96 0.96 0.96 1.00 1.00
R, 1.38 0.52 0.43 0.60 0.11 0.21
Q. 0.42 1.65 2.55 1.36 1.22 0.59
Ny 1.00 1.00 1.00 0.47 0.96 0.68
X? 1.85¢-3 3.09¢-4 1.79¢-4 7.14e-5 3.11e-4 2.48¢e-4

N
1 0 I} " o
Xz - Z m [Z data(wn) —Z model(“)n)]2 + [Z data(wn) —Z model (wn)]z
n=0
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Table S 3. The ECM results of EIS at 40 — 80 °C at 0.06 A/cm? for MEA1.51r0.1Pt.

Circuit element 40 °C 60 °C 80 °C
L, 1.06e-05 1.07¢-05 1.10e-05
a 0.96 0.94 0.94
Ronm 6.30 5.15 4.15
R, 0.42 0.35 0.28
Q, 1.19¢-03 1.27e-03 8.99¢-04
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ny 0.84 0.84 0.88

R, 1.28 1.40 2.09
Q, 1.27e-02 1.06e-02 8.83e-03
n, 0.78 0.81 0.81
R; 10.15 10.03 9.92
Qs 1.73e-02 1.70e-02 1.69¢-02
ns 0.92 0.94 0.95
R, 0.75 0.87 1.36
Q, 1.02 0.76 0.42
Ny 1.00 1.00 1.00
X? 6.57e-4 8.69¢-4 2.01e-3
T sl s N K sl h % 50 2 %
c % |c % | c
-501 E = 400C =50 1 : o GOOC =50 z. T ettt 80°C
, =5 4 : ==
8 o RN B o i | § o e S
=1 -14 -1 ‘
= 57e-0 N ) g:,geo 5 Ole- ‘
10 10 10 ”"120) 10° 10° 1o-? 10° 10! ”leo; 10 107! 10° 10! ”“110)1 10° 10

Table S 4. The ECM results of EIS at 0.06 A/cm?, 80 °C for different catalyst loadings.

Circuit element MEAO0.2Ir MEAOQ.6Ir MEA1.5Ir MEAO0.2Ir

0.1Pt 0.1Pt 0.1Pt 0.035Pt
L, 5.18¢-06 7.04e-06  9.59¢-06  7.68¢-06
a 0.82 0.91 0.93 0.91

Ronm 3.82 4.05 4.46 3.96
R, 0.92 0.37 0.38 0.98
0. 6.38¢-03  8.23e-03  1.50e-03  1.10e-03
n, 1.00 0.69 0.80 0.66
R, 1.37 1.93 2.10 1.35
Q, 1.55e-01  4.61e-03  8.47e-03  6.66e-03
n, 0.32 0.88 0.79 0.92
R, 12.74 11.37 9.80 16.05
03 2.99¢-03  7.96e-03  1.76e-02  2.43e-03
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ns 0.90 0.92 0.96 0.86
R, - 0.87 1.38 1.38
Q, - 0.76 0.42 0.42
ny - 1.00 1.00 1.00
X? 2.02e-3 1.68e-3 1.85¢-3 1.36¢-3
150
100
"5 100 t
P = o S iy
W N oo
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100 200 300 400 100 200 300 200
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Table S 5. Parameters obtained during DRT algorithms by varying Ap,;.

MEA

Varied Ap;

le-06  1e-05 le-04 1e-03 1e-02  le-01

1.51r0.1Pt

Rpol (mQcm?)

Fitted A,
initial A;=1e-13

Fitted APG

Initial Tikhonov
residual

Final Tikhonov
residual

320 320 320 320 320 320

1.00e-12 1.00e-12 6.41e-14 3.75e-13 9.68e-13 2.78e-13

1.00e-5 1.78e-5 1.06e-4 9.12e-3 1.12e-2 5.80e-2

8.86¢-13 8.86e-13 8.86¢-13 8.86e-13 8.86¢-13 8.86¢-13

1.35 1.35 0.05 1.84e-4 1.5le4 14.72

0.21r0.035Pt

Rpol (mQcm?)

Fitted A7,
initial A;=1e-14

Apg

Initial Tikhonov
residual

Final Tikhonov
residual

461 461 461 461 461 461

9.41e-145.78e-147.71e-14 5.39¢-14 3.94¢-14 1.76e-14

8.64e-6 2.62e-5 2.00e-4 2.00e-3 9.98e-3 3.65e-2

6.60e-13 6.60e-13 6.60e-13 6.60e-13 6.60e-13 6.60e-13

1.87 0.73  9.39e-3 9.50e-4 9.16e-4 5.25e-5

0.61r0.1Pt

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.

Rpol (mQcm?)

