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Abstract

Proton exchange membrane water electrolyzer (PEMWE) is a promising technology for hydrogen production due to
its ability to operate at high currents, compact design, and high produced hydrogen purity. However, the high cost
and limited durability challenges must be addressed to advance the commercialization of PEMWEs. Accessing the
internal polarization processes is crucial to understanding the performance of PEMWESs and guiding their design and
operation. In practice, the output voltage amplitude on a specific current value is often considered a performance
indicator. However, PEMWEs are complex systems with multiple polarization processes that are inaccessible using
global indicators such as voltage. We propose a distribution of relaxation times (DRT) based approach to overcome
this challenge. DRT is a model-free method that deconvolutes the electrochemical impedance spectroscopy data into a
series of relaxation times, corresponding to different internal polarization processes. The results show that the internal
polarization processes of the PEMWE can be decomposed into four peaks, corresponding to proton transport in the
ionomer of catalyst layer, charge transfer during oxygen evolution reaction and hydrogen evolution reaction, and
mass transport. The contribution of these processes and high-frequency resistance (HFR) to the overall overpotential
losses are further quantified, which indicates that HFR (79.4%) and charge transfer (16.4%) are the two dominant
factors. Finally, the influence of operating temperature and cathode pressure on the performance of the PEMWE is
quantified using the proposed approach. This approach can be generalized to identify the degradation root cause of
PEMWEs which can guide material enhancement and operation optimization to improve the efficiency and durability
of PEMWE:s.

Keywords: Proton exchange membrane water electrolyzer, electrochemical impedance spectroscopy, distribution of
relaxation times, polarization process, oxygen evolution reaction

1. Introduction

Hydrogen is a promising energy carrier for the future energy system due to its high energy density and pollution-
free characteristics during its conversion [1]. Proton exchange membrane water electrolyzes (PEMWEs) operate in a
reverse process of a proton exchange membrane (PEM) fuel cell, in which electrical energy is converted into chemical
energy by splitting water into hydrogen and oxygen [2, 3]. Thanks to the high efficiency, high purity of generated
hydrogen, high dynamic range, and ability to operate at high current densities, PEMWEs are regarded as one of
the most promising technologies for hydrogen production [4]. Hydrogen production is clean and sustainable when
combined with renewable energy sources, such as wind and solar power [5].

The overall reaction in water electrolyzers is the same, but the half-cell electrode reactions vary depending on the
type of electrolyzer. The reactions of a PEMWE are as follows:

Anode: 2H,0 (I) — O, (g) + 4H" (aq) + 4e~

1
Cathode: 4H" (aq) +4e~ — 2H, (g) @
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The overall reaction is:
2H0 (D) — 2H> () + 02 (9) 2

The PEMWE splits water into oxygen and protons through electrochemical oxidation, that is, oxygen evolution reac-
tion (OER) at the anode. At the cathode, the protons are reduced into hydrogen gas, namely the hydrogen evolution
reaction (HER). The protons are transported through the PEM from the anode to the cathode, and the electrons are
transported through the external circuit.

Albeit being a promising technology, the development of PEMWEs is still facing challenges, such as high cost,
low energy efficiency, and limited durability [6, 7]. Understanding the influence factors of PEMWE’s performance is
indispensable for overcoming these challenges [8]. Due to the complex structure and multiple internal polarization
processes, it has been difficult to fully understand the influence factors of PEMWESs’ performance [9].

Works have been done to investigate the influence of operating parameters on the performance of PEMWEs. In
general, the operating temperature, pressure, and water flow rate are the three most crucial parameters that influence
the performance of PEMWEs [10, 11]. Bazarah et al. [10] categorized these as dynamic factors that can be optimized
during operation to enhance the electrolyzer’s performance compared to static factors such as stack design and clamp-
ing pressure. Li et al. [12] investigated the effect of temperature and pressure on the performance of a high-temperature
PEMWE. The results showed that increasing the temperature at a constant pressure of 0.1 MPa increases the concen-
tration overpotential. Increasing operating pressure can help reduce concentration losses. Those observations are only
validated for high-temperature electrolyzers. Selamet et al. [13] studied the influence of temperature, pressure, and
water flow rate on the performance of a PEMWE. Through the measured polarization curves, they identified that the
operating temperature is the most influential factor in the performance. The performance is improved with increasing
temperature. The temperature also affects the two-phase flow of water and produced gas inside the PEMWE [10].
Increased temperature enhances bubble transport and reduces bubble accumulation, which can improve performance
[14]. The influence of pressure on the performance of PEMWE is relatively complicated. A decreased performance
is observed with increasing pressure due to gas crossover [15], increased initialization energy (for starting electrolysis
process) [10], and increased activation losses [16]. However, the high-frequency resistance shows a pressure depen-
dence, with an optimal value observed at a medium cathode pressure of 5 bar [17]. The enhanced mass transport
is reported with increasing cathode pressure [17]. The water flow can affect the operating temperature and bubble
removal thus influencing the performance of PEMWE [14].

In the above studies, the characterization of the PEMWE performance is mainly based on the polarization curve
with the voltage-current pairs as performance indicators. The measured voltage losses are global performance indi-
cators, which are the result of multiple internal physicochemical processes. Relying solely on the voltage losses is
insufficient to quantify the individual contribution of various internal processes.

Electrochemical impedance spectroscopy (EIS) is a noninvasive, partially in operando characterization technique
that can provide insights into the internal processes of PEMWEs [18, 19, 20]. To measure the EIS, a small AC
amplitude perturbation is applied to the PEMWE with a changing frequency, and the impedance response is recorded.
Despite being easily measurable, the interpretation of EIS data is challenging due to the complex simultaneous multi-
physical processes occurring in the electrochemical reaction. Equivalent circuit model (ECM) is a commonly used
approach to reproduce the EIS spectra using electrical components such as resistors, capacitors, and inductors [21]. A
simplified ECM with a series connected resistor, inductor, and a component of parallel connected resistor and constant
phase element are used to fit the EIS of a PEMWE [22]. Garcia-Navarro et al. [23] developed a modified Randles ECM
with a Warburg element to fit the EIS data of a PEMWE. The key ECM parameters such as high-frequency resistance
(HFR), mass transport resistance are obtained by fitting the ECM to the EIS data. Franzetti et al. [24] Investigated
the modeling of high-frequency inductive loops in the impedance spectrum of PEMWESs using ECM. However, the
model construction is not well explained and the optimization of the model parameters can be misleading if not
properly initialized. ECM is a model-based method, which requires prior knowledge of the system to determine a
suitable model structure. Moreover, there might be multiple equivalent circuits that can fit the EIS data, which makes
the ECM fitting ambiguous [25, 26]. The parameter identification of a complex ECM is also challenging, which
requires suitable initial values and optimization algorithms to avoid local minima [27].

Distribution of relaxation times (DRT) is a model-free method that can interpret the impedance data without
requiring prior knowledge of the electrochemical systems. By transferring the frequency impedance data into time
scales, the internal physicochemical processes of the investigated system can be decomposed based on their time
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constants [28]. The application of DRT has been reported in lithium-ion batteries (LIBs) and PEM fuel cells. The
timescale identification ability of DRT helps to decouple complex kinetic processes in LIBs [29]. DRT is applied to
identify the potential degradation mechanisms and state of health estimation in LIBs [30, 31]. In PEM fuel cells, DRT
has been applied to separate and quantify the internal polarization processes such as mass transport and charge transfer
[32, 33, 34]. It can further support the fault diagnosis and degradation analysis for PEM fuel cells [35, 36, 37]. By
contrast, the DRT analysis has been less explored in PEMWEs. Li et al. [38] implemented DRT analysis to a single
cell PEMWE. The water/gas transport, OER, HER, and proton transfer processes are identified. This is one of the
earliest works on DRT analysis in PEMWESs. Batalla et al. [39] used DRT to investigate the degradation of a single-
cell PEMWE. Besides identifying various internal processes, they revealed that the OER kinetics is the main factor
contributing to the degradation of the PEMWE. In summary, the EIS characterization carries abundant information to
access PEMWESs’ performance and its impact factors, however, the interpretation of EIS has not been fully investigated
yet.

According to the literature review, the existing research gaps regarding performance characterization-related stud-
ies in PEMWE:s are as follows:

e The majority of the previous studies such as [12, 15, 17, 20] focus on the performance of the PEMWE at the
cell level, and the experimental studies at the stack level are limited.

e Being a promising technique, EIS is not fully applied to the PEMWE compared with polarization curve-based
characterization. The interpretation of EIS spectra is challenging due to the complexity of the internal physic-
ochemical processes. The commonly used ECM-based approach needs to be improved due to its ambiguity,
complex parameter identification, and lacking physically meaningful interpretation of model parameters.

e Quantitative analysis of the individual contribution of internal polarization processes is missed in the literature.
However, it is indispensable to understand the performance-limiting factors in PEMWE:s.

By addressing these research gaps, the contributions of this study are as follows:
e Experimental works on PEMWE at the stack level are used to investigate its internal polarization processes.

e Propose a DRT-based approach to quantify the influence of operating temperature and cathode pressure on the
performance of the PEMWE stack.

e Conduct a comparative study with PEM fuel cells to give a direct insight into PEMWE EIS. The structural and
compositional similarities with PEM fuel cells allow transferring their development into PEMWEs. However,
the similarities and differences in internal characteristics between those two technologies must be understood
to facilitate the transition. This is addressed in this contribution through EIS analysis.

To sum up, the main novelties of this work include: 1) proposing a DRT-based approach for interpreting the
internal polarization processes in PEMWE:s, 2) providing a quantitative investigation of the contribution of individual
processes to overall overpotential losses, and 3) conducting a comparative study with PEM fuel cells to highlight their
differences in EIS characteristics. In the following sections, the experimental setup and materials about the tested
PEMWE stack are presented in Section 2. Next, the validation of impedance data and DRT calculation approaches
are illustrated in Section 3. Then, the results of DRT analysis and the influence of operating temperature and cathode
pressure on the performance of the PEMWE stack are presented in Section 4. Finally, Section 5 provides a summary
of the conclusions and outlines potential directions of future work.