Fitted A7,
initial A;=1e-13

Apg

Initial Tikhonov
residual

349 349 349 349 349 349

9.68e-13 4.96e-13 6.48e-13 8.56e-13 5.05¢-13 2.80e-13

8.49¢-6 1.57e-5 1.00e-4 5.20e-3 1.00e-2 5.82e-2

6.92e-13 6.92e-13 6.92¢-13 6.92¢-13 6.92¢-13 6.92¢-13
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Final Tikhonov

residual 1.80 098 5.58e-2 1.15¢-4 1.05¢e-4 16.3
Rpol (mQcm?) 365 365 365 365 365 365
Fitted A,

initial A;=1e-9 1.00e-8 5.06e-9 8.59e-107.85e-106.14e-10 1.00e-10
0.21r0.1Pt Fitted Apg 5.23e-6 2.02e-5 9.74e-4 3.24e-3 1.00e-2 4.25e-2

Initial Tikhonov

residual 3.13e-133.13e-133.13e-133.13e-133.13e-13 3.13e-13
Final Tikhonov
residual 6.85e-1 1.42e-1 1.70e-4 5.49¢-5 5.84e-5 5.52e-5

Table S 6. Parameters obtained during DRT algorithms by varying A;. Apz=1e-02.
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MEA Varied A le-10  le-11  le-12 le-13 1le-14 le-15
Rpol (mQcm?) 320 320 320 320 320 320
Fitted A, 1.10e-10 5.05e-115.05e-129.68e-133.94e-146.20e-15
Fitted A’PG’
1.51t0. 1Pt initial Ap;=1e-02 1.00e-2 1.00e-2 1.00e-2 1.11e-2 9.95e-3 9.13e-3
Initial Tikhonov
residual 3.186e-133.36e-134.22e-138.86e-139.37e-139.40e-13
Final Tikhonov
residual 1.65e-4 1.36e-4 2.16e-4 1.51e-4 2.82e-4 3.36e-4
Rpol (mQcm?) 461 461 461 461 461 461
Fitted A, 7,87e-11 1.57e-115.75e-131.59¢e-131.76e-145.05¢-15
0.2Ir0.035Pt Fitted Ap,
initial Ap;=1e-01 4.03e-2 3.64e-2 4.15e-2 3.68e-2 3.65e-2 3.64e-2
Initial Tikhonov
residual 3.38e-13 4.20e-133.68e-135.53e-136.50e-136.33¢e-13
Final Tikhonov
residual 5.18¢-5 5.25e-5 4.49¢-5 5.48e-5 5.25e-5 5.48e-5
Rpol (mQcm?) 349 349 349 349 349 349
Ar 1.10e-10 5.05e-115.05e-125.05e-135.72e-145.24¢e-15
0.6Ir0.1Pt Fitted Ap¢,

initial Ap;=1e-02

Initial Tikhonov
residual

Final Tikhonov
residual

1.00e-2 1.00e-2 1.00e-2 1.00e-2 1.60e-2 1.29e-2
2.39e-13 2.98e-133.15¢-136.92¢-13 8.04e-138.03¢-13

6.74e-5 5.96e-5 6.55e-5 1.05¢-4 1.34e-4 1.08e-4
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Varied Ay le-8 le-9  le-10 le-11 le-12  le-13

Rpol (mQcm?) 365 365 365 365 365 365
Fitted A 1.00e-9 7.85e-105.99¢-107.77e-117.28e-129.95¢-13
Fitted APG&
0.2110.1Pt initial Ap;=1e-03 6.85e-4 3.24e-3 3.08e-3 3.87e-3 3.88e-3 7.91e-3
Initial Tikhonov
residual 3.52e-13 3.13e-133.18e-133.53e-134.55e-139.62¢-13
Final Tikhonov
residual 2.63e-3 5.49e-5 6.04e-5 6.80e-5 8.36e-5 1.50e-4

Table S 7. Thickness of anode (An) and cathode (Ca) from SEM measurement

MEA Thickness from spot 1- Average values
(An/Ca) 4
0.2Ir 0.1Pt (An Pristine)  2.85, 2.82,2.58, 2.86 2.78+0.30
0.2Ir 0.1Pt (An EOL) 4.66, 5.06,4.27,4.76 4.69+0.64
0.2Ir 0.035Pt (Ca EOL)  1.67,1.94,1.75,1.91 1.82+0.71
1.5Ir 0.1Pt (An Pristine)  12.2,12.1,11.4,12.3 12.0+0.60
1.5Ir 0.1Pt (An EOL) 13.6,12.7,12.0, 13.6 13.0+2.02
1.5Ir 0.1Pt (Ca EOL) 4.66, 3.87, 3.18, 3.67 3.85+1.06

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.



	Abstract
	1. Introduction
	2. Material and methods
	2.1. Membrane electrode assembly (MEA) fabrication
	2.2. Electrochemical methods
	2.3. Impedance data processing and modeling
	2.4. Electron Microscopy

	3. Results and Discussion
	3.1. Data processing before DRT analysis
	3.2. Operating Conditions

	4. Conclusion
	Acknowledgements
	References
	Supplement