2. Experimental

PEMWE stack. A commercial 1kW PEMWEstack is used for the performance characterization. The stack is com-
posed of 10 cells, with a cell area of 25 cm?. Detailed physical parameters of the tested electrolyzer stack are shown
in Table 1.



Table 1: General physical parameters of the tested PEMWE stack.

Parameters Value Unit
Nominal load 1 kW
Number of cells 10

Cell area 25 cm?
H, maximal production 225 NLh™!
Operating temperature 30-70 °C
Operating pressure H, 0-20 bar
Operating pressure O, 1 (unpressurized)  atm
Stack dimensions 85%85x150 mm
Weight 2.5 kg

Performed tests. The PEMWE stack is tested under different temperatures and pressures (only the cathode is pressur-
ized, and the anode side is maintained at atmospheric pressure) to measure its performance. Specifically, the sequential
test protocols performed for the new stack are listed as follows:

1) Activation test: operate the stack at 30 A for 8§ hours.
2) Testl: set the operating temperature to 60 °C, and the cathode pressure is 1 bar.
3) Test2: set the operating temperature to 60 °C, and the cathode pressure is 5 bar.

4) Test 3-5: set the cathode pressure to 3 bar, and control the operating temperature to 40 °C, 50 °C, and 60 °C,
respectively.

The values of the operational parameters are set based on reference values listed in Table 1. The operating temperature
is suggested to be in the range of 30-70 °C. Thereby, we have selected three temperature points, namely 40, 50, and
60 °C, for the test. The cathode pressure is suggested to lie below 20 bar. We selected the pressure of 1, 3, and 5
bars for conducting the test. Since a homemade test bench is used rather than a commercial one, we did not select too
high pressure for safety considerations. It is noticed that the operating temperature and pressure are selected as the
investigated operating parameters since these are the most influential performance-limiting factors as indicated in the
literature. The physical configuration of the test bench and auxiliary systems are depicted in Fig. 1.

Characterization tests. For each test scenario (tests 1 to 5), the polarization curve and EIS characterizations are
measured. The polarization curve is measured by ramping the current density from 0 to 2 A.cm™2 in 8,000 seconds,
and the voltage is recorded at each current density. Complete or partial EIS is measured at DC currents of 5, 10, 15,
20, 25, 31.25, 37.5, 43.75, and 50 A, respectively. Two types of frequency ranges are employed during the EIS test.
The frequency range is from 0.05 Hz to 5 kHz (full frequency range) for DC currents of 15, 25, 37.5, and 50 A, and
from 5 Hz to 16 kHz (without low-frequency data) for DC currents of 5, 10, 20, 31.25, and 43.75 A. Omitting the
low-frequency range for part of the DC currents is only for saving the measuring time. The AC amplitude disturbance
is set to 10% of the DC amplitude.

3. Methodology

3.1. Analysis of electrochemical impedance spectroscopy spectrum

Characteristics of EIS spectra. A typical EIS spectrum of a PEMWE is shown in Fig. 2. Similar to the discussion of
impedance spectrum in PEM fuel cells [40], the spectrum in PEMWEs can be classified into five regions:

o (extreme) Low-frequency inductive loop. The inductive loop appears at the extreme low-frequency range of an
EIS spectrum. The actual causes of this inductive loop are still unclear due to limited literature.

e Low-frequency mass transport region. The low-frequency resistive region is related to the mass transport of
reactants (water) and gas products (hydrogen and oxygen) in the PEMWE (process 1).



0, Hy

Valve
PEMWE stack Valve
H20 H,0
Outlet|
(Fwd} Inlet Separator
Heat exchanger é é é
9 ®Temperature @ Voltage

® Flow @ Current

(P) Pressure

Sensoring cables

Figure 1: Configuration of the PEMWE test bench. a) Schematic diagram of the test bench and b) physical configuration of the test bench.

e Middle-frequency charge transfer region. This region is related to the charge transfer kinetics of the OER and
HER reactions (process 2). Note that the OER is the rate-limiting step in the PEMWE.

e High-frequency proton transfer region. The high-frequency region is associated with the proton transport in the
ionomer of the catalyst layer (process 3).

¢ (extreme) High-frequency inductive region. An inductive loop is observed at the extreme high-frequency range,
which is related to the measurement equipment and load cables.

Processes 1, 2, and 3 are the internal polarization processes of the PEMWE, which are closely linked to its performance
and will be further investigated in the following sections. The total polarization resistance is the sum of the resistances
of these processes, as shown in Fig. 2. The intercept of the EIS with the real axis at the high-frequency range is called
the high-frequency resistance (also known as ohmic resistance). HFR is the sum of the ohmic resistance of PEM
(dominant), current collectors, and contact resistance.

Validation of impedance data. To ensure that the measured impedance spectra are suitable for the following analysis,
all impedance data are validated to meet the linearity, stability, and causality requirements [28, 36]. A standard
validation process is used based on the Kramers-Kronig (KK) relation [41]. This KK-relation links the real and
imaginary parts of an impedance spectrum. The validity of the spectrum is checked using a KK-compliant ECM,
which writes:

R;
1 + jwrt;

Zkk(@) = Rom + )| 3)
i=1
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where 7; = R;C; stands for the time constant of the i-th R//C circuit. j is the imaginary unit. The optimal number of
R//C circuits is decided by introducing a ratio criterion 8, which writes [41]:
_ ZR;<0 IRi|

Yro Rl

Then m is gradually increased within a maximum limit until 8 < ¢ is reached (¢ = 0.24 is used) [36]. Then, the KK
residuals can be computed by:

B = “

= Zre@)-Z(w)
AZre - B (\Zgwll " (5)
— LimW)=Zin(W
]
where Z,.(w), Zin(w), and Z(w) represent the real, imaginary parts and complex impedance of the EIS data. Z,.(w)
and Z;,,(w) are the real and imaginary parts of the estimated impedance obtained using the KK-compliant equivalent

circuit. The measured spectrum is considered to be validated when the computed KK residuals are smaller than 1%.

3.2. Distribution of relaxation times-based deconvolution

The key idea of DRT analysis is to transform frequency domain EIS data into time domain by applying a larger
number of serially connected R//C components (the single component is composed of parallel connected resistor and
capacitor). The DRT k(1) is related to the measured impedance data by the following equation [28]:

h(t)
1+ jwt

Z(w) = RO + ]LL)LO + f dr (6)
0
where Ry stands for the ohmic resistance, f is the frequency, and w = 2 f represents the angular frequency. T = RC
is the time constant of the R//C circuit. Ly stands for the inductance. This inductive behavior is mostly caused by the
connecting cables between the impedance spectrometer and the PEMWE.
Eq. (6) is further transferred into logarithmic form using # = In(7), which writes:

00

y(7)

Z(w) = Ry + jwLy + f " jan'dln(T)
e 7
= R() + ](,L)LQ + RP f %dln(‘r)

where y(7) = Th(7), g(7) is the normalized distribution. The polarization resistance R, is computed by the area under
the DRT peaks, which is expressed as:
Tu
R, = f y(n(7))d In(7) ®)
T
where 1; and 7, are the lower and upper limits of the decomposed DRT peaks. The time constant of the decomposed
peak is associated with a specific polarization process in the studied electrochemical system.

The calculation of DRT from Eq. (7) constitutes an ill-posed problem. Consequently, numerical solutions em-
ploying various regularization techniques are used. The Tikhonov regularization and radial basis function with prior
data screening and weight assigning are used in this work. This enhances the robustness of DRT calculation to noisy
EIS spectra. The calculation is achieved thanks to the open-source software, EISart [42]. In Tikhonov regularization,
a penalty term is weighted by the regularization parameter A and the optimization problem is formulated as [43]:

minJ, = ||Ax — b||> + ||Tx|? )
X

where x € RM is the parameters used to compose the function y(7), N; is a hyperparameter for deciding the dimension

Ny Ny
of x. |Ax=b|?> = Z e"’”12ee,i(7)+ 21 errlzm’l.(‘r), the error of real part is errg, = Re(Z,,.s)—Re(Zprr), and error of imaginary

i=1 i=
partis errpy, = Im(Zyes) —Im(Zpgr). b is the matrix composed of real and imaginary parts of the impedance spectrum,



Table 2: Comparison of DRT and ECM in terms of EIS interpretation

DRT ECM
Prior knowledge Model-free Model-based
Data domain Timescale Frequency
Interpretability Physical-meaningful peak assignment No guarantee on physical meaning
Optimization methods  Tikhonov regularization, maximum entropy, Complex nonlinear least squares

Fourier transform, Gaussian process,
Genetic algorithms, Monte Carlo deconvolution
Bayesian optimization, deep neural networks

Complexity Flexible, coherent, and nonparametric Complicated with complex circuits
Extensibility Well-developed for various applications Limited to a specific application
Pitfalls Sensitive to noise, pseudo peaks Ambiguity and above
Re(Z, . . . .
namely b = [ Irszmeg]' A is the matrix to be calculated for the measured frequencies and predefined time constants,
mes
which writes: i . 1 .
Re(mgm> oo Relmmmy)
3 , 3
. Re(—Hijle ), -, Re(—ijNer,)
= 1 1
Im(l+jw1‘rl)’ o Im(1+jw1‘rN7)
Im(;) . ’ Im(é)
L I+ jon, 717 ’ T+ jon, v, 7 |

I' = Al is the penalty term, and 7 the identity matrix. The regularization parameter A determines both the smoothness
and resolution of the DRT results. Ny is the number of measured data points in the EIS spectrum. A = 1 x 1073 is
found to give a good tradeoff for the measured EIS. In EISart, the polarization resistance R), is refined with a series of
parallel-connected resistance and constance phase element-based ECM to obtain the final results [42].

Comparison with equivalent circuit model. Additional justification for the choice of DRT over ECM is provided here.
A summary of the comparisons of the two approaches over aspects such as prior knowledge and data domain are given
in Table 2. DRT is a model-free approach while ECM is a model-based approach that requires prior knowledge of
the investigated electrochemical system. ECM directly uses the frequency impedance data for identifying the circuit
model, while DRT transfers the impedance data from the frequency domain to the timescale, providing useful in-
sights into the internal dynamic processes of the studied system. The EIS deconvolution using DRT usually provides
physical-meaningful interpretations of the identified peaks, while the parameters optimized from ECM can be phys-
ically meaningless. For example, Giner-Sanz et al. [44] investigated twelve different circuits to identify a physically
meaningful ECM.

DRT has received a growing research interest with numerous optimization methods being proposed such as
Tikonov optimization, Gaussian process, and deep neural networks. The parameter optimization of an ECM mainly
relies on complex nonlinear least squares. As the complexity of the circuit increases, the parameter optimization be-
comes increasingly complicated. DRT is a flexible, coherent, and nonparametric approach that allows deconvoluting
EIS in a unified setting and offers a unique visual interpretation [45]. DRT is a flexible and extensible approach that
adapts for performance characterization, fault diagnosis, and degradation analysis in various electrochemical systems.
It can be further combined with ECM for peak quantification and assignment. Ambiguity, namely multiple circuits
might produce the same spectrum, is another well-known pitfall of ECM. However, due to the high resolution of DRT,
a small noise or error in the impedance spectrum could lead to a large deviation in DRT, resulting in misunderstanding
interpretations. Another issue is the pseudo peaks calculated during DRT deconvolution. However, these issues can
be avoided by providing high-quality EIS data and proper parametrization of DRT optimization methods.
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Figure 3: The DRT results of the studied PEMWE at 40 °C and 3 bar (DC current of 1.5 A.cm™2). a) Nyquist plot, b) Lin-KK test results, c) the
decomposed DRT curve with identified peaks, and d) polarization resistances of the identified processes.

4. Results and discussion

First, the DRT analysis results will be presented to show the decomposed peaks of the internal polarization pro-
cesses, including proton transfer in the ionomer, charge transfer during OER and HER, and mass transport. Based
on the EIS spectra obtained under different DC currents, those decomposed peaks are assigned to specific internal
polarization processes to quantify their contribution to overall polarization losses. Finally, the operating temperature
and cathode pressure alter the internal polarization processes, thus influencing the performance of the PEMWE. This
will be further checked by combining the polarization curve and EIS analysis.

4.1. Distribution of relaxation times analysis

Decomposed peaks. The EIS spectrum validation and DRT analysis can be achieved by applying the deconvolution
strategy demonstrated in Section 3. As an example, the EIS spectra measured at 40 °C and 3 bar (DC current of
1.5 A.cm™2) are shown in Fig. 3a). The Lin-KK test error results of the real (Ag,) and imaginary (Ay,) parts of the
impedance spectra are shown in Fig. 3b). The relative errors are below 0.5%, which indicates that the EIS spectra
are valid for the subsequent DRT analysis. In the DRT analysis, four peaks are identified from the EIS spectrum, as
shown in Fig. 3c). Since peak 2 (P2) overlaps with peak 3 (P3), the polarization resistance (R,,;) of P2 and P3 are
calculated together as shown in Fig. 3d). The resistance of charge transfer during OER and HER is the largest among
the identified processes. Note that the influence of the DC power source on the obtained impedance is minimized
by preventing the excitation signal pass through it. Moreover, the inductance and pseudo inductance are considered
during the DRT calculation which could also help to ensure the deconvolution accuracy [42]

Interpretation of DRT peaks. To assign the decomposed peaks to the internal polarization processes, the DRT results
are computed at different DC currents. Fig. 4 shows the DRT results of the studied PEMWE operated at 40°C and 3
bar. Figs. 4a), b) are the Nyquist plot of the measured EIS spectra. The spectra of 15, 25, 37.5, and 50A are measured
with a full frequency range (0.05 Hz-5 kHz), while the spectra of 5, 10, 20, 31.25, and 43.75 A are measured with a
frequency range of 5 Hz-16 kHz. The computed DRT results are shown in Fig. 4c), d), respectively. Four individual
peaks are identified, P1, P2, P3, and P4 as shown in Fig. 4c). P4 is missing in Fig. 4d) due to the limitation of the
frequency range (missing low-frequency measurements). Besides, it should be noted that P3 may not be a complete
peak due to the frequency range limitation.
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Table 3: Assigned polarization processes, the corresponding time constants, and the frequency range.

Peak  Assigned process Time constant (s) Frequency range (Hz)
P1 Proton (H*) transport inside ionomer  2.29x107*(I = 1 A.cm™2)  200-2,000

P2 Charge tranfer of HER 30-230

P3 Charge tranfer of OER 1.28x1072(I =1 A.cm™?) 1.5-280

P4 Mass (H,O, gas) transport 7.46x1072(I =1 A.em™2) 0.2-7

A similar variation trend of the identified peaks over DC currents is observed in Fig. 4c) and d). P1 is nearly
constant with increasing DC current, which is assigned to the proton transport inside the anode and cathode ionomer.
Both P2 and P3 are shrinking with increasing DC current, while the area under P3 is much larger compared to P2.
Thus, P2 is assigned to the charge transfer during HER, and P3 is assigned to the charge transfer during OER (the
dominant one). This is consistent with the fact that the OER is more sluggish than the HER. P4 is assigned to the
mass transport of water and gas (hydrogen and oxygen), which is observed at the highest 7. Table 3 summarizes the
assigned polarization processes as well as the time constants and frequency ranges. At 1 A.cm™2, the time constants
of the identified processes are: P1: 2.29 x 10~ s, P2 and P3 (overlapped peaks): 1.28 x 1072 s, P4: 7.46 x 1072 s.
The time constants of P2 (individual peak) at 0.8 A.cm2is1.7x1072s. According to the obtained DRT results, the
general frequency range of the identified processes is: P1: 200-2,000 Hz, P2: 30-230 Hz, P3: 1.5-280 Hz, P4: 0.2-7
Hz.

To quantify the contribution of each polarization process to the overall polarization losses, the polarization resis-
tances of the identified processes are calculated using Eq. (8). The results are shown in Fig. 4e), f). It can be seen
that the charge transfer resistance R.; (P2 and P3) is the dominant polarization process, followed by the ionic transport
resistance R, (P1), and mass transport resistance R,,, (P4). The R, is decreasing sharply with increasing DC current,
while the R, and R, are nearly constant. Note that the mass transport resistance only shows a slight increase with
increasing DC current, which indicates that the tested PEMWE is well fabricated and shows high performance even
under high current load. Moreover, the active area of the tested PEMWE is relatively small (25 cm?) which may not
be critical for detecting obvious bubble removal issues. An obvious decreasing trend is observed for HFR as shown in
Fig. 4d). This observation further verifies that the PEMWE is maintained at well-hydrated states even when operating
at relatively high currents. The mass transport is maintained at a relatively low level which proves the good mass
transport capabilities under the tested currents.

Contribution of individual processes to overall overpotential losses. Based on the computed polarization resistances,
the contribution of each internal polarization process to the overall overpotential losses can be computed as [46]:

I, Iy
D) = [ Ru(DdI = ) Rl (10)
I I

where I; and 1, represent the lower and upper limits of the DC current, respectively. R, is the polarization resistance
of the identified process, and Al, is the discretized current step, the smaller the step, the more accurate the estimated
losses. This formula is generic to calculating overpotential from the estimated polarization resistances.

Then the overpotentials of DC currents from 0.2 to 2 A.cm~2 of the identified processes at 2 A.cm~? are calculated
based on Eq. (10):

e Proton transport resistance R,;: 0.15 V, contributes 3.5% to the overall overpotential losses,

Charge transfer resistance R.: 0.73 V, contributes 16.4% to the overall overpotential losses,

Mass transport resistance R,,;: 0.03 V, contributes 0.7% to the overall overpotential losses,

High-frequency resistance Rypg: 3.51 V, contributes 79.4% to the overall overpotential losses.

Due to the difficulties in obtaining the impedance under open circuit voltage conditions, the lowest current density for
measuring the EIS is set as 0.2 A.cm™2. The results indicate that the HFR and charge transfer process are the dominant
factors for determining the overall performance of the PEMWE.
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Comparison with PEM fuel cells. A typical DRT analysis results of a PEM fuel cell, as shown in Fig. 5 is used to
compare with the results of the PEMWE [47, 48]. The cell area of the tested PEMWE stack and PEM fuel cell are
both 25 cm?. Table A.1 lists the main physical parameters of the PEM fuel cell. The processes of the identified peaks
in the PEM fuel cell are summarized as follows:

e k1: Electrode and membrane contact effects,

e k2: Proton transport in the cathode ionomer,

e k3: Charge transfer during hydrogen oxidation reaction,
e k4: Charge transfer during oxygen reduction reaction,

e k5: Mass transport of oxygen.

In PEM fuel cell, the time constants of peaks k2, k4, and k5 at 1 A.cm~2 are 1.95x1074, 4.93x 1073, and 4.0x 1072
s, respectively. It is found that the time constant of the charge transfer process in PEMWE (1.28 x1072) is much larger
than that of the PEM fuel cell. The mass transport process in PEMWE (7.46x1072) is also larger than that of the PEM
fuel cell. The proton transport process of PEMWE and PEM fuel cell are similar. These observations indicate that
the OER and HER processes in PEMWE are more sluggish than those of the PEM fuel cell. As for the time constant
of the mass transport process, the mass transport in PEMWEs involves the transport of reactant water, while in PEM
fuel cells it is reactant gases, thus a larger time constant is observed in PEMWEs.

Another difference is the characteristics of the mass transport process. The mass transport resistance of the PEM
fuel cell increases sharply with increasing DC current as observed in Fig. 5d). While the mass transport resistance
of PEMWE tends to remain relatively low and shows non-monotonic variation. The reason why the mass transport
resistance of the PEMWE is relatively small could be linked to the flow field design. The design could be optimized to
facilitate the easy transfer of water and reactants to the reaction site, especially in a commercial PEMWE stack. The
non-monotonic variation behavior in PEMWE’s mass transport resistance may linked to PEMWE’s internal reaction
characteristics such as bubble removal. Moreover, it is found that the useful frequency range of PEMWE (around 0.2
Hz) is relatively higher than that of the PEM fuel cell (usually needs to be measured at the lowest frequency of 0.01
Hz). This implies that a fast EIS characterization is possible for PEMWEs by limiting the low-frequency limits.

Both the PEM fuel cell and PEMWE show a decreasing trend of the high-frequency resistance with increasing DC
current. However, the HFR of PEMWE is much larger than that of the PEM fuel (0.048 Q.cm? per cell for PEM fuel
cell and 0.196 Q.cm? per cell for PEMWE at 1 A.cm~2). This implies that the HFR of PEMWE is a dominant factor
for determining the overall performance of the PEMWE.

The difference in the contribution of individual processes to the overall overpotential losses of the PEMWE and
PEM fuel cell is shown in Fig. 6. It verifies that the HFR and charge transfer processes are the dominant factors
for determining the overall performance of the PEMWE, while the mass transport and charge transfer processes are
the dominant factors for determining the overall performance of the PEM fuel cell. It is noted that the comparison
results concluded here reflect the intrinsic characteristic differences between PEMWEs and PEM fuel cells. This will
not be changed by other factors such as the number of cells. For instance, in [36], we have found that the charge
transfer mass transport processes are the two dominant factors for PEM fuel cell performance degradation. The two
investigated stacks are fabricated with 10 cells, the same as the tested PEMWE stack.

4.2. Influence of temperature

The temperature influences all the internal physicochemical processes that take place inside a PEMWE. Overall,
the performance is enhanced with the increase in temperature, as observed in the polarization curve (Fig. 7).

DRT analysis is performed on the measured EIS spectra at different temperatures, and a group of Nyquist curves
measured for DC current of 25 A is shown in Fig. 7b). Specifically, the polarization processes of EIS spectra
measured at DC currents of 15, 25, 37.5, and 50 A, namely 0.6, 1.0, 1.5, and 2.0 A.cm™2, are decomposed. The
calculated polarization resistances of each process are compared to quantify the influence of temperature on the
internal polarization processes. Fig. 7c) presents the results of the proton transport resistance R,,. It shows that
for all current loads, the proton transport resistance decreases with increasing temperature, except for 50 °C at 15
A. The measurement error might cause this. The proton conductivity is enhanced with increasing temperature, thus
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a decreasing trend is observed for R,;. The high-frequency resistance Ryrr also shows a decreasing trend with
increasing temperature, as shown in Fig. 7f). As seen in the figure, the value as well as the variation of Rypg is the
largest among all the resistances, which is the dominant factor for determining the overall performance of the PEMWE.
The increase in conductivity of all cell components with increasing temperature is the main reason for the decrease in
Ryurr. In [49], the authors attribute the effects of high temperature to the easy transport of species, higher exchange
current density, and conductivity, which are consistent with the above analysis. Kang et al. [50] reported a similar
variation in Rypg under elevated temperature using a Randles circuit model. However, the ECM-based approach is
less flexible and accurate compared with the DRT-based approach. For example, only a total charge transfer resistance
is obtained without distinguishing the anode and cathode. Another interesting observation is that the Ryrr shows a
decreasing trend with increased DC currents. This is supposed to be caused by the accumulated heat generation under
high currents which increase the internal temperature. As a result, the electron and proton conductivity was improved.

In comparison to the results of R,; and Ryrg, the charge transport resistance R, and mass transport resistance R,
show less significant changes with increasing temperature. In general, the R, shows a slight decrease with increasing
temperature which implies that the OER and HER processes are enhanced at higher temperatures. However, this
improvement is not as significant as R, and Rypg in the investigated temperature range. It is surprising that R,
shows a slight increase with increasing temperature under high currents (Fig. 7). We speculate that this is due to the
increased inductive loop under high currents and lower temperature as observed in Fig. 7e). This is supported by
a recently published study [51]. However, as the mass transport resistance is relatively small compared to the other
resistances, thus, the influence of temperature on R, is less significant.

4.3. Influence of cathode pressure

The results of the influence of cathode operating pressure on the performance of the PEMWE are shown in Fig.
8. In general, the performances are relatively close under the investigated scenarios according to Fig. 8a). In the
initial current range, the performance of the PEMWE decreases with increased pressure. But for the high current
range (above 40 A), the voltage of 3 bar and 5 bar are below that of 1 bar. The water electrolysis process shifts from
mass transport limited to energy-limited due to the free energy change associated with water dissociation as a function
of pressure and temperature [10]. The higher the pressure, the higher the input energy required to initiate the water
electrolysis process. According to the experimental data, the electrolysis process starts at approximately 14.2, 14.4,
and 14.5 V for PEMWE stack under 1, 3, and 5 bar, respectively. Thus, in the initial stage, the performance of the
PEMWE decreases with increasing pressure. A similar conclusion is given in [52].

The variation of proton transfer resistance R, under different cathode pressures and currents is illustrated in
Fig. 8c). For all DC currents, it is observed that R, decreases with increasing cathode pressure. This implies an
enhancement of proton transport with increasing cathode pressure. This may caused by improving contact between
components of the PEMWE stack such as the membrane and cathode catalyst layer which facilitates the proton
transfer. Moreover, a relatively large variation in R, is observed at relatively low currents, namely 0.6 and 1.0 A.cm™2.
It is seen from Fig. 8d) that the charge transfer resistance R, is decreasing with increasing pressure. This indicates
that the OER and HER processes are enhanced at higher pressures. Regarding the variation versus increasing pressure,
R, follows the same trend as shown in Fig. 8e). The positive influence of increased pressure on mass transport losses
is also reported in [17, 53]. However, it is observed that R,,; shows a relatively large decrease when pressure increases
from 1 to 3 bar. The decrease in R, is relatively lower when pressure increases from 3 to 5 bar. This reflects the
complex relationship between bubble removal and cathode pressure. More pressure points may need to be tested to
fully understand their influence on the mass transport process. Regarding the variation versus currents, R,,, increases
with increasing currents at 1 bar. However, when further increasing the cathode pressure, a non-monotonic variation
trend is observed, with the largest R,,, observed at 1.5 A.cm™2. One interesting observation is that there is a relatively
larger decrease in R, at 3 bar and 5 bar compared to that of 1 bar when operating under high current loads. This is
linked to the performance shift for 3 bar and 5 bar as discussed in Fig. 8a). The HFR results are shown in Fig. 8f). It
shows that the influence of pressure on the HFR is not monotonic. The HFR of 3 bar and 5 bar are below that of 1 bar.
However, the HFR of 5 bar is higher than that of 3 bar. More investigations are needed to understand the influence of
pressure on the HFR. The non-monotonic behavior of the HFR with increasing pressure is also reported in [17].

To sum up, the influence of increasing pressure on the performance of the PEMWE is not straightforward. In
the lower and middle current range (initial stage), the performance of the PEMWE slightly decreases with increasing
pressure. However, due to the enhanced internal polarization processes at higher currents with the increase of pressure,
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Figure 8: The influence of pressure on the performance of the studied PEMWE. a) Polarization curve, b) EIS spectra at / = 25 A (1 A.cm™2), ¢)
proton transport resistances R, under different pressures, d) charge transport resistances R, under different pressures, €) mass transport resistances
Ry under different pressures, f) high-frequency resistances HFR under different pressures.

the performance of the PEMWE at 3 bar and 5 bar is better than that of 1 bar. More comprehensive experiments with
a wider pressure range may needed to draw a clearer conclusion.

5. Conclusion

This study investigates the PEMWE performance evaluation methods by using the DRT method. The performance
of a commercialized 1kW PEMWE stack under different operating temperatures and cathode pressures is investigated
experimentally. Polarization curves and EIS spectra are measured to characterize the performance of the PEMWE.
A distribution of relaxation times-based approach is proposed to quantify the internal polarization processes. This
enables analysis of the influence of operating temperature and cathode pressure on the performance of the PEMWE
through the decomposed polarization resistances. The main findings of this study are as follows:

e Four internal polarization processes are identified from the EIS spectra of the studied PEMWE stack, including
proton transport in the ionomer of the catalyst layer (200-2000 Hz), charge transfer during OER (1.5-280 Hz)
and HER (30-230 Hz), and mass transport (0.2-7 Hz).
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Table A.1: Physical parameters of the considered PEM fuel cell [48].

Parameter description Unit Value
Thickness of membrane um 15
Thickness of gas diffusion layer pum 220+ 20
Thickness of catalyst layer um 6-8
Anode platinum loading mg.cm™2  JM Pt/C 0.1
Cathode platinum loading mg.cm™2  JM Pt/C 0.4
Cell active area cm? 25

e The HFR (contributes 79.4%) and charge transfer processes (16.4%) are the dominant factors for determining
the overall performance of the PEMWE. By comparing with the fuel cell DRT results, the weights of different
polarization processes are further clarified.

e The performance of the PEMWE is enhanced with increasing temperature. The decomposed polarization re-
sistances show that the improvement is mainly due to the enhanced conductivity of cell components at higher
temperatures.

o In the lower and middle current range, the performance of the PEMWE decreases with increasing pressure due
to the increased input energy required to initiate the water electrolysis process. However, in the high current
range, the performance of the PEMWE at 3 bar and 5 bar is below that of 1 bar. The internal polarization
processes are enhanced with increasing pressure, thus causing a slight decrease in stack voltage.

Future work will be done to investigate the durability of the PEMWE under different operating conditions, with a
focus on evaluating performance heterogeneity. The tests under extreme conditions will also be studied to ensure the
completeness of the proposed studies. The in-plane performance heterogeneity in each cell and heterogeneity across
different cells will be characterized. Attention will be paid to repeating the EIS measurement to ensure the accuracy
of the obtained impedance spectra. The proposed DRT-based method can be applied to quantify the variation trend
of key polarization processes during the durability test. We may further quantify their contribution to degradation to
identify the root causes of degradation. The influence of temperature, pressure, and other factors such as water flow
rate on the degradation heterogeneity of the PEMWE will be quantified.
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Appendix A. Physical parameters of the PEM fuel cell

The physical parameters of the considered PEM fuel cell are summarized in Table A.1. The graphite bipolar plate
with a serpentine flow field is used in the test.
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